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FOREWORD 
 

The 2024 Catalysis Science Research PI Meeting is sponsored by the Division of Chemical 
Sciences, Geosciences and Biosciences, Office of Basic Energy Sciences (BES), U.S. Department 
of Energy. It is held on November 18-20, 2024, at the Hilton Rockville Hotel in Rockville, 
Maryland. The purposes of this meeting are to discuss recent advances in the chemical, physical, 
and biological bases of catalysis science, to foster exchange of ideas and cooperation among 
BES/Catalysis Science Program PIs, and to discuss the new science challenges and opportunities 
recently emerging in catalytic technologies for energy production and use. 
 
Catalysis research activities within BES emphasize fundamental research aimed at understanding 
reaction mechanisms and, ultimately, controlling the chemical conversion of natural and artificial 
feedstocks to useful energy carriers. The long-term goals of this research are to discover 
fundamental scientific principles, and to produce insightful approaches for the prediction of 
catalyst structure-reactivity behavior. Such knowledge, integrated with advances in chemical and 
materials synthesis, in-situ and operando analytical instrumentation, chemical kinetics and 
dynamics measurements, and computational chemistry methods, will allow the control of chemical 
reactions along desired pathways. This new knowledge will impact the efficiency of conversion of 
a variety of feedstocks into fuels, chemicals, or materials, while minimizing the impact to the 
environment. 

The purpose of this meeting is to highlight the fundamental advances in catalysis science of 
relevance to the energy, economic and environmental future of the U.S. This year’s meeting theme 
“Advancing Catalysis for Sustainability” emphasizes emerging opportunities and approaches in 
fundamental science for sustainable catalytic processes. The plenary session focused on 
accelerating catalysis research and featured three talks and a panel discussion spanning topics such 
as artificial intelligence, autonomous experimentation, and the transition from fundamental to 
applied catalysis research. Additionally, this year’s program includes six talks from projects 
awarded through the “Clean Energy & Manufacturing” directed FOA, three Early Career 
Awardees bringing fresh and unique approaches to sustainability in catalysis, as well as 15 oral 
and 58 poster presentations by BES/Catalysis Science PIs. 

Special thanks to the program investigators and their students, postdocs, and collaborators for their 
dedication to the continuous success and visibility of the BES/Catalysis Science Program. We also 
thank the Oak Ridge Institute for Science and Education staff for the logistical and web support of 
the meeting. Finally, very special thanks to Raul Miranda1 for his longstanding and continuing 
contributions to the BES/Catalysis Science Program, now through his role as Team Lead for 
Chemical Transformations in the BES/Chemical Sciences, Geosciences and Biosciences Division. 

Carrie Farberow1,2, Eric Wiedner1,3, Viviane Schwartz1, and Chris Bradley1  
1Catalysis Science Program, Office of Basic Energy Sciences, US Department of Energy 
2National Renewable Energy Laboratory 
3Pacific Northwest National Laboratory 
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Francisco Zaera 
 

Creating Well-Defined Gold/Metal-Oxide Interfaces 
for Selective Oxidation Catalysis Using ALD 

 
Francisco Zaera 

Department of Chemistry and UCR Center for Catalysis, University of California, 
Riverside, CA 92521, USA 

 
Presentation Abstract 

 
As the chemistry of solids is in most instances determined by the nature of their surfaces, 
control over the nature of surface sites during preparation is critical to the design of 
materials for specific applications.  This is a difficult task, especially when complex 
multicomponent atomic ensembles are required.  In this presentation we illustrate how 
atomic layer deposition (ALD) may be used, in combination with synthetic methods for 
the growth of gold nanoparticles, to prepare such sites. We will describe the development 
of prototypical surface sites comprised of a well-defined silica supports (SBA-15, which 
contains 1D mesopores with a narrow size distribution), titania thin films, and gold 
nanoparticles, as that combination has proven to offer some unique and useful surface 
chemistry for low-temperature catalysis.  The resulting materials have been characterized 
using a surface-science approach, relying on the use of adsorption-desorption isotherms 
together with electron microscopy and a variety of spectroscopic techniques, including IR, 
NMR, XPS, EPR, and Visible-UV absorption.  They have then been tested for the 
promotion of catalytic reactions, specifically for the low-temperature oxidation of carbon 
monoxide and biomass feedstocks (5- 
 
Grant Number: DE-SC0023119 
Grant Title: Selective Oxidation of Oxygenates with Well-Defined Gold-Based 
Surface Catalytic Sites 

 
RECENT PROGRESS 

 
In the first three-year period of this project (of which the second year has just ended), we 
have been developing the required synthetic routes for catalyst preparation and 
establishing the procedures for the kinetic studies of the catalytic selective oxidation to be 
promoted with our newly designed catalysts.   
 
ALD of TiO2 Films Inside the Pores of SBA-15. 
Capitalizing on our previous experience growing thin oxide films on porous materials 
using ALD, in this project we have deposited TiO2 films of different thicknesses on SBA-
15 using tetrakis(dimethylamido)titanium (TDMAT) and water to produce new mixed-
oxide surface sites in a controlled fashion and characterized them using a variety of 
techniques.  Figure 1 provides a summary of the results obtained from N2 adsorption-
desorption isothermal measurements on the grown TiO2 films as a function of the number 
of ALD cycles used.  As expected, the pore diameter is monotonically reduced with 

3



increasing number of cycles, at a TiO2 film growth rate of ~1.15 ± 0.05 Å/cycle; the pore 
total volume and surface area follow similar trends as well (Figure 1-right).  Particularly 
noteworthy is the fact that the pore size distribution retains its narrow nature throughout 
the titania deposition, an indication of the uniform nature of the grown film.  We learned 
an important lesson from these studies, and that is that the deposition conditions need to 
be tuned carefully to obtain complete and uniform film growth; incomplete deposition 
manifests itself as a bimodal pore distribution, whereas over-exposures to the ALD 
precursor or poor pumping causes CVD-type deposition and leads to pore plugging and 
to the associated losses in pore surface area and pore volume.  Mass transport plays a 
crucial role in determining the quality of the final films, which is why here we propose to 
develop a fluidized bed reactor to replace our current batch reactor approach.  The redox 
properties of the titania films were subsequently characterized as a function of thickness, 
that is, the number of ALD cycles used.  29Si CP/MAS NMR was employed to identify 
the nature of the surface species that 
form in the initial stages of deposition, 
and infrared absorption spectroscopy 
was used to follow the transition from 
silica to titania surfaces.  The 
reducibility of the titania sites by CO 
and H2 was studied ex situ using EPR 
and in situ with ambient-pressure X-
ray photoelectron spectroscopy (XPS).  
It was determined that the titania ALD 
films are amorphous, initially 
constructed out of tetrahedral rather 
than hexagonal units, and they easier 
to reduce (reversibly) than crystalline 
titania.  A gradual transition in the 
nature of the surface was observed, 
with unique mixed Si–O–Ti sites 
forming during the first few ALD 
cycles and a more typical titania 
surface progressively developing as the film grows in thickness. 
 
Size Control of Au NPs Deposited on Silica Surfaces. 
In parallel, we have developed a methodology for depositing Au NPs on silica with small 
and tunable diameters and narrow size distributions.  Our protocol relies on the pre-
functionalization of the surface with amine groups, which are tethered to surface silanol 
groups using APTES.  The added amine groups act as new nucleation centers for the Au 
ions, well dispersed throughout the surface.  It was found that the critical step to control 
particle size is the subsequent calcination step, at which time the metal sinters as the 
organic matter is removed from the surface.  We demonstrated that by controlling the 
calcination temperature and time it is possible to adjust the Au NP average size from less 
than 2 nm to approximately 6 nm (Figure 2), the range that we believe is the most critical 
to tune the catalytic properties.  In the future, we aim to map out the parameter space for 
such size control, which includes not only temperature and time but also the amount of 

 
Fig. 1. Structural data for SBA-15 covered with titania 
ALD films, extracted from adsorption-desorption 
isothermal measurements, as a function of the number 
of ALD cycles used.  Left: Set of pore-size 
distribution curves.  Right: Pore average diameters 
<d>, pore volumes V, and specific areas A.  
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APTES used in the derivatization step, using a variety of spectroscopies, with focus on IR 
(to detect and quantify the propylamine tethered moieties).  A similar approach with 
alternative amine-containing derivatization agents will also be explored to expand its use 
to other oxides. 
 
Identification of Sites at the Au/TiO2 Interface. 
We have combined the use of ALD for the growth of titania films with the addition of Au 
NPs in order to prepare the type of oxidation catalysts targeted by this project.  The 
resulting solids, which were made by either depositing Au on the titania films or growing 
the titania films on Au/SBA-15 catalysts, were fully characterized.  The physical 
properties of both titania and Au phases were 
found to be similar in all catalysts except for 
the thickness of the former, which was varied 
by using one to four ALD cycles.  However, it 
was found that if the titania film is deposited 
after the Au nanoparticles, it partially covers 
the metal surface and reduces the catalytic 
activity (compared with the case where the Au 
is deposited last).  In those samples, XPS data 
showed a large fraction of partially-positively-
charged Au atoms (Au∂+), and titration of 
surface sites with CO and infrared absorption 
spectroscopy detection identified a large 
fraction of low-coordination Ti sites (Ti4c), 
with a surface coverage that increased with 
titania film thickness (Figure 3).  
 
Rate Enhancing Effect of Titania Films on Au-Based Oxidation Catalysts. 

 
Fig. 3.  CO-IR titration (left) and Au 4f XPS 
(right) spectra from catalysts made via ALD of 
TiO2 films and Au NPs on SBA-15 in both 
possible orders (titania or Au NPs first).  Unique 
Ti4c and Au∂+ interface sites were identified. 

 
Fig. 2.  TEM images and Au NP particle size distributions for Au/SBA-15 catalysts prepared via 
impregnation of SBA-15 with Au salts after pre-treatment with APTES to create amine surface nucleation 
sites.  The NP size was controlled by adjusting the time and temperature of the subsequent calcination step. 

5



The promotional effect of the titania 
films on the catalytic oxidation of CO 
was demonstrated next.  A synergy 
between the Au and TiO2 phases was 
identified as it relates to the bonding 
and conversion of CO, the tuning of 
which could be controlled by varying 
the synthetic parameters.  An example 
of the results from the kinetic 
measurements of this reaction are 
shown in Figure 4, in this case for 
titania films made by using 2 ALD 
cycles and Au NPs approximately 6 
nm in diameter.  One important 
conclusion from this work is that the 
order of the deposition matters: adding 
the titania films after depositing the Au 
NPs leads to a partial covering of the 

surface of the metal and to a reduction of catalytic activity.  On the other hand, new sites 
are produced that may exhibit unique behavior for the oxidation of organic feedstocks.  
This is a point worth exploring in more detail. 
 
Selective Oxidation of 5-HMF Using Au/TiO2 Catalysts. 
Preliminary data illustrating the feasibility of promoting the room-temperature selective 
oxidation of 5-HMF with molecular oxygen using Au/TiO2 catalysts have also been 
acquired recently (Figure 5).  Full conversion was achieved in a few hours, with high 
selectivity toward the production 
of HFCA.  It is worth noting that 
our experiments were carried out at 
atmospheric pressures; with only a 
few exceptions, most previous 
work has attained similar activity 
and selectivity only at high 
pressures.  In these experiments 1H 
NMR was used to analyze the 
composition of the reaction 
mixture, but we plan to add high-
pressure liquid chromatography 
(HPLC) detection to expedite the 
data acquisition.  We have 
previously worked with HPLC to 
study the conversion of glycerol, 
and other laboratories have used 
HPLC for research with HMF and 
related molecules.  

 
Fig. 4.  Kinetics of CO oxidation with O2 promoted 
by the (2 ALD-TiO2)/Au/SBA-15 and Au/(2 ALD-
TiO2)/SBA-15 catalysts.  Left: CO and CO2 pressures 
(in a batch reactor) versus time. Right: Corresponding 
reaction rates. 
 
 

 
Fig. 5.  1H NMR analysis of the reaction mixture after the room-
temperature oxidation of 5-HMF with O2 using a homemade 2 
wt% Au/TiO2 catalyst.  
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Presentation Abstract 

 
Surface science provides a unique platform for studies of atomically precise catalysts, 
exploring their dynamically evolving structure and associated activity. These precisely 
defined systems, often homotopic, are crucial for validating theoretical methods and 
uncovering structure-activity relationships in more complex environments. A 
combination of high-resolution imaging, spectroscopic characterization, reactivity 
measurements, and density functional calculations were utilized to attain mechanistic 
insights into surface structure, adsorbate binding, diffusion, clustering, and product 
formation. The presented studies focus on Pd and Rh single-atom catalysts supported on 
Fe3O4(001), revealing their temperature and coverage-dependent behavior and stability. 
We show that H2 dissociates heterolytically on such single-atom centers. Further, formic 
acid, which deprotonates to surface formate and hydroxyl species, is employed as a 
model to follow the dehydration and dehydrogenation reaction channels. We demonstrate 
that trace amounts of Rh adatoms cause a shift from the dehydration pathway yielding 
CO on bare Fe3O4(001) to dehydrogenation yielding CO2 on Rhad-Fe3O4(001). As Rh 
adatoms are highly unstable, we further studied the Rh stabilized substitutionally in 
octahedral iron sites within the Fe3O4(001) surfaces that are present on high surface area 
catalysts. There we show that Rhoct is transiently activated by surface hydroxyls and 
converted to Rh adatoms as the catalytically active species that are only present during 
the reaction. Studies of such dynamic processes are of critical importance for the future 
design of catalysts with maximum activity and selectivity. 
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Presentation Abstract 

 
CO2 hydrogenation to methanol has been studied for decades but little has been revealed 
about the nature of the active sites in metal/support systems due to the challenges of 
determining the active structures of catalysts under high-pressure reaction conditions. In 
this work, by designing and combining multiple in situ and operando techniques 
including conventional and high energy resolution fluorescence detected X-ray 
absorption spectroscopy, environmental electron microscopy, ambient pressure X-ray 
photoelectron spectroscopy and IR spectroscopy, we study the dynamic evolution and 
working status of catalytic sites in a model system - Cu/ceria in CO2 hydrogenation. The 
combined experimental results and density functional theory (DFT) calculations 
determine that the active Cu-Ce3+ pair is responsible for the formation of methanol. The 
formation of this pair involves the fast reduction of Cu and gradual transformation of 
Ce4+ to active Ce3+ sites, which, most likely, interact with active carbonate intermediates. 
The Cu-Ce3+ interaction in this pair is weak under the reaction condition and can be 
easily disturbed by the reducing and oxidizing reactants, leading to the dynamic changes 
at the interface and the conversion of reactants to methanol. In addition, the results reveal 
that high pressure reactions have strict requirements on active sites, which, if not well 
designed, will be covered and strongly interact with adsorbates or lead to the formation of 
byproducts. The results obtained from this work provides guidance for designing efficient 
catalysts for methanol synthesis from CO2 hydrogenation, and the methods developed in 
this work can be of general use to reveal active structures/sites for high pressure 
reactions. 
 
Research was supported by the U.S. Department of Energy, Office of Science, Basic 
Energy Sciences, Chemical Sciences, Geosciences, and Biosciences Division, Catalysis 
Science Program.  This research is part of FWP ERKCC96: Fundamentals of Catalysis and 
Chemical Transformations. 
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Presentation Abstract 

 
Herein, we report the design and application of new “inverse” Frustrated Lewis 

Pairs (FLPs) composed of organosuperbases and tri- and tetraborylated Lewis acids. These 
conceptually new systems catalyze the selective metal-free hydrogenation of a range of 
aromatic aldehydes to primary alcohols under mild conditions and with low catalyst 
loadings. The experimental results and mechanistic studies support the notion that these 
multiple boron center containing Lewis acids act cooperatively in activating both molecular 
hydrogen and the carbonyl substrate. In addition, we report the discovery of a new catalytic 
transformation, in which organic superbases catalyze highly selective Sb-C bond formation 
reactions. For example, reactions of catalytic amounts of various superbases with Sb(C6F5)3 
and weakly acidic terminal alkynes and heteroaromatic compounds, respectively, gave rise 
to the formation of a wide range of new tris(arylalkinyl)stibines and tris(heteroaryl)stibines  
in good to excellent yields. Even the significantly less electron-deficient stibines, 
Ph2SbC6F5 and PhSb(C6F5)2 smoothly underwent base-catalyzed exchange reaction with 
terminal alkynes to generate the stibines PhSb(C≡CPh)2, and Ph2Sb(C≡C-Ar-X). Kinetic 
studies of this new catalytic process showed the empirical rate law to be of first-order 
dependence with respect to the base catalyst, alkyne, and stibine suggesting σ-bond 
metathesis to be the most probable reaction mechanism. 
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RECENT PROGRESS 
 
Polyborylated Lewis acids in Frustrated Lewis Pair (FLP) catalyzed hydrogenations of 
aldehydes.  
The primary objective of this project was to understand cooperative FLP catalysis, e.g. the 
combination of two or more distinct Lewis acidic centers into a single molecule to catalyze 
hydrogenation reactions that are facilitated by cooperative interactions with the two or even 
more catalytically active centers. To confirm our hypothesis, we synthesized the borylated 
Lewis acids 1-4 (Scheme 1).  
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Scheme 1. Selected borylated Lewis acids for FLP-catalyzed hydrogenations.  
 

We then combined tetraborylated Lewis acid 4 with a range of bases of different 
basicities to investigated the ability of these new FLPs to catalyze the hydrogenation of 
polar unsaturated organic substrates (Table 1). In fact, combinations of 4 with the strong 
organic bases P1, P2-Et, and G readily hydrogenated benzylidene aniline and acetophenone 
to N-phenyl-benzylamine and 1-phenyl-ethanol, respectively, while the weaker bases PMP 
and DBU were inactive (80 or 85 bar H2 at 60°C in THF). When 3,4,5-
trimethoxybenzaldehyde was used as the substrate, all bases in combination with 4 proved 
to be highly active FLP catalysts in quantitatively generating the respective alcohol. 

In optimizing the reaction conditions for a substrate scope, we found that at 60°C, 
85 bar hydrogen pressure and with a very low catalyst loading of 0.5 mol% of 4 and 1 
mol% of the bases P2-Et, P1 or G, hydrogenation of 3,4,5-trimethoxybenzaldehyde was 
quantitative after 7 hours. Reducing the H2-pressure from 85 bar to 50 bar under otherwise 
identical conditions reduced the product yields to about 65-75% after 7 hours, while 
increasing reaction time to 24 hours resulted in full conversion. Under the optimized 
conditions, the most robust catalyst systems 4/P1, 4/G and also 4/DBU showed excellent 
activities in selectively hydrogenating a wide range of substituted aromatic and 
heteroaromatic aldehydes to their corresponding benzylic alcohols.  

In addition, the performance of the borylated Lewis acids 1-4 (Table 2) in 
combination with P1 as base components to catalyze the hydrogenation of 3,4,5-
trimethoxybenzaldehyde to 3,4,5-trimethoxybenzyl alcohol was tested (Table 2). The 
catalyst loading of the individual FLPs was adjusted such that in every catalytic run four 
equivalents of Lewis acidic boron centers per 100 equivalents of aldehyde with 1 mol% of 
base were realized. Notably, the FLPs 4/P1 and 3/P1 showed the expected high activities,  
while the mono- and diborylated Lewis acids 1 and 2 did not show any noticeable activity 
regardless of the conditions applied.  
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Table 1. Screening of Frustrated Lewis Pairs (FLPs) for the catalytic hydrogenation of 
benzylidene aniline, acetophenone and 3,4,5-trimethoxybenzaldehyde. 
 

P NButNC NBut

Me2N

Me2N

3
Bases P N

Me2N
Me2N

Me2N
P
NMe2

NEt
NMe2

P2-EtG P1

N N

N

PMP DBU  
 

Acid/base Acid/base 
[mol%] 

substrate pH2 
[bar] 

T 
[°C] 

t  
[hrs.] 

conv. 
 [%] 

4/P2-Et  2/2 benzylidene aniline 85 60 7 >99 
4/P1  2/2 benzylidene aniline 85 60 7 >99 
4/G  2/2 benzylidene aniline 85 60 7 >99 
4/DBU    2/2 benzylidene aniline 85 60 7 0 
4/PMP  2/2 benzylidene aniline 85 60 7 0 
4/P2-Et  2/2 acetophenone 80 60 24 >99 
4/P1  2/2 acetophenone 80 60 24 >99 
4/G  2/2 acetophenone 80 60 24 >99 
4/DBU  2/2 acetophenone 80 60 24 0 
4/PMP  2/2 acetophenone 80 60 24 0 
4/P2-Et  1/2 3,4,5-trimethoxybenzaldehyde 50 60 7 >99 
4/P1  1/2 3,4,5-trimethoxybenzaldehyde 50 60 7 >99 
4/G  1/2 3,4,5-trimethoxybenzaldehyde 50 60 7 >99 
4/DBU  1/2 3,4,5-trimethoxybenzaldehyde 50 60 7 >99 
4/PMP  1/2 3,4,5-trimethoxybenzaldehyde 50 60 7 >99 

 
Table 2. FLP-catalyzed hydrogenation of 3,4,5-trimethoxybenzaldehyde to 3,4,5-
trimethoxybenzyl alcohol with selected Lewis acids and bases in THF. 
Entry Acid Base Acid/base 

[mol%] 
pH2 
[bar] 

T 
[°C] 

t 
[hrs.] 

Conv.  
[%] 

1 1 P1 2/1 85 60 14 0 
2 2 P1 1/1 85 60 14 <10 
3 3 P1 0.7/1 85 60 14 99 
4 3 P1 0.7/1 85 60 7 70 
5 3 P1 0.5/1 85 60 7 40 
6 4 P1 0.5/1 85 60 7 99 
7 4 P1 0.5/1 50 60 7 70 
8 4 P1 0.5/1 85 25 7 30 

 
We hypothesize that the superior activity of tetraborylated 4 in combination with 

suitable bases is the result of a cooperative activation of both H2 and the substrate through 
more than two boron centers. DFT calculations on the mechanism of these hydrogenation 
reactions seem to support the notion that tetraborylated 4 as well as triborylated 3 act 
cooperatively in activating both molecular hydrogen and the carbonyl substrate.  
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Organic superbase-catalyzed formation of antimony-carbon bonds.  
We investigated the ability of Sb(C6F5)3 (5) to serve as a weak Lewis acid component in 
FLP catalysis. Sb(C6F5)3 when combined with bulky organic superbases did not engage in 
the heterolytic hydrogen cleavage nor in catalytic hydrogenations. Instead, we discovered 
that the organosuperbases P2-Et, P2-But and P4-But catalyzed the quantitative conversion 
of Sb(C6F5)3 (5) to stibine 2 at 25°C in less than 15 minutes (Figure 1). With the weaker 
base P1, the reaction was complete in less than 24 hours, while guanidine (G) because of 
its significantly lower basicity showed only 64% conversion after 24 hours. 
 

P NButNC NBut

Me2N

Me2N

3
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Me2N
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P
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Base
(5 mol%)

N

N
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N

MeMe
MeP N
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Me2N
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3
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N

N
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N

PriPri

PriN

N

NP
N

BuiBui

Bui

V-Me V-Bui V-Pri

Sb(C6F5)3
 (5) + 3 HC≡CPh Sb(C≡CPh)3 (6) + 3 C6HF5

 
 

Base pka t 
[min] 

Conv. 
[%] 

G 24 15 7 
P1 28 15 65 
V-Me 33 15 69 
V-Bui 34 15 73 
V-Pri 34 15 73 
P2-Et 34 15 >99 
P2-But 33 15 >99 
P4-But 42 15 >99 

 
Figure 1. Screening of organic superbases for the catalytic conversion of 5 to 6. 
 

We extended this novel base-catalyzed Sb-C bond formation process to the 
selective synthesis of a range of new tris(arylethinyl)stibines (7) and so far unknown 
stibines with heterocyclic substituents (8-10) (Scheme 2). Efforts were undertaken to 
synthesize the unknown tris(fluorenyl)stibine, Sb(C13H9)3. Instead, when three equiv. of 
fluorene were treated with Sb(C6F5)3 (5) under base catalysis, bis(fluorenyl)stibine 12 was 
formed as the sole product. Reaction of one equiv. of fluorene with 5 selectively provided 
mono-substituted stibine 11 in good yields. 
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Scheme 2. Scope of the organic superbase-catalyzed Sb-C bond formation reaction.  
 
To gain mechanistic insights into the base-catalyzed Sb-C bond-formation event, 

kinetic measurements of the model reaction: Ph2SbC6F5 + PhC≡CH + P1-But → 
Ph2SbC≡CPh + C6HF5 + P1-But were performed using 19F NMR spectroscopy. The results 
suggest the empirical rate law to exhibit an approximately first-order dependence on P1-
But (cat.), PhC≡CH, and Ph2SbC6F5 (Figure 2a−c). Deuterium isotope studies show that 
the reaction exhibits a KIE (kH/kD) of 1.2 (Figure 2d) suggesting the C-H bond activation 
of the alkyne to be involved in the operative turnover-limiting step. Computations support 
the experimental reaction conditions with a pathway proposed to proceed via a concerted 
σ-bond metathesis transition state, where the base catalyst activates the Sb-C6F5 bond 
sequence through secondary bond interactions (pnictogen bonding). 
 

  
 
Figure 2. left) Plot of initial reaction rate δp/δt against the concentration of a) P1-But, b) 
PhC≡CH, c) Ph2SbC6F5, and d) Plot of concentration of C6F5H/D vs time for the P1-But 
catalyzed reaction of Ph2SbC6F5 with PhC≡CH; right) Computed free energy profile 
(kcal/mol) and optimized structure of the transition state (TS). 
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Presentation Abstract 

 
We recently discovered that complexes with Al-Fp linkages [Fp = FeCp(CO)2] have 
anomalously weak Al-Fe bonds susceptible to reversible homolytic cleavage at ambient 
conditions. These spontaneous bond scission processes give rise to frustrated radical pairs 
(FRPs) consisting of Al-containing radicals paired with Fp· that are capable of 
cooperative bond activation. Depending on the nature of the ligand sphere supporting the 
Al site, the Al-containing radical can either be a redox non-innocent AlIII/L· assembly or 
feature a bona fide, mononuclear AlII site. In either case, the Al-containing radicals have 
biphilic nature, allowing them to activate inert reactants including CO2 and promote 
dramatic levels of coordination induced bond weakening of C-C, C-O, N-H, and O-H 
bonds. The ability to access Al-containing radicals at ambient conditions has enabled us 
to map reactivity patterns of such intermediates for the first time. Translating these 
reactivity observations into catalytic transformations is being pursued using an approach 
that combines computational predictions and data science. 
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RECENT PROGRESS 

 
Cu-catalyzed carbonylation reactions 
In an extension of previous research on Cu-catalyzed carbonylation reactions of alkyl 
halides under thermal conditions (Cheng et al., Acc. Chem. Res. 2021), here we have 
developed Cu-catalyzed carbonylation reactions under photochemical conditions. First, 
we reported (Tung et al., J. Am. Chem. Soc. 2023; Figure 1) that simple salts such as 
CuCl or CuBr·SMe2 act as pre-catalysts for oxocarbonylative dimerization of alkyl 
halides to form aliphatic acid anhydrides under CO pressure (6 atm) and blue light (390 
nm) irradiation. Abundant bases such as NaOH or K2CO3 readily serve as the oxygen 
source in this transformation. The simplest anhydride, acetic anhydride, is an important 
commodity chemical and was produced in high yield and good selectivity from methyl 
iodide under these conditions. Mechanistic studies revealed that, under the photochemical 
conditions, the soluble pre-catalysts convert to Cu nanoparticles that promote the reaction 
by heterogeneous catalysis. Second, we reported (Tung et al., Org. Lett. 2024; Figure 2) 
the fluorocarbonylative variant of this transformation by replacing the oxygen base with 
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KF. Various alkyl 
halides were 
converted to the 
corresponding acyl 
fluorides with good 
efficiency. In the 
same study, for 
certain reactants 
bearing remote 
phenyl substituents, 
tandem 
fluorocarbonylation 
and Friedel-Crafts 
cyclization to form 
𝛼-tetralone 
structures was 
observed. The 𝛼-

tetralone core structure is an important motif in 
medicinally active compounds and natural products. 
Once again, mechanistic studies indicated a 
heterogeneous catalysis modality with Cu 
nanoparticles being formed in situ from the soluble 
pre-catalysts. Commercially available Cu 

nanoparticles were also found to be catalytically active.  
 
Design of Al/Fe heterobinuclear catalysts 
Compared to Cu (0.006%), Al (8.23%) and Fe (5.63%) have significantly higher 
abundance in the earth’s crust. Motivated by maximizing sustainability of future catalytic 
technologies, we have engaged in fundamental studies mapping reaction chemistry of 
Al/Fe heterobinuclear complexes and establishing design rules for rational catalyst 
design. In our initial work (Sinhababu et al., J. Am. Chem. Soc. 2022), we discovered that 

a complex with an [Al]–FeCp(CO)2 linkage features a weak Al–Fe bond that undergoes 
reversible homolysis at ambient conditions, giving rise to a pair of radical intermediates 
capable of cooperative bond activation. The Al-containing radical, while formally in the 
rare AlII oxidation state, was found to be redox non-innocent and instead presents as an 
AlIII Lewis acid bound to a ligand-centered radical. In subsequent work (Sinhababu et al., 
Nat. Commun. 2024; Figure 3), we showed that this unusual Al-containing radical is 
capable of dramatic coordination-induced bond weakening (CIBW), for example 
lowering the O–H bond dissociation energy (BDE) of water to < 10 kcal mol-1 upon 

Figure 2. Cu-catalyzed fluorocarbonylation 
to generate acyl fluorides. 
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coordination. We have also observed evidence 
for CIBW of N–H, C–O (Sinhababu et al., 
Organometallics 2022), and C–C bonds (Singh 
et al., unpublished). 
Although the observations described above were 
strictly stoichiometric reactions, our long-term 
goal is to develop catalytic processes (e.g. 
carbonylation reactions) involving Al/Fe 

cooperation and CIBW by Al-containing radicals. Our approach is to use computational 
predictions combined with data science to bring forth design rules and enable rational 
catalyst synthesis. In our initial report (Subasinghe et al., Polyhedron 2023; Figure 4), we 
uncovered the factors controlling Al–M BDEs for a series of complexes with M = Cr, 
Mo, W, Mn, Fe, Ru, and Co by calculating the predicted bond strengths and then 
employing multivariate linear regression analysis with thermodynamic descriptors such 
as M–H pKa, reduction potential, and steric volume. A comprehensive follow-up study 
currently in progress (Subasinghe et al., Organometallics, in revision; Figure 5) extends 
this approach to describe both Al–Fe BDE and Lewis acidity of the Al-containing radical 
as functions of variations in ligand structure. Upon completion of this study, we expect to 
have a global model reporting how to tune BDE and Lewis acidity independently such 
that catalytic turnover is facilitated.  

Lastly, in 
unpublished work 
(Singh et al., in 
preparation; Figure 
6), we have 
discovered a redox 
innocent Al/Fe 
system that 
engages in 
cooperative bond 
activation using a 
bona fide Al-
centered radical. 
To our knowledge, 
this is the first 
study of inner-
sphere reactivity 
of any 
mononuclear AlII 

Figure 4. Multivariate linear regression analysis of 
Al–M bond strengths. 
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compound, as previously this oxidation state was observed only in dialane (X2Al–AlX2) 
form or found to do only outer-sphere electron transfer. Upon publication, therefore, this 
study will represent a landmark in the chemistry of earth’s most abundant metal. 
Furthermore, it will add a new class of compounds to our library of potential catalysts.  
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Presentation Abstract 
 
 This project focuses on the design and evaluation of new catalysts for the reversible storage of 
H2 through the hydrogenation-dehydrogenation of liquid organic hydrogen carriers (LOHC). The 
methylcyclohexane (MCH)-toluene pair has shown promise as LOHC system, but a major problem 
is that catalytic dehydrogenation is endothermic and not always reversible due to side reactions. 
Bimetallic Ni- and Pt-based catalysts have been studied for the dehydrogenation of MCH, in which 
a second metal (Cu, Sn) is added to prevent undesirable C-C bond breaking reactions that lead to 
coking and deactivation.  
 Pt catalysts on different metal oxide supports were investigated to understand the role of the 
support in preventing deactivation. Furthermore, experiments on single-crystal have been 
conducted in which the composition, morphology and structure of the model catalysts can be 
characterized on an atomic scale before and after the reaction. Microkinetic modeling studies of 
different Pt and Ni surfaces demonstrate that during MCH dehydrogenation, coking is favored on 
stepped surfaces but not on (111) surfaces. Controlled synthesis of bimetallic Cu on Ni catalysts 
was carried out by galvanic displacement and electroless deposition; it was found that the presence 
of Cu increased catalyst activity, with the highest TOF achieved at the highest Cu concentrations.  
In order to achieve high conversions at the moderate temperatures (250-300 °C) that favor high 
selectivity to toluene, a membrane reactor is being designed in which an electrochemically driven 
solid acid-membrane (cesium diphosphate) is used to control the rate of H2 diffusion out of the 
system.  
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RECENT PROGRESS 
 

Role of Support in Deactivation of Pt Catalysts 
The MCH dehydrogenation activities of 5%wt Pt catalysts as a function of support (SiO2, γ-Al2O3, 
TiO2, ZrO2) were compared at 300 °C (Fig. 1). The Pt/γ-Al2O3 catalyst has the highest conversion 
and excellent long-term stability over 20 hours on stream while the other catalysts deactivate over 
time. Pt/γ-Al2O3 is also the only catalyst for which single-atom species can be observed in the 
electron microscopy images. Toluene selectivities for all catalysts were >99.9%. Furthermore, 
activity can be restored for Pt/SiO2 after re-reducing the catalyst in H2 at 300 °C, which suggests 
that the deactivation is due to the formation of soft coke. In addition to the fouling of the Pt surface, 
there is also evidence that deactivation occurs via blocking of the pores in the support. A four-
channel reactor system has been constructed for high-throughput screening of Pt catalysts on metal 
oxide and mixed metal oxide supports; interestingly, Pt on a single-phase CeTi0.05Ox support was 
identified to have comparable to the best Pt/γ-Al2O3 catalyst and is much more active than Pt on 
either pure oxide support.   
 

 
Fig. 1: Activities for 5% wt Pt catalysts on various oxide supports at 10% MCH/He and 300 °C. 
 
Single Crystal Studies 
A custom-designed microreactor system coupled to the ultrahigh vacuum (UHV) chamber was 
constructed. The single-crystal model surfaces have ~10,000 fewer active sites than conventional 
catalysts on high surface area supports, and therefore the system was designed to operate in 
recirculation mode, where the reactant gas makes multiple passes over the catalyst to increase 
concentration before detection. MCH dehydrogenation was studied on Pt surfaces with different 
types of active sites: Pt(111), 2 ML Pt particles on non-interacting highly-oriented pyrolytic 
graphite (HOPG), and 2 ML Pt particles on a TiO2(110).  For 2 ML of Pt/HOPG particle heights 
were 12.2 Å+3.2 Å with a particle density of 3.6x1012/cm2, and for Pt/TiO2, smaller particles were 
formed with a higher particle density of 6.0x1012/cm2 due to the stronger particle-support 
interactions. Turnover frequencies (TOFs) for dehydrogenation of 2.5% MCH/Ar to toluene at 300 
°C were compared with the total number of active sites based on temperature programmed 
desorption experiments for CO, assuming that one CO adsorbs per Pt atom. The TOF on Pt(111) 
(2x10-2 s-1) is four times lower than that on Pt/HOPG, and this behavior is attributed to the greater 
number of highly active undercoordinated sites on the Pt clusters on HOPG compared to Pt(111). 
Since the Pt particles on TiO2 are smaller than on HOPG, Pt/TiO2 should have a greater number 
of undercoordinated sites, but Pt/TiO2 has a TOF comparable to Pt(111) and lower than Pt/HOPG. 
It is proposed that strong metal support interaction (SMSI) occurs upon heating these surfaces 
under MCH reaction conditions, which is a reducing environment due to the production of H2; 
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specifically, TiOx (x<2) from the support migrates onto the surface of the Pt particles and 
potentially blocks active sites. This hypothesis is supported by the post-reaction XPS experiment 
that shows a significant loss in Pt signal after reaction. 
 
Microkinetic Modeling 
The reaction mechanism of MCH dehydrogenation to toluene was investigated using a 
combination of DFT and microkinetic modeling techniques on three Pt surface models: Pt(111), 
Pt(100), and Pt(211). This reaction network involves 6 consecutive dehydrogenation steps, and we 
identified a total of 41 intermediate species and 104 elementary reactions for each surface model. 
The structures of all intermediate species and transition states (TSs) corresponding to the 
elementary reactions were optimized using the PBE+D3 functional, followed by BEEF-vdW 
single point calculations, providing an ensemble of 2000 energies describing the DFT functional 
uncertainty. Next, we performed a microkinetic analysis employing a continuous stirred tank 
reactor (CSTR) model to identify the intrinsic catalytic activity, dominant reaction mechanism, 
and rate-controlling steps for the conversion of MCH to toluene. A CSTR simulation at 10% MCH 
conversion (T=573 K, and PMCH=0.1 bar, Pinert=0.9 bar) was carried out for all 2000 BEEF-vdW 
functionals. In agreement with experiments, we found that the more open (100) and (211) stepped 
surfaces are more active than the close packed Pt(111) facet. However, the Pt(111) surfaces 
possesses a kinetic barrier that is more than 1 eV larger than for the more open surfaces for C-C 
bond cleavage and coke formation, i.e., if the activity of Pt(111) can be considered adequate, then 
selective poisoning of the more open surface facets can lead to a stable and selectivity catalyst for 
the dehydrogenation of MCH. Similar calculations were also carried out for the Ni surfaces that 
we find to be 1-3 orders of magnitude less active than the Pt catalysts. Interestingly, C-C bond 
cleavage and coke precursor formation is thermodynamically not favorable on Ni(111) while it is 
rapid on the more open Ni surfaces. Thus, similar to Pt, coke-resistance requires blocking the more 
open, stepped Ni sites, perhaps by an inactive metal like Sn or Cu. 
 
Synthesis of Ni-Cu/SiO2 Catalysts 
The controlled synthesis of Cu on Ni/SiO2 has been carried out by galvanic displacement (GD) 
and electroless deposition (ED) to ensure that well-mixed, exclusively bimetallic particles are 
formed and to allow surface compositions to be systematically varied over the full composition 
space. Cu on Ni/SiO2 GD catalysts were prepared by exposing a 5% Ni/SiO2 base catalyst to a 
solution of Cu(NO3)2 to spontaneously reduce Cu2+ while metallic Ni at the surface of the particles 
is oxidized. Cu loadings ranging from 0.1-0.8% wt% were achieved by varying exposure time, 
concentration and temperature, but a maximum of 0.8% Cu was reached when the surface of the 
Ni particles was completely covered by Cu. STEM imaging and EDX mapping confirm bimetallic 
catalyst formation and excellent association between Cu and Ni (Fig. 2); there is also no particle 
sintering or segregation of the metals during MCH reaction. In contrast, CuNi/SiO2 catalysts 
prepared by conventional co-dry impregnation (co-DI) has compositions that varied with particle 
size. Activities of the Cu-Ni catalysts were evaluated for MCH reaction at 400 °C with the TOFs 
calculated from the active sites determined by pulsed H2 chemisorption. The GD catalyst with the 
highest Cu loading had the best TOF (0.13 s-1 at 1.7% Cu), which more than twice the TOF of the 
co-DI catalyst with the same Cu loading. Since greater Cu loading results in improved activity, 
CuNi catalysts were also prepared by ED of Cu2+ on Ni/SiO2 in the presence of hydrazine as 
reducing agent, and again the highest Cu loading resulted in the highest activity.  Studies are 
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currently underway to synthesize Ni on Cu catalysts by ED in order to prepare surfaces with higher 
concentrations of Cu. 
 

 
Fig. 2: EDX mapping of 0.76% Cu, 4.35% Ni/SiO2 by GD. 
 
Development of the Electrochemical Hydrogen Pump 
An electrochemical hydrogen pump (EHP) had been constructed for selectively transporting 
hydrogen out of the reactor under electrochemical control (Fig. 3). The membrane developed for 
this pump is the solid acid CsH2PO4 (CDP) which exhibits super-protonic conductivity in the 
temperature regime for the MCH dehydrogenation (250-300 °C) and is the only solid oxide 
membrane that can operate at these low temperatures. CDP membrane has the disadvantage of 
requiring high humidity for operation (20-38% water), but our studies have shown that MCH 
dehydrogenation activity does not diminish even for water concentrations as high as 38%. 
Furthermore, the addition of hydrophilic SnO2 to form a CDP:SnO2 (4:1) composite electrolyte 
increased the stability for ionic conductivity at lower water partial pressures. A Pt/C catalyst was 
used for the hydrogen oxidation reaction, and the testing this CPD:SnO2-based membrane 
electrode assembly (MEA) in a symmetrical cell demonstrated that the diffusion of hydrogen gas   
 

 
Fig. 3. Working principle of the electrochemical hydrogen pump. 

 
across the membrane could be electrochemically controlled.  Currently, the MEA is being tested 
for hydrogen transport out of the anode cell in which the Pd/C catalyst is used for both the 
dehydrogenation of MCH to toluene and hydrogen, and the electrochemical hydrogen oxidation 
reaction. 
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Presentation Abstract 
 
Direct coupling of CO2 and ethylene towards acrylic acid and its derivatives is a valuable 
approach using CO2 to introduce the carboxylic group as a C1 feedstock. Acrylic acid and 
its derivatives are building-block molecules for manufacturing adhesive products and 
acrylate-related polymers. Transition metal-based molecular catalysts have been 
investigated for decades but with limited success because of the challenge for activation of 
the two chemically distinct molecules, catalyzing the C-C coupling step, stabilization of 
bulky transition states, and release of the product by beta-hydrogen transfer and metal-
oxygen bond cleavage. It is valuable to explore heterogeneous catalysts for this reaction, 
leveraging the versatile active sites in heterogenous catalysts that can be tuned by changing 
the metal centers, local coordination, support, and solvents. In this contribution, we 
employed density functional theory (DFT) calculations and ab initio molecular dynamics 
(AIMD) simulations to design heterogeneous catalysts for the direct coupling of CO2 and 
C2H4 using two different catalysts, atomically dispersed metal centers in zeolite and 
nitrogen-doped graphene. We selected metal centers (or metal dimer centers) that can 
adsorb and activate CO2 and ethylene in a comparable manner and facilitate the C-C 
coupling and hydrogen transfer. Some fundamental issues have been identified such as the 
balance between these two elementary steps, which is further determined by the stability 
of intermediate (metallactone) and the electronic structure of the metal centers. We further 
propose different approaches to mitigate the challenge with an emphasis on lowering the 
activation barrier of the hydrogen-transfer within the metallactone.  
 
 
Grant Number: DE-SC0023448 
Grant Title: Computational design of heterogeneous catalysts for coupling CO2 and 
ethylene to manufacture acrylic acid derivatives 
 
Postdoc(s): Zaheer Masood, Na Zhang 
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RECENT PROGRESS 

 
A. Atomically dispersed metal active sites at graphene edges.  
1. C-C Coupling over metal monomer active sites. The active site configuration 

(Fig.1) is structurally mimicking general designs of the homogeneous catalyst with the 
transition-metal active site anchored to pyridine/phosphine-based ligands, taking 
advantages of their well-defined multifunctional properties in catalyzing the reaction.  
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There are three key steps of the 
reaction on the heterogeneous 
catalysts, which include: i) the 
co-adsorption of CO2 and C2H4 
on the active site of catalysts; 
ii) the C-C coupling of 
adsorbed reactants to form the 
metallactone intermediate; and 
iii) hydrogen transfer and the 
release of free molecule of the 
acrylic acid product. A family 
of catalysts was created by 
screening a vast range of metal 
dopants to find the most 
potential candidates.  
 
The coordination of metal 
centers was observed with 
pronounced roles in the activity 
of catalyst at each elementary 
step. For instance, the catalysts 
doped with metal active sites 
showing higher coordination 
numbers were observed with 

better co-activation of CO2 and C2H4 in the 1:1 molar stoichiometry and the more stable 
metallactone intermediate. However, the metal centers with higher coordination number 
are also associated with a more stable metallactone intermediate, which corresponds to a 
higher activation barrier of the hydrogen transfer and the whole catalytic cycle. The metal 
center with a balance in either the strength of reactants co-adsorption or the relative stability 
of intermediates have thus been suggested to improve the activity and selectivity of reaction 
compared to competitive processes. In all cases, we find that the intramolecular β-H 
transfer within the metallactone intermediate forming acrylic acid is the rate-determining 
step due to the highly strained ring of transition state.  
 
To tackle the challenge, we proposed to use water as a “proton-exchanger” to alter the 
intramolecular β-H transfer by sequential steps of ring-opening, conformation changing, 
and protonation (Fig. 1). Accordingly, the DFT-based activation barriers are significantly 
reduced. A few promising active sites embedded in the graphene-based catalysts has been 
proposed for direct coupling of CO2 and C2H4 under heterogeneous catalysis. 
 

2. Coupling reaction on N3M-MN3 dimer anchored on graphene defects site. As 
the reaction involves activation of two chemically distinct reactants, we designed N3M-
MN3 dual active sites embedded in graphene for achieving a synergistic effect to couple 
CO2-C2H4 and hydrogen transfer. We found that on β-H transfer is the rate-limiting step 
on Ir, Pd, Zn, Cu, Ru and Os dimers. In contrast, C-C coupling step is rate limiting on Rh, 
Ni and Co dimers. We are in the process of analyzing dimers incorporating different metals. 

 

 
Figure 1. Schematic of the active sites and reaction 
pathways of CO2-ethylene coupling. The calculated 
activation barriers over representing metals and key 
surface intermediate are shown at the bottom panel. 
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B. Active sites embedded in the MFI zeolite for the direct coupling.  
1. Coupling over single atom centers in MFI. Zeolite-based catalysts (Fig. 2) were 

screened based on the thermodynamic free energy profile and classified into three groups. 
The first group of catalysts do not favor metallactone formation; it either dissociates during 
geometry optimization into *CO and *C2H4 or this step requires positive free energy. In 
the second group of active sites, β–H transfer is the rate-limiting step with significant 
reaction energy. In the third group of metals, the free energy profiles are downhill (all steps 
possess negative reaction free energies). These active sites include Sc, Y, Cr, Mo, W, Mn, 
Tc and Re. This group of metals seems to be promising for this reaction and was further 
investigated for kinetic studies. The calculated activation barriers for β–H transfer are 
between 120 and 189 kJ/mol.  
 

Among the catalysts 
screened here, the Sc-
MFI is the most 
promising one. We 
thus extend our work 
toward carboxylation 
of longer alkenes 
with CO2 to form 
unsaturated acids. 
Functionalization of 
C=C double in longer 
alkenes with CO2 has 
several important 
applications like 

copolymer synthesis and functionalization of plastics that possess a small amount of C=C 
double bonds, the latter of which leads to facile decomposition and upcycling of the plastics. 
In this work we used butene as a representative alkene and Sc-exchanged MFI zeolite as 
catalysts.  We employed DFT calculations for CO2-butene coupling on Sc-exchanged MFI 
zeolites and investigated the carboxylation of 1-butene and 2-butene (as representative 
alkene) with CO2 on Sc-exchanged MFI zeolites using DFT calculations. We find that the 
carboxylation of alkenes is rate-limited by the β-H transfer. We examined carboxylation at 
the C1 and C2 positions of 1-butene and cis and trans isomers for 2-butene. Based on 
activation barriers of β-H transfer, our results demonstrated that Sc-MFI zeolite preferably 
carboxylates at the terminal position of butene. In the case of non-terminal butene, 
carboxylation of the trans isomer is more favorable than the cis isomer. Furthermore, we 
demonstrated that the energy of degenerate orbitals of C, O, and H atoms (involved in β-H 
transfer) in the metallactone ring can serve as a descriptor for activation energy of β-H 
transfer. 
 

2. Coupling on atomically dispersed M-O-M di-atomic sites in MFI zeolites. In 
this study we designed a heterogeneous catalyst with multifunctional active sites, M-O-M 
in MFI zeolite, which was expected to synergistically bind and activate C2H4 and CO2. In 
this M-O-M active site, metals (M) are low‐coordinated metal sites for binding C2H4 and 
CO2; the bridge O (from M-O-M) is a Lewis base site for hydrogen abstraction. The local 

  
Figure 2. Schematic of the reaction pathway of CO2-ethylene 
coupling over metal-exchanged zeolite. 
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confinement also plays a role to stabilize the intermediates and transition states. This 
unique active site was expected to govern an alternate mechanism, different than the 
reaction mechanism on single atom active site that we discussed above.  Mono-atomic sites 
mechanism has few limitations of the reaction mechanism — the formation of a five-
membered metallactone ring and a high activation barrier for β–H transfer. In this study 
we investigated reaction mechanism of CO2-C2H4 coupling on M-O-M diatomic active site 
in MFI zeolite (M = Zn, Cd, Ag, and Pd), following an alternate mechanism that avoids the 
formation of a metallactone ring, hence avoiding β–H transfer. In this mechanism, the M-
O-M diatomic active site cleaves the C-H bond heterolytically (formation of *C2H3 and M-
OH-M) followed by facilitating C-C coupling of *C2H3 with CO2 (insertion of CO2 into 
M-C bond) assisted by the adjacent metal center (formation of *C2H3COO). Transfer of 
cleaved hydrogen back to *C2H3COO completes the catalytic cycle by forming adsorbed 
acrylic acid. We demonstrated that changing metal in M-O-M diatomic active sites can 
regulate C-H cleavage, C-C coupling, and proton transfer steps independently and has the 
potential to divert reaction mechanisms toward pathways different from the pathways on 
homogeneous catalysts, opening new routes toward CO2-C2H4 coupling.  
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Presentation Abstract 

Our research team is developing fundamental scientific insights directed at advancing 
carbon-neutral hydrogen technologies. The focus of our interdisciplinary research program 
is on critically comparing the chemistry of tungsten polyoxometalate (POM) compounds 
and nanoparticulate tungsten oxides toward reactions involving proton-coupled electron 
transfer (PCET). Of relevance to the DOE BES Catalysis Science program, these studies 
are oriented around electrocatalytic hydrogenations of organic model compounds like 
TEMPO and azobenzene as well as the oxygen reduction reaction. This presentation will 
summarize our approach and highlight recent results demonstrating that the dynamics (i.e., 
kinetic and transport processes) of PCET can vary dramatically even between W-based 
POMs and extended WOx nanomaterials that exhibit broadly similar structure and redox 
thermochemistry. These results subvert the prevailing view of molecular polyoxometalates 
as atomically precise models of extended oxides and motivate interesting questions about 
the extent to which POMs or POM-derived solid catalysts exhibit unique physicochemical 
properties that cannot be replicated in extended oxides, or vice versa. 
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RECENT PROGRESS 

Unveiling the Surface Chemistry of WOx mediated hydrogen spillover 

In a study lead by Crumlin and Mpourmpakis, we have carried out the first measurements 
of the dynamic surface chemistry accompanying thermochemical hydrogen spillover on 
Pt/WO3 composites (Figure 1) using operando ambient pressure XPS. Experiments and 
calculations suggest the surface chemistry evolves along at least three separate pathways 
over various temperature ranges. At temperatures between 25 and 50 °C, hydrogen 
spillover predominates, resulting in the formation of WV states. At temperatures between 
50 and 150 °C, the average oxidation state of W increases slightly, which we attribute to 
destabilization of spilt-over H atoms in the near surface of the oxide. At temperatures above 
150 °C, we observe a significant increase in the prevalence of WIV states attributable to the 
formation of oxygen vacancies presaging bulk reduction of WO3 to sub-oxide phases. 

 
Figure 1. Highlights from experimental (AP-XPS) and computational investigation of the surface chemistry of 
Pt/HxWO3 composites as they undergo gas-solid hydrogen spillover. 

Comparative studies of H-H and H-N bond formation on polyoxotungstate clusters 

Matson and McKone collaborated to execute a study (Figure 2) aimed at mapping the 
thermochemistry of nonaqueous PCET using the canonical Keggin polyoxotungstate 
cluster [PW12O40]4-

 (PW12). Voltammetric measurements were carried out in the presence 
of organic acids with pKa values from 5 to 40 , which afforded estimates to be made of the 
relevant hydrogen bond dissociation free energies in the range of 40–50 kcal mol-1 for the 
reduce, protonated cluster. This makes the H2PW12 cluster very similar to H2 in terms of 
the thermodynamic reactivity of its H equivalents. Indeed, further measurements were 
made demonstrating that the PW12 cluster slowly evolves H2 even after the addition of a 
single equivalent of protons and electrons, implying the compound engages in bimolecular 
H-H coupling at low driving force. Notably, addition of azobenzene instead to the reduced, 
protonated cluster rapidly generates hydrazobenzene, the partial hydrogenation product, 
with no evidence for further reduction to aniline even in the presence of a large excess of 
acid and reducing equivalents. 
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Figure 2. Highlights from experimental studies of nonaqueous PCET thermochemistry of a Keggin PW12 
cluster and its ability to mediate H-H and H-N bond formation. 

Coupling proton insertion with molecular hydrogenation in colloidal systems 

Of relevance to the development of oxide-based catalysts for slurry-type catalytic 
hydrogenations, Augustyn, McKone, and Crumlin collaborated on a study aimed at 
understanding the formation of HxWO3 through aqueous solution-phase hydrogen spillover 
(Figure 3). Using a Pt catalyst and phosphinic acid (H3PO2) as a unique chemical reductant, 
we directly observed the formation of HxWO3 using in-situ optical spectroscopy and X-ray 
diffraction measurements. The reduction was observed to proceed in two distinct steps, 
each of which conformed well to a classical model describing the nucleation and 
propagation of phase-boundaries in the solid state. Further measurements were made to 
demonstrate the ability to hydrogenate TEMPO, a common model H acceptor, which 
resulted in rapid and complete removal of H atoms from HxWO3. This two-step spillover-
hydrogenation sequence amounts to net hydrogen transfer that is catalytic in Pt and WO3 

Figure 3. Highlights from experimental investigations of Pt/HxWO3·nH2O composites as colloidal hydrogen 
transfer mediators. 
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surface sites and stoichiometric in bulk WO3. Notably, hydrated phases of WO3 were found 
to accept markedly smaller amounts of hydrogen than the anhydrous phase under otherwise 
identical conditions—work is ongoing to understand whether this difference is attributable 
to thermodynamics or kinetic/transport limitations in the system. 

Coupling proton insertion with molecular hydrogenation in electrochemical systems 

In a separate and closely related study, McKone and Augustyn have developed a chemical 
reaction platform that we call electrochemical looping hydrogenation (Figure 4). In this 
system, electrocatalytic water electrolysis is coupled with molecular hydrogenation in a 
two-step sequence, with HxWO3 acting as a hydrogen transfer mediator. This reaction 
system has been successfully implemented in continuous and recirculated configurations, 
and the latter has been used to characterize the kinetics of proton-electron transfer from 
HxWO3 to hydroxy-TEMPO in aqueous and nonaqueous conditions. Notably, the rate of 
H-transfer was found to be identical for hydrogenations carried out in water and in toluene, 
which strongly implicates a mechanism involving neutral hydrogen-atom transfer (HAT). 

 
Figure 4. Highlights from experimental work demonstrating the concept of electrochemical looping 
hydrogenation using HxWO3 bronze phases as an inorganic solid-state H-transfer mediator. 

Bridging the Molecules-to-Materials design continuum with carbon-supported clusters 

Finally, in work-in-progress led by McKone and Matson (Figure 5), we have used 
straightforward wet impregnation methods to anchor the polyoxotungstate cluster W10O32

4- 
onto conductive carbon supports. Additional thermal treatments of these POM/C 
composites results in aerobic oxidation of the organic counterions, yielding first molecular-
scale aggregates with limited long-range order and then ultra-fine WO3 nanoparticles. 
These POM/C and WOx/C composites can be characterized with respect to their reactivity 
toward electrocatalytic PCET using rotating-disk electrode voltammetry, thereby enabling 
direct apples-to-apples comparisons between molecular and extended oxides. Catalytic 
activity towards the oxygen reduction reaction was found to increase as the POM was 
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decomposed into the bulk oxide, implying that some feature of the surface chemistry or 
bulk electronic structure of the extended solid is integral to the catalytic mechanism. 

 
Figure 5. Highlights from work in progress on electrocatalytic oxygen reduction using carbon-supported 
polyoxotungstates before and after aerobic thermal treatments to convert them into amorphous and crystalline 
WOx nanoparticles. 
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Presentation Abstract 
 
Crucial to sustainable energy future is the ability to manipulate important chemical reactions for the 
production and conversion of clean hydrogen (H2) fuel and renewable carbon-based chemicals 
through the development of advanced catalysts. Well-defined nanocrystals with atomically precise 
surfaces and interfaces allow us to bridge the knowledge gap between conventional single-crystal 
bulk materials and powder catalysts to achieve a new and in-depth understanding of structure-
catalytic property relationships. In this presentation, I will first highlight how the surfaces and 
interfaces of nano- and sub-nano catalysts can be precisely controlled at the atomic level to optimize 
catalytic performance in the oxygen evolution reaction (OER) and hydrogen evolution reaction 
(HER), both of which are integral to water electrolyzers. I will also emphasize how modulating 
nanocrystal-ionomer interfaces can enhance integration of catalysts into hydroxide exchange 
membrane water electrolyzers (HEMELs). This integrated approach, combining controlled synthesis 
across scales, in-situ structural characterization, and theoretical modeling for catalyst design, will be 
discusses. 
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RECENT PROGRESS 
 
 
OER catalyst development 
PGM-free OER electrocatalyst is critical to the development of advanced HEMELs. Three types of 
OER electrocatalysts have been developed for this project. 
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[1] Single atom catalysts with well-defined and modulated coordination structures have been studied 
by the Zhang and Goddard groups. The design of advanced electrocatalysts is often hindered by 
uncertainties in identifying and controlling the active surfaces and catalytic centers within 
heterogeneous materials. We developed single-site Co catalysts, substitutionally doped into surface-
controlled TiO2 anatase nanocrystals, for the enhanced OER (Fig. 1). Grand canonical quantum 
mechanics (GC-QM) calculations reveal that the kinetics of the OER, following an adsorbate 
evolution mechanism, is markedly influenced by the coordination environment of Co. The 
simulations suggest significantly higher turnover frequencies when Co is doped into the {001} 
surfaces of TiO2 compared to the {101} surfaces. Consistent with the computational findings, 
experimental results show that Co-doped TiO2 nanoplates with selectively exposed {001} surfaces 
exhibit enhanced current densities and turnover frequencies compared to TiO2 nanobipyramids with 
{101} surfaces. This study highlights the synergy between theoretical calculations and precision 
synthesis in the development of more effective catalysts.  

 
Figure 1. (a) TiO2 nanocrystals with controlled surface facet exposure (more {001} in nanoplates 
and more {101} in nanobipyramids). (b) Experimental OER current density comparison with 
theoretical results obtained from GCQM calculations. 
 
[2] Low nuclearity nanocluster catalysts have been studied by the Zhang, Chen, Yan, and Goddard 
groups. The NiFeOOH nanoclusters hosted on TiO2 brookite nanorods were synthesized by the 
Zhang group. As shown in Fig. 2a and b, the unique NiFeOOH/TiO2 heterostructure makes 
NiFeOOH, an active catalytic component for the OER, stabilized in the surface of TiO2 nanorods in 
a form of small nanoclusters (~1 nm) to maximize their active surface area. The NiFeOOH/TiO2 
exhibited encouraging OER activity and durability in rotating disk electrode (RDE) testing condition, 
superior to pure NiFeOOH. To understand the atomic structure of NiFeOOH/TiO2 under the OER 
condition, in situ X-ray absorption spectroscopy (XAS) measurements were conducted at the Ni and 
Fe K-edges on NiFeOOH/TiO2 (NixFey, x/y=1/3 and 3/1) catalysts, as well as monometallic 
FeOx/TiO2 and NiOx/TiO2 catalysts by the Chen group. The catalysts were tested at various 
conditions: open circuit potential (OCP), and at 1.3, 1.52, 1.55, 1.6, and 1.7 V vs. RHE. The Fe and 
Ni oxidation states under OER potentials were found to be sensitive to Ni/Fe ratio. The 
NiFeOOH/TiO2 (NixFey, x/y=3/1) catalyst with the better performance was found to show enhanced 
Fe-Ti interaction when the potential becomes more positive. With the revealed atomic structure, the 
Goddard group conducted Grand Canonical Quantum Mechanics (GCQM) calculation to understand 
the reaction mechanism as well as the TiO2-NiFeOOH interfacial effect on the OER kinetics. The 
Yan group implemented the NiFeOOH/TiO2 OER catalyst at the anode of a single-cell HEMEL. 
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The assembled HEMEL delivered a low cell voltage (~1.7 V) at 500 mA cm-2 in 1 M KOH 
electrolyte at 60 °C with a low decay rate of 0.17 mV h-1, as shown in Fig. 2c and d.  

 
Figure 2. STEM HAADF image (a), STEM secondary electron (SE) image (b), and STEM electron 
energy loss spectroscopy (EELS) elemental mapping (c) of NiFeOOH-TiO2 after stability test. The 
nanorods form assembled superstructures with porous channels. 
 

 
Figure 3. LSVs of Pure-water HEMELs with NiFeOOH-TiO2 OER catalyst and NiFeOx OER 
catalyst.  
 
[3] Building on our strategy to use bis-N-donor capping arene ligands to make carbon-supported 
electrocatalysts for water oxidation, we seek to make related ligands that are dianionic. We anticipate 
that strongly donating dianionic ligands will enhance catalyst stability and reduce over potential for 
water oxidation. Gunnoe has achieved initial success isolating the proligand shown in Fig. 4. After 
isolation of new transition metal complexes (initially, we are targeting Fe, Co and Ni complexes), 
we will study homogeneous electrocatalytic water oxidation as well as new carbon-supported 
materials for OER. Goddard has provided calculations that indicate that covalent attachment of 
capping arene Co complexes to carbon materials should reduce the activation barrier for rate limiting 
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O–O bond formation during catalytic OER. Further, their calculations predict sites of covalent 
attachment that will optimize catalytic activity. To test these predictions, Gunnoe has been working 
to synthesize amine containing capping arene ligands that can be covalently bonding to carbon 
materials through diazonium grafting. Gunnoe has recently isolated 6-NO2FP, which is a precursor to 
reduction to form an amine.   
 

 
Figure 4. (a) Isolation of new capping arene ligand has been accomplished. (b) Isolation of new 
capping arene ligand with nitro functionality as a precursor to covalent attachment to electrode 
surfaces. 
 
HER catalyst development 
The first focus of our study is to elucidate the coordination and interfacial effects that enable the 
further minimization of PGM loading for the HER in HEMELs. The second focus is to develop 
strategies to improve PGM-free HER catalyst efficiency.  
[1] The Chen group led a study of developing mono-layer Pt and Au on transition metal nitrides 
(TMNs) supports. TMNs are a class of electrocatalyst support materials similar to transition metal 
carbides (TMCs) with the advantage of avoiding the issues arising from surface deposits of graphitic 
carbon during synthesis. We explored the feasibility of using TMN-supported Pt and Au as alkaline 
HER electrocatalysts. TMN of Ti, V, Ta, Mo and W were synthesized by reacting the corresponding 
films in the flow of ammonia gas at 850 °C for 10 hours. Monolayer coverage of Pt or Au was 
deposited onto the TMN films using physical vapor deposition in a UHV system equipped with XPS 
to verify surface compositions. Results from the preliminary study established a volcano-like trend 
between the electrochemical HER activity and hydrogen binding energy (HBE) calculated from DFT 
for well-characterized thin films of TMNs and TMN-supported catalysts. Pt/TiN was found to be 
the most active among the metal-modified TMN thin films.  
[2] Pt nanoparticles supported on 2-dimensional (2D) Ce2O3 nanosheets were studied by the Zhang, 
Chen, and Goddard groups (Fig. 5). The creation of metal-metal oxide interfaces is an important 
approach to fine-tuning catalyst properties through strong interfacial interactions. The interfaces 
between Pt and CeOx are found to improve Pt surface energetics for the HER within an alkaline 
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electrolyte. The Pt-CeOx interfaces are formed by depositing size-controlled Pt nanoparticles onto a 
carbon support already coated with ultrathin CeOx nanosheets. This interface structure facilitates 
substantial electron transfer from Pt to CeOx, resulting in decreased hydrogen binding energies on 
Pt surfaces, and water dissociation for the HER, as predicted by the DFT calculations. 
Electrochemical testing indicates that both Pt specific activity and mass activity are improved by a 
factor of 2 to 3 following the formation of Pt-CeOx interfaces. This study underscores the 
significance and potential of harnessing robust interfacial effects to enhance electrocatalytic 
reactions.  

 
Figure 5. Schematic illustration of Pt-CeOx interfacial effect, which enables effective electron 
transfer from Pt to CeOx, leading to lowered hydrogen binding energies on Pt surfaces and 
promoting water dissociation for the HER within an alkaline electrolyte. 
 
[3] Co and Ni corroles HER catalysts were studied by the Machan group (Fig. 6). Corroles are a 
ring-truncated version of porphyrin and as a result are trianionic supports, rather than dianionic. In 
the initial stages of this project, we have synthesized and isolated 5,10,15-
tris(pentafluorophenyl)corrole (tfpc), as well as the corresponding Co(III) complex with a 
triphenylphosphine ligand. Currently, we are testing deposition conditions with this compound for 
the HER, as well as using nucleophilic aromatic substitution with primary amines (n-butylamine) to 
functionalize the fluorophenyl rings. This will allow us to test the conditions required for covalent 
attachment strategies, as well as model the effect of covalent attachment on catalytic activity. As a 
point of comparison, we have also synthesized and isolated a series of metal phthalocyanines (Mn-
Cu), which are a dianionic ligand framework. For heterogenized molecular catalysts, Machan and 
Zhu groups are working together to immobilize these complexes onto carbon through covalent 
binding to make heterogeneous materials for the HER. 
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Figure 6. Cobalt corroles studied as bifunctional catalysts for water splitting at pH 14.  
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Presentation Abstract 
 
Electrocatalytic dehydrogenation of light alkanes to alkenes has potential to drastically decarbonize 
production of olefins, which are among the most ubiquitous industrial chemical building blocks. 
Achieving this vision will require fundamental developments of the electrocatalytic process from 
the atomic scale to the device scale. Our team has recently made significant progress on both fronts, 
which will be discussed in this presentation. At the atomic scale, we combined state-of-the-art 
electrochemical mass spectrometry with density functional theory calculations to paint a vivid 
picture of propane activation at the Pt electrode in acidic aqueous electrolyte at room temperature. 
We found a maximum fractional coverage of 0.15 C/Ptatom at 0.30 V vs RHE, and we revealed the 
identity of the surface adsorbate to be deeply dehydrogenated, but surprisingly maintained an in-
tact C3 backbone, enabling reversible desorption. At the device scale, gas diffusion electrodes are 
required for continuous alkane electrolysis, due to their low solubility in aqueous electrolytes. We 
developed a new gas diffusion electrode configuration that overcomes the most significant 
challenges for the most commonly used carbon-based and PTFE-based gas diffusion layers 
(GDLs). Specifically, we made the first self-conductive, hydrophobic, all-polymer GDL by coating 
a commercial PTFE membrane with a porous conductive polymer. This enabled excellent 
resistance to electrolyte flooding, with commercially relevant current densities sustained over more 
than 20 hours. These new insights and innovations are critical for achieving low-temperature alkane 
dehydrogenation, which will lay the foundation more broadly for decarbonized electrochemical 
manufacturing. 
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RECENT PROGRESS 
 
Propane Activation on Pt Electrodes at Room Temperature: Quantification of Adsorbate 
Identity and Coverage 

The rise in shale gas availability in North America over the past 15 years has dramatically 
increased the use of light alkanes, especially ethane and propane, as chemical feedstocks to make 
higher value products.  Paraffinic C—H bond activation of these molecules, therefore, represents 
the first chemical processing step needed to produce many chemical goods, such as olefins, alcohols, 
oxygenates, and polymers. In 2019 alone, global annual production capacities for ethylene and 
propylene reached 185 and 130 million metric tons, respectively, while global market demand for 
propylene oxide is forecasted to grow by ~6% from an estimated 10 million metric tons in 2023. 
Traditionally, thermal reactors are used to activate these light alkanes, and for the case of propane, 
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thermal catalytic processes have been commercialized. However, thermal C—H bond activation is 
energy- and carbon-intensive, and non-oxidative catalytic propane activation suffers from coking, 
requiring frequent oxidative regeneration. These factors result in thermal propane dehydrogenation 
having a high carbon footprint of 1.5 kg CO2 equivalent (CO2e) per kg. Lowering the operating 
temperature for C—H bond activation of light alkanes could alleviate these issues but will 
inherently lead to a decrease in conversion and reaction rate for these endothermic routes. 
Alternatively, an electrochemical pathway can enable C—H bond activation at room temperature 
and ambient conditions, using electrochemical potential as the reaction driving force. Furthermore, 
combining an electrochemical process with increasingly available renewable energy can drastically 
reduce carbon emissions and help transition to a decarbonized chemical industry.  

Enabling such an electrocatalytic process first requires an understanding of propane 
adsorption at an electrocatalyst. Past work on electrochemical alkane activation focused on total 
oxidation for hydrocarbon fuel cells, which successfully demonstrated activation of neutral, non-
polar hydrocarbon species on electrocatalysts in aqueous, acidic environments. The studies relied 
on either potentio-dynamic or galvano-dynamic experiments to oxidize adsorbed species, which 
provided some insights about the amount and identity of adsorbates via charge analysis. Typically, 
product quantification was performed off-line, if at all, which limited understanding of the nature 
of adsorbed species. Early electrochemical mass spectrometry studies enabled more detailed 
analysis of adsorbate identity, but the focus remained on total oxidation, favoring higher 
temperatures and strongly acidic electrolytes, with little insights into activation processes that could 
benefit chemical manufacturing. More recently, a new chip-based electrochemical mass 
spectrometer (ECMS) system enabled operando detection of gaseous products derived from 
methane, ethane, and butane, which were 
activated via electrocatalytic oxidation 
sweeps at room temperature. The works 
showed that Pt adsorbs these species, with 
similar trends to those presented in prior 
literature, and demonstrated the utility of the 
ECMS to enable real-time, quantitative 
measurement of desorbed gaseous species 
produced during alkane activation. Herein, 
we use a similar approach to discover critical 
insights about the nature of propane 
adsorption and activation on Pt electrodes at 
room temperature. Specifically, we rely on 
features of the chip-based ECMS that enable 
real-time (~1s response) product 
quantification with 100% collection 
efficiency to closely couple charge passed 
with speciation of desorbed products. The 
chip interface also facilitates reactant gas 
pulse/purge procedures, detailed in prior 
work, that are analogous to temperature 
programmed reaction/desorption 
experiments in thermal catalysis.  

In this work, we combine ECMS and 
density functional theory (DFT) calculations 
to answer the following questions: (i) Under 
what conditions does propane adsorb on Pt?  
(ii) What is the fractional coverage of 
propane-derived adsorbate species? and (iii) 

Figure 1. (a) Extent of propane adsorption on Pt in 
1.0 M HClO4 at room temperature, using three 
independent measurement techhniques enabled by 
electrochemical mass spectrometry. (b) Speciation of 
products desorbed from Pt following propane 
adsorption during a deuterium exchange. The 
majority of products have at least 6 H replaced by D. 

(a)

(b)
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What does the propane-derived adsorbate look like? We find that at 20 oC, in 1 M HClO4 saturated 
with 100% propane at 1 atm, Pt can adsorb propane with a maximum coverage of 0.15 C/Ptatom 
(0.05 propane/Ptatom) at 0.30 V vs RHE. The degree of adsorption is strongly dependent on H* 
coverage, yielding greater propane coverage at potentials that favor H* oxidation (Figure 1). 
Potentiodynamic sequences were used to determine the degree of dehydrogenation of surface 
species, revealing deeply dehydrogenated adsorbates that surprisingly tend to not break C—C 
bonds. We confirm the distribution of dehydrogenated adsorbates with a deuterium exchange 
experiment, revealing that C3 adsorbates with eight and six hydrogens removed, respectively, are 
the most abundant surface species (Figure 1). This result was rationalized with DFT calculations 
that reveal accessible energetics for deep dehydrogenation on Pt sites. Further, activation energies 
for C—C and C—H bond breaking of deeply dehydrogenated species were compared to reveal 
kinetic favorability for C—H bond activation. The methodology and insights from this work 
provide a framework to study and optimize room temperature electrocatalytic reactions of light 
alkanes to enable decarbonized chemical manufacturing.  
 
Conducting Polymer Transforms Hydrophobic Porous Membranes into Robust Gas Diffusion 
Layers in Electrocatalytic Applications 
 The demand for sustainable chemical production is rapidly increasing as carbon-emission 
regulations tighten. At the same time, the rapid global influx of solar and wind energy facilitates 
decarbonized chemical synthesis routes via electrification. In particular, electrochemical 
manufacturing is a promising way to produce valuable chemical commodities, powered by 
renewable energy. A substantial fraction of these envisioned decarbonized electrochemical 
pathways involve gaseous reactants, which require electrodes that incorporate gas diffusion layers 
(GDLs) in continuous flowing electrolyzers to mitigate low solubility and the slow diffusion of 
reactants. The most prominent example of this technology in recent work is for the electrochemical 
CO2 reduction reaction (CO2RR), where GDLs enable conversion of CO2 into high-value products 
at much greater current densities, compared to standard electrodes in batch cells. This is achieved 
by porous channels in the GDL transporting reactants from a gas stream to continuously replenish 
CO2 in the aqueous phase near the electrode-electrolyte interface. Critically, the GDL also acts as 
a conductive current collector to facilitate electron transfer through the external circuit, making 
porous carbon paper the traditional GDL material of choice. The major challenge for this 
technology, however, is to prevent the liquid electrolyte from filling the gas channels and increasing 
mass transport resistance of gaseous reactant to the electrocatalyst surface – this is known as 
flooding in the GDL. This often causes undesired side reactions, and it decreases energy efficiency. 
In traditional carbon-based GDLs, flooding tends to occur at high reaction rates after several hours 
of operation, posing a critical barrier to desired performance for industrial chemicals manufacturing. 
 Recently, porous polytetrafluoroethylene (PTFE) membranes were used to replace carbon-
based GDLs, taking advantage of the chemical stability and inherent hydrophobicity of PTFE. Due 
to the non-conductive nature of PTFE, magnetron sputtering of metal layers was required in 
previous work to impart conductivity, and this strategy showed enhanced catalytic performance 
and improved stability in CO2RR when the metal layer was catalytically suitable for the desired 
reaction. Despite these advances, the typical preparation method of sputtering metal with a 
thickness of 300 – 500 nm results in complications and drawbacks for general use in 
electrochemical devices. Most significantly, this configuration impedes progress for CO2RR and 
other decarbonized electrochemical reactions, due to its severe limitation on electrocatalyst 
composition and morphology. Rational design of electrocatalysts, relying on structure-function 
relationships, has resulted in improved performances that employ various metal and alloy particles 
with a range of sizes, compositions, morphologies, and preferentially exposed facets. But exploiting 
these concepts in the current configuration of porous PTFE GDL is essentially impossible when 
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conductivity is established by a sputtered 
contiguous metal film. Thus, enabling the 
best catalyst performance in combination 
with the robust and hydrophobic porous 
PTFE GDL requires a non-metal conductive 
layer, which will not contribute to the 
reaction, is compatible with any 
electrocatalyst motif, and maintains desired 
gas diffusion properties. To achieve this, we 
designed a new GDL structure composed of a 
porous conductive polymer layer assembled 
on a microporous PTFE layer in the first 
demonstration of a self-conductive PTFE-
based all-polymer GDL. We selected 
poly(3,4-ethylenedioxythiophene) (PEDOT) 
as the conductive layer, to add electrical 
conductivity, while maintaining the original 
properties of the PTFE GDL. 
 In this work, we first synthesized 
PEDOT doped with PF6

- (PEDOT:PF6) on 
commercial PTFE membranes to form a thin, 
porous, and electrically conductive layer via 
electropolymerization, resulting in a PEDOT-
coated PTFE (PEDOT-PTFE) GDL. The self-
conductive GDL was then evaluated in a 
continuous flowing electrolyzer, with 
CO2RR as a probe reaction. The CO2RR 
performance of nanoparticle electrocatalysts 
assembled in this configuration was evaluated 
in acidic, neutral, and alkaline electrolytes. 
Importantly, PEDOT-PTFE GDLs showed 
comparable results with those of the 
commercial carbon-based GDL, Sigracet 
22bb, during short-term testing. Lastly, CO2RR stability tests were executed at industrially relevant 
current densities (i.e., –200 mA∙cm-2), in which PEDOT-PTFE GDLs exhibited remarkable 
resistance to electrolyte flooding compared to the carbon-based GDL in all electrolytes tested 
(Figure 2). These results highlight that the PEDOT layer imparts sufficient electrical conductivity 
to enable reaction on electrocatalyst nanoparticles, while maintaining the best properties of robust 
porous PTFE. Thus, PEDOT-PTFE can be widely used for any gas-fed electrocatalytic reactions 
requiring the application of a GDL, while providing better stability than carbon-based GDLs. 
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(I) 2. Noh, H.; Yeo, Y.; Boudouris, B. W.; Tackett, B. M.. “Conducting Polymer Transforms Hydrophobic 
Porous Membranes into Robust Gas Diffusion Layers in Electrochemical Applications.” Energy Environ. 
Sci. 2024, Under review. 
(II) 3.  Bolton, B. K., Chovatiya, A., Russell, C. K., Daya, R., Trandal, D. S., Wei, L. Reddy, G. K., 
Kamasamudram, K., Miller, J. T., Schneider, W. F., Gounder R., “Mechanistic Insights into NH3 Oxidation 
Rate and Selectivity Hysteresis on Pt/Al2O3 Catalysts.” ACS Catalysis. 2024, Under review. 

 

 
Figure 2. (top) Schematic diagram of self-
conductive hydrophobic PEDOT-PTFE gas 
diffusion electrode that is compatible with any metal 
electrocatalyst. (bottom) Stability testing of 
conventional carbon-based GDL (Sigracet 22bb) 
compared to PEDOT-PTFE for electrocatalytic CO2 
reduction reaction with 1 mg cm-2 Ag nanoparticle 
catalyst layer.  
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Presentation Abstract 
 
Hydrogen production by water electrolysis represents the most promising pathway to 
achieve the DOE Hydrogen Shot objective: “Reduce the cost of clean hydrogen by 80% to $1 
per 1 kilogram in 1 decade”. Water electrolysis occurs through two half-cell reactions: the 
hydrogen evolution reaction (HER) at the cathode and oxygen evolution reaction (OER) at 
the anode. Electrolyzers based on polymer membranes to separate the cathode and anode 
have advantages of simplicity of operation, and current practical membrane electrolyzers 
utilize acidic electrolytes because of the availability and reliability of acidic membranes. 
However, one limiting challenge in acidic HER and OER is the need for stable Pt-group metal 
(PGM) electrocatalysts, but the high costs and scarcity of these materials make it difficult to 
meet the DOE targets for cost-effective H2 production. 

In the current project we attempt to reduce the cost of catalysts using nitrides of Earth-
abundant metals (EAM). The PIs of this proposal have published pioneering work showing 
that EAM-nitrides can exhibit HER/OER activities comparable to those of PGM catalysts in 
acidic electrolytes. At present, key knowledge gaps for advancing metal nitride-based 
electrocatalysts are a lack of fundamental understanding of the following: (1) the correlation 
between catalyst composition and HER/OER activity; (2) the long-term electrocatalytic 
stability in acidic electrolyte; (3) the nature of active sites under HER/OER conditions; and 
(4) reaction mechanisms and descriptors controlling the HER/OER activity and stability. 
 
Grant or FWP Number: BNL-CO-060  
Grant Title: Nitrides of Earth-abundant Metals as Cost-effective Catalysts for Water 
Electrolysis 
 
PI: Lead PI: Jingguang Chen (BNL & Columbia University) 
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RECENT PROGRESS 
 
Theoretical Prediction and Experimental Verification of IrOx Supported on Titanium 
Nitride for Acidic Oxygen Evolution Reaction 

Activity, stability, and material cost are three critical factors when designing acid 
oxygen evolution reaction (OER) electrocatalysts for practical applications. To date, 
iridium oxide (IrOx)-based materials are the best acidic OER electrocatalysts that can meet 
the stability requirement under harsh operating conditions. However, high costs and 
scarcity of Ir limit large-scale applications of IrOx. Therefore, it is imperative to discover 
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OER electrocatalysts with reduced Ir loading while maintaining their catalytic activity and 
stability in the acid environment. 
     Depositing Ir-based materials on a support is a promising method to reduce the 
overall Ir loading and tune the Ir-support interactions to enhance the OER performance. 
Transition metal nitrides have been recently identified as promising support materials for 
electrocatalysts due to their high electrical conductivity and low costs. Particularly, 
titanium nitride (TiN) holds the merits of metal-like conductivity and excellent resistance 
to acidic oxidation, making it a promising support for Ir. Several studies have been reported 
for Ir oxides deposit on TiN in the form of IrO2@Ir/TiN (60 wt. % of Ir on TiN), 
IrO2@Ir/TiN (40 wt. % of Ir on TiN) and IrO2/TiN. However, these reported 
electrocatalysts contained a high content of Ir, and their electrocatalytic stability was rather 
low (<10 hours at 10 mA cm-2). Meanwhile, a comprehensive understanding, coupled with 
theoretical calculations and in situ characterization, of the structure-activity-stability 
correlation to advance the OER performance of TiN-supported Ir and IrOx, remains unclear.  
      In our study, we develop a framework for designing active and stable materials for 
acidic OER based on density functional theory (DFT) predictions and proof-of-concept 
experimental verification of thin films and nanoparticles. A partially oxidized Ir (IrOx) 
overlayer on a TiN support was selected for DFT calculations to reduce the Ir loading to a 
few monolayers while maintaining a similar number of active sites. In addition, such a 
model system also allows direct verification by experimental studies, as recently 
demonstrated for nitride-supported Pt for the hydrogen evolution reaction. Using the 
binding energy of *OH (* denotes adsorbed intermediates) as the OER reactivity descriptor 
for IrOx/TiN, the OER activity was found to be improved by increasing the Ir coverage 
from one to three monolayers (MLs), and the trend was confirmed by the experimentally 
synthesized IrOx/TiN film model catalysts. For practical applications, the promising thin 
film results were extended to powder-based catalysts with IrOx deposited on TiN 
nanoparticles (IrOx/TiN NPs). The IrOx/TiN NPs exhibited excellent acidic OER 
performance, requiring a minimum overpotential of 293 mV at 10 mA cm-2 and long-term 
stability of 250 hours with neglect degradation. The mass activity of IrOx/TiN with a 
reduced Ir loading of 40 µgIr cm-2 achieved 270.8 A gIr

-1, significantly higher than the 
benchmark commercial IrO2 (C-IrO2). When further integrated into a proton exchange 
membrane water electrolyzer (PEMWE) cell with the IrOx/TiN catalyst at a low Ir loading 
of 0.2 mg cm-2, only 1.69 V was required to achieve a current density of 1 A cm-2, lower 
than that using C-IrO2 (above 1.8 V). In situ X-ray absorption spectroscopy (XAS) 
characterization further revealed the transition of Ir to IrOx under OER conditions, as well 
as the presence of the Ir-Ti bond to highlight the interaction between IrOx and TiN. 
According to the DFT results, the direct Ir-Ti bonding tuned the binding strength of *OH 
on the IrOx layer, leading to a higher OER activity than bulk IrO2 while still maintaining 
high stability under the acidic OER condition. Overall, DFT calculations of the overlayer 
models predict an overpotential trend of 1ML > 2ML > 3ML IrOx over the TiN substrate, 
which is then verified by experiments over TiN thin films with the corresponding coverages 
of IrOx. These findings provide guidance to prepare the nanoparticle catalysts for more 
practical and commercial applications, and IrOx/TiN NPs show a better catalytic 
performance toward acidic OER than C-IrO2. More importantly, this study highlights the 
importance of integrating theoretical prediction and experimental studies of well-
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characterized thin film catalysts to facilitate the development of commercially viable 
powder-based nanoparticle OER catalysts with enhanced activity and promising stability. 

Trends in Electrocatalytic Stability and Hydrogen Evolution Activity of Pt Supported on 
Transition Metal Nitrides 

As a high energy density fuel and a key component in wide-ranging commercial 
applications, hydrogen fulfills a critical role in modern society. Despite ongoing efforts to 
promote the production of green hydrogen, it continues to be produced predominantly 
through carbon-intensive processes such as steam methane reforming. Utilizing electricity 
to produce CO2-free H2 creates opportunities for storing excess energy from renewable 
sources as a transportable, energy-dense fuel and reducing the environmental footprint of 
chemical processes requiring H2. Efforts towards economical production of green H2 has 
made the hydrogen evolution reaction (HER) from water electrolysis one of the most 
studied electrochemical reactions.  

The commercial sector is dominated by alkaline water electrolyzers, proton 
exchange membrane (PEM) electrolyzers, and solid oxide electrolysis cells. Of these, the 
PEM electrolyzer remains popular for large-scale applications due to the availability of 
high-performance Nafion™ membranes as well as operation at near ambient temperature 
conditions, ease of cell design, and high load flexibility for grid balancing. These 
advantages enable PEM electrolyzers to achieve high current densities and hydrogen 
purities while offering flexibility across wide ranging applications and scales. However, 
this technology is still hindered by its high cost of operation partially due to its dependency 
on scarce platinum (Pt) group metal electrocatalysts. Pt is the benchmark material for HER 
catalysis in PEM electrolyzers. However, due to its high cost and sensitivity to poisoning 
by trace impurities in the feed water, the search for more robust and abundant alternatives 
continues to garner significant interest.  

By incorporating carbon and nitrogen atoms into the interstitial sites of earth-
abundant transition metals, the resulting transition metal carbides (TMCs) and nitrides 
(TMNs) show unique catalytic properties. For example, TMCs such as Mo2C and WC have 
shown bulk electronic properties similar to Pt, resulting in competitive HER activity. In 
addition, these TMCs have also been found to synergize with Pt to enhance HER activity 
with a decreased Pt loading. Previous experimental work and density functional theory 
(DFT) calculations of metal-modified TMC thin films have established trends for HER 
activity in both acidic and alkaline conditions. Consistent with the Sabatier’s principle, Pt-
modified TMCs showed the highest HER activity because their surfaces neither too 
strongly nor weakly bind to hydrogen. However, synthesizing clean and high surface area 
TMCs, which requires reactions with hydrocarbons at high temperatures, can be 
challenging due to the accumulation of graphitic surface carbon. This accumulation can 
prevent the direct interaction between Pt and TMC, thus reducing catalyst activity.  

TMNs are a similar class of materials as TMCs, but they avoid the accumulation of 
surface carbon because extra surface nitrogen atoms recombine to desorb as molecular N2 
at the TMN synthesis temperatures. Like TMCs, these materials also demonstrate unique 
catalytic properties and synergistic interactions with Pt. Studies have found Pt-modified 
WN and NbN to exhibit Pt-like HER activity, and Pt/TiN has been shown to have higher 
methanol oxidation activity than bulk Pt metal. However, a systematic understanding of 
the general trends in the electrochemical stability and activity of TMN-based 
electrocatalysts is lacking at present. 
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In our study we investigated the trend in the stability of TMN thin films (TiN, VN, 
Ta3N5, MoN, and WN) over a wide range of applied potentials and pH values, which 
revealed that all of these TMNs should be stable under the conditions of acidic HER. 
Further studies were performed to determine the relationship between the acidic HER 
activity and hydrogen binding energy (HBE) for TMNs and metal-modified TMNs to 
determine whether HBE is a useful descriptor for TMN-based electrocatalysts. TMN thin 
films were prepared and modified with one monolayer (ML) of Pt and gold (Au) to study 
the synergistic effects of these precious metals with the TMN substrates under 
electrochemical conditions using linear sweep voltammetry. The results were compared to 
DFT calculations to establish a trend between HER activity and HBE values. Powder 
catalysts were studied to investigate how the trend can be extended to more commercially 
applicable powder catalysts, while X-ray absorption spectroscopy (XAS) was utilized to 
characterize the powder catalysts under in-situ electrocatalytic conditions. 
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Presentation Abstract 
 
Transforming recalcitrant halogenated molecules such as chloroarene persistent organic 
pollutants (POPs) and halogenated greenhouse gases (GHGs) is an important but 
challenging component of environmental remediation efforts. Combining electricity and 
light (electrophotocatalysis, EPC) is an exciting approach to access the deeply reducing 
potentials required for single electron transfer to these inert molecules, yet EPC is held 
back by the poor stability and mechanistic ambiguity of current homogeneous systems. 
Supported by the DOE, we have explored whether the incorporation of EPCs into redox-
active polymeric materials can improve their stability and lead to enhanced catalysis and 
altered selectivity. In this talk, we will discuss how we have successfully incorporated 
perylene diimides into redox-active polymers to produce the first known heterogeneous 
EPCs. Critically, we also provide the first concrete evidence that these catalysts operate via 
pre-complexation with chloroarene substrates, decoupling their catalytic activity from 
lifetime effects of traditional photocatalysts. Building upon these findings, we identify 
iminoimides as a new class of even more deeply reducing catalysts, providing promise for 
the reductive upconversion of inert halogenated compounds. 
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RECENT PROGRESS 
 
Development of the first deeply reducing, electrophotocatalytically active perylene 
diimide polymers that can reduce chloroarenes with high efficiency  

 
 
First mechanistic insight that electrophotocatalysis proceeds via pre-complexation 

 
 

51



Identification of iminoimides as potent reductive electrophotocatalysts 
 

 
 
Reductant-free generation of catalytically active radical anions  
 

 
 
 
 
 
 
 
 

52



 
Unraveling photophysical pathways in MOFs relevant to catalysis 
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Presentation Abstract 

 
Heteroatom-doped carbon nanostructures (CNx) have been studied extensively for electrocatalytic 
Oxygen Reduction Reaction (ORR) in PEM fuel cells due to their economic viability over precious 
metal-based catalysts. Recently, we have shown that CNx catalysts are also active for anodic 
reactions such as Oxygen Evolution Reaction (OER) and Bromine Evolution Reaction (BER). In 
this reporting period, we have focused on expanding the electrocatalytic applications of CNx beyond 
ORR and enhancing the ORR activity of CNx. We have demonstrated an enhancement in ORR 
activity of CNx by facile electrochemical bromine incorporation using BER and anodic activation 
using OER. We investigated this enhancement effect using a series of characterization techniques 
such as XPS, Raman, and NEXAFS. Our results show that post BER enhancement effect likely 
stems from an increase in pyridinic N content and favorable charge distribution on carbon adjacent 
to it. In the quest of exploring various electrocatalytic applications of CNx, we have found CNx to 
be highly active for electrocatalytic Iodide Oxidation Reaction (IOR) in acidic medium. We have 
also found an interesting application of CNx, removal of p-nitrophenol (a USEPA priority pollutant) 
using low temperature electrochemical hydrogenation. Further advancing our studies to explore the 
nature of active sites of CNx for ORR, we also investigated the CO2 poisoning of CNx catalysts for 
ORR. Using a combination of electrochemical measurements, NAP-XPS and DFT studies we have 
found that poisoning effect of CO2 for ORR was likely due to HCO3 and CO3 species on various 
CNx sites. Thus, our work is aimed at gaining a fundamental insight into the multifunctional 
electrocatalytic activity of CNx for various reactions such ORR, halogen evolution and 
electrochemical hydrogenation, via characterization techniques, molecular probes and DFT studies.   
Grant Number: DE‐FG02‐07ER15896; Grant Title: Fundamental studies of the multifunctional 
electrocatalysis on heteroatom-doped carbon (CNx) catalysts 
PIs: Umit Ozkan (PI), Aravind Asthagiri (Co-PI), Anne Co (Co-PI) 
Students : Dishari Basu, Niharika Vennala, Anant Sohale 
 
 

RECENT PROGRESS 
 

Effect of electrochemical BER treatment on ORR: 
 
It was found that the ORR performance was significantly enhanced after an electrochemical BER 
treatment.  Experiments at different potentials, different HBr concentrations as well as  by simply 
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soaking the  catalyst in HBr were carried out. 
Figure 1 shows that the ORR enhancement is 
not observed in case of soaking of the catalyst 
in HBr without electrochemical treatment and 
or in case of potential treatment without the 
Br- ions. There was no enhancement effect 
with the potential treatment below the 
thermodynamic BER potential in the presence 
of HBr, either. It is only seen post 1.07V 
potential treatment (BER thermodynamic 
potential)  in HBr. This indicates that 
electrochemical BER treatment is essential for 
the enhancement of ORR. 
 
Figure 2 shows N1s XPS  data indicating an 
increase in pyridinic-N post BER. Pyridinic N  
are considered as the markers for active sites 
for ORR 1.  Br 3d XPS spectra was used to 

study the interaction of bromine with CNx. Bromine 
is incorporated into CNx through  strong C-Br ionic 
bonds and charge transfer complexes with carbon 
which could also be responsible for the enhancement 
of ORR.  NEXAFS N K-edge analysis performed in 
collaboration with scientists from Stanford 
synchrotron Radiation Lightsource (SSRL) showed 
the distortion in the structure of the CNx attributing 

to the defects, supported by the Raman data. Additionally, NEXAFS C-K edge data of post BER-
ORR samples showed increase in oxygenated carbon compared  to pristine ORR, suggesting the 
possibility of α-carbons adjacent to pyridinic nitrogen being  responsible for enhancement of ORR. 
 
 
Effect of OER treatment  on ORR : 
 
In this work we have studied the effect of anodic potential treatment over 1.23 V (OER) on ORR. 
The effect could be enhancement or degradation of ORR depending on the potential up to which 
OER anodic sweep is given and treatment time. The anodic potentials play a very key role in 
influencing the ORR. Additionally, the effect of potential hold time at various potentials and 
corresponding effect on ORR were examined.  At higher anodic potentials, there is a degradation 
effect of ORR. The possible reasons for this behavior through increasing potential and time were  
investigated with the aid of spectroscopy techniques, such as XPS, Raman and NEXAFS. 
 

Figure 1: . Cathodic polarization plots collected at 1000 rpm in 
O2-saturated 0.1 M HClO4 (10 mV/s, 800 μg catalyst/cm2Geometric) 
over a) CNx pre- and post-BER up to 1.3 V with 100 mM HBr 
and b) CNx pre and post potential application up to 1.3 V without 
HBr c) CNx pre- and post- 100 mM HBr soaking without 
potential application d) CNx pre- and post- anodic potential 
hold at 0.9V for 10 mins in 100mM HBr 

  

 

Figure 2: Post-treatment N1s spectra for CNx subjected 
to: a) ORR (control sample)b) ORR followed by BER at 
1.3V for 10 minutes with 100 mM HBr in the electrolyte  
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Electrocatalytic Iodide Oxidation Reaction (IOR) on CNx catalyst: 
 
In our study, we have explored 
CNx as a catalyst for iodide 
oxidation reaction (IOR) in 
acidic medium. The redox  
potential for I-/I2(s)  is around 
0.54 V2.  CNx has shown 
good activity for IOR with 
negligible overpotential and 
significant anodic currents at 
different molarities of HI 
(supply of iodide species ) in the 
electrolyte. Figure 3 
demonstrates the increase in 
IOR current with increase in  
supply of iodide ions 
indicating  that the current is 
due to reaction associated with the iodide species. The control experiments on bare glassy carbon 
were performed, showing that the reaction was indeed due to electrocatalytic reaction on CNx. 
Additionally, CNx catalyst post IOR is analyzed to study iodine species formed due anodic potential 
treatment in HI. 

 
UV analysis indicates the presence of molecular iodine  on CNx post IOR with a broad peak at 
around 460nm 3 whereas the pristine CNx has no trace of this peak. XPS analysis of I 3d region also 
indicates the presence of the molecular iodine on IOR-treated CNx. This analysis signifies the 
possible formation of molecular iodine post electrochemical iodide oxidation reaction.  Further 
investigation on the active sites and the electrochemistry of iodine  species on CNx are part of the 
future plans. 
 
Exploring the use of CNx for electrocatalytic hydrogenation of aromatics 

Electrochemical hydrogenation of organic compounds is an area which has been explored as a 
greener and safer alternative to conventional thermal hydrogenation reactions4. P-nitrophenol is a 
carcinogenic ground water contaminant and has been designated as a “priority pollutant” by 
USEPA5. Our preliminary results indicate that CNx shows considerable activity for removal of p-
nitrophenol by electrochemical hydrogenation in acidic medium, without the use of any reducing 
agents such as NaBH4 or external high-pressure hydrogen gas, even at room temperature and 
atmospheric pressures. There are many challenges for the low temperature electrocatalytic 
hydrogenation of these compounds especially from the competitive hydrogen evolution reaction 
(HER) at reducing voltages. Further studies are needed to optimize and improve the catalytic activity 
and explore the active sites of CNx for electrochemical hydrogenation reactions 
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Investigation of CO2 poisoning of CNx for ORR: An Experimental and DFT study 

 

We have shown CNx to be resistant to 
common poisons such as CO, H2S, and 
CN for ORR6, 7, making it important to 
find new poison probes. This study 
aims to investigate the active sites of 
heteroatom-doped carbon 
nanostructures (CNx) for ORR with 
CO2 as a poison probe. A combined 
experimental-DFT study was used to 
investigate the species responsible for 
this poisoning effect on CNx. 
Bubbling CO2 in the electrolyte 
showed poisoning effect of ORR on 
CNx whereas gas phase exposure to 
dry CO2 did not (Figure 5 a-b). 
Moreover, addition of bicarbonate 
(HCO3) and carbonate (CO3)    salts to 
the electrolyte also showed similar 
poisoning effect (Figure 5 c-d) 
suggesting that HCO3 and CO3 could 
be the poisoning species. NAP-XPS 

measurements indicated a reduced adsorption of O2 on CO2-poisoned-CNx or diminished access to 
the all the same sites as pristine CNx. DFT calculations predicted that HCO3 is favored adjacent to 
the N species on several CNx site models and CO3 is favored on pyrrolic sites. These HCO3 species 
were believed to block and delay the initial step of ORR on several sites such as armchair, zigzag, 
and basal quaternary. This study suggests the possibility of new ORR active sites on CNx. 
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Figure 5: Polarization curves for ORR in 0.1 M HClO4 (O2 saturated, 1000 
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(d) addition of carbonate 
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Presentation Abstract 

In the pursuit of sustainable energy and chemical transformations, the discovery of novel 
catalytic materials remains a critical challenge. The advent of artificial intelligence (AI) 
offers unprecedented opportunities to accelerate this process by advancing theory through 
data-driven learning, providing a pathway to identify catalysts with optimal properties. 
This talk will explore how AI, particularly machine learning (ML), can enhance our 
understanding of catalytic processes, using ammonia chemistry as a specific case to 
illustrate the integration of theory with data and tools. By leveraging physics-based 
principles, such as linear adsorption-energy scaling and Brønsted-Evans-Polanyi (BEP) 
relationships, AI enables the prediction of catalytic behavior in complex nanostructured 
materials. This approach moves beyond traditional trial-and-error methods and addresses 
the high computational cost of brute-force simulations. We will discuss how AI unifies 
catalysis theory by learning from data, transforming it into a predictive and scalable 
framework that drives sustainable innovation. Finally, we will introduce the emerging 
concept of agentic catalysis, where semi-autonomous AI agents optimize experimental 
and computational workflows, accelerating catalytic materials research. By learning from 
data and integrating domain knowledge, these agents offer a promising future for 
advancing catalysis science.  

DE-SC0023323: Interpretable Deep Learning of Interfacial Electrokinetics 

Student(s): Yang Huang (Dartmouth), Shih-Han Wang, Hemanth Pillai (FHI), Minxi Lin 
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RECENT PROGRESS 

Unifying Theory of Electronic Descriptors of Metal Surfaces upon Perturbation 
We present a unifying theory for predicting electronic descriptors (e.g., the 𝑑-band 
center 𝜀𝑑) of transition and noble metal surfaces by interpretable deep learning. Distinct 
from black-box machine learning models, fundamental insights into underlying physical 
processes can be obtained without sacrificing prediction accuracy. In addition to the 
charge transfer, strain, and ligand effects in the conventional wisdom, we identified 
orbital resonance in 𝑑-electron hopping as a crucial factor that modulates the shape of 
the 𝑑-state distribution, thereby shifting 𝜀𝑑 of a 𝑑-metal site upon perturbation. Our 
findings reveal the promise of machine learning in advancing domain knowledge, paving 
the way toward theory-guided, data-driven design of materials beyond brute-force 
screening. 

Fig. 1: (a) The learning curves of FCNN, GCN, and TinNet models for the ϵd prediction of d-metal sites 
in a diverse set of d-metal catalysts. The physics-based model is also shown for comparison with 
data-driven deep learning models. The error bar corresponds to the standard deviation of the error 
estimates from nested 10-fold cross-validation. MAE represents the mean absolute error. (b) The parity 
plot between the DFT-calculated and TinNet-predicted ϵd along with the histogram of prediction errors. 

Origin of unique electronic structures of single-atom alloys unraveled by interpretable 
deep learning 
We uncover the origin of unique electronic 
structures of single-atom alloys (SAAs) by 
interpretable deep learning. The approach 
integrates tight-binding moment theory with graph 
neural networks to accurately describe the local 
electronic structure of transition and noble metal 
sites upon perturbation. We emphasize the complex 
interplay of interatomic orbital coupling and on-site 
orbital resonance, which shapes the d-band 
characteristics of an active site, shedding light on the origin of free-atom-like d-states that 
are often observed in SAAs involving d10 metal hosts. This theory-infused neural network 
approach significantly enhances our understanding of the electronic properties of single-
site catalytic materials beyond traditional theories. 
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Unraveling Reactivity Origin of Oxygen Reduction at High-Entropy Alloy 
Electrocatalysts with a Computational and Data-Driven Approach 
High-entropy alloys (HEAs), characterized as 
compositionally complex solid solutions with 
five or more metal elements, have emerged as 
a novel class of catalytic materials with 
unique attributes. Because of the remarkable 
diversity of multielement sites or site 
ensembles stabilized by configurational 
entropy, human exploration of the 
multidimensional design space of HEAs 
presents a formidable challenge, necessitating 
an efficient, computational and data-driven 
strategy over traditional trial-and-error 
experimentation or physics-based modeling. Leveraging deep learning interatomic 
potentials for large-scale molecular simulations and pretrained machine learning models 
of surface reactivity, our approach effectively rationalizes the enhanced activity of a 
previously synthesized PdCuPtNiCo HEA nanoparticle system for electrochemical 
oxygen reduction, as corroborated by experimental observations. We contend that this 
framework deepens our fundamental understanding of the surface reactivity of high-
entropy materials and fosters the accelerated development and synthesis of monodisperse 
HEA nanoparticles as a versatile material platform for catalyzing sustainable chemical 
and energy transformations. 

Explainable AI for Optimizing Oxygen Reduction on Pt Monolayer Core–Shell 
Catalysts 
As a subfield of artificial intelligence (AI), machine 
learning (ML) has emerged as a versatile tool in 
accelerating catalytic materials discovery because of 
its ability to find complex patterns in high-
dimensional data. While the intricacy of cutting-
edge ML models, such as deep learning, makes 
them powerful, it also renders decision-making 
processes challenging to explain. Recent advances 
in explainable AI technologies, which aim to make 
the inner workings of ML models understandable to 
humans, have considerably increased our capacity 
to gain insights from data. In this study, taking the oxygen reduction reaction (ORR) on 
{111}-oriented Pt monolayer core–shell catalysts as an example, we show how the 
recently developed theory-infused neural network (TinNet) algorithm enables a rapid 
search for optimal site motifs with the chemisorption energy of hydroxyl (OH) as a single 
descriptor, revealing the underlying physical factors that govern the variations in site 
reactivity. By exploring a broad design space of Pt monolayer core–shell alloys 
(∼17,000 candidates) that were generated from ∼1500 thermodynamically stable bulk 
structures in existing material databases, we identified novel alloy systems along with 
previously known catalysts in the goldilocks zone of reactivity properties. SHAP 
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(SHapley Additive exPlanations) analysis reveals the important role of adsorbate 
resonance energies that originate from sp-band interactions in chemical bonding at 
metal surfaces. Extracting physical insights into surface reactivity with explainable AI 
opens up new design pathways for optimizing catalytic performance beyond active sites. 

Bridging the complexity gap in computational heterogeneous catalysis with machine 
learning 
Heterogeneous catalysis underpins a wide variety of industrial processes including energy 
conversion, chemical manufacturing and environmental remediation. Significant 
advances in computational modelling towards understanding the nature of active sites and 
elementary reaction steps have occurred over the past few decades. The complexity gap 
between theory and experiment, however, remains overwhelming largely due to the 
limiting length and timescales of ab initio simulations, which severely impede the 
discovery of high-performance catalytic materials. This Review summarizes recent 
developments and applications of machine learning to narrow and, optimistically, bridge 
the gap created by the dynamic, mechanistic and chemostructural complexities inherent 
to the reactive interfaces of practical relevance. We foresee the prospects and challenges 
of machine learning for the automated design of sustainable catalytic technologies within 
a data-centric ecosystem that coevolves with computational and data sciences. 

Fig. 2: The dynamic, mechanistic and chemostructural complexities of operando catalytic systems 
pose grand challenges in revealing the nature of active sites, unravelling reaction pathways and 

ultimately accelerating catalyst discovery. 
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Interpretable Machine Learning for Catalytic Materials Design toward Sustainability 
Finding catalytic materials with optimal properties 
for sustainable chemical and energy 
transformations is one of the pressing challenges 
facing our society today. Traditionally, the 
discovery of catalysts or the philosopher’s stone of 
alchemists relies on a trial-and-error approach 
with physicochemical intuition. Decades-long 
advances in science and engineering, particularly 
in quantum chemistry and computing 
infrastructures, popularize a paradigm of 
computational science for materials discovery. 
However, the brute-force search through a vast 
chemical space is hampered by its formidable cost. In recent years, machine learning 
(ML) has emerged as a promising approach to streamline the design of active sites by
learning from data. As ML is increasingly employed to make predictions in practical
settings, the demand for domain interpretability is surging. Therefore, it is of great
importance to provide an in-depth review of our efforts in tackling this challenging issue
in computational heterogeneous catalysis.

In this Account, we present an interpretable ML framework for accelerating catalytic 
materials design, particularly in driving sustainable carbon, nitrogen, and oxygen cycles. 
By leveraging the linear adsorption-energy scaling and Brønsted–Evans–Polanyi (BEP) 
relationships, catalytic outcomes (i.e., activity, selectivity, and stability) of a multistep 
reaction can often be mapped onto one or two kinetics-informed descriptors. One type of 
descriptor of great importance is the adsorption energies of representative species at 
active site motifs that can be computed from quantum-chemical simulations. To 
complement such a descriptor-based design strategy, we delineate our endeavors in 
incorporating domain knowledge into a data-driven ML workflow. We demonstrate that 
the major drawbacks of black-box ML algorithms, e.g., poor explainability, can be 
largely circumvented by employing (1) physics-inspired feature engineering, (2) 
Bayesian statistical learning, and (3) theory-infused deep neural networks. The 
framework drastically facilitates the design of heterogeneous metal-based catalysts, some 
of which have been experimentally verified for an array of sustainable chemistries. We 
offer some remarks on the existing challenges, opportunities, and future directions of 
interpretable ML in predicting catalytic materials and, more importantly, on advancing 
catalysis theory beyond conventional wisdom. We envision that this Account will attract 
more researchers’ attention to develop highly accurate, easily explainable, and 
trustworthy materials design strategies, facilitating the transition to the data science 
paradigm for sustainability through catalysis. 
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Fuel forming reactions such as the hydrogen evolution reaction (HER) and CO2 reduction 
(CO2R) are vital to transitioning to a carbon neutral economy.  Metal hydride intermediates 
are ubiquitous in these catalytic and electrocatalytic processes. Guiding metal hydride 
reactivity is important for achieving selective, kinetically fast, and low overpotential 
reductions. Our work has focused on understanding kinetic and thermodynamic aspects for 
controlling these reactive hydride species in an effort to design more selective 
electrocatalysts that operate at low overpotentials. Key to our approach is understanding 
the free energy changes and rate of discrete steps of catalysis through isolation of proposed 
intermediates. These include the application of transition metal hydricity, or free energy of 
hydride release.  
 
Our work describes how hydricity values can be applied to optimize HER and CO2R 
catalysis. This framework provided general guidelines for achieving selective CO2 
reduction to formate (HCO2

-) in the presence of protons. Kinetic information on steps in 
the proposed catalytic cycle of HER and CO2R catalysts were evaluated to identify 
potential rate determining steps. Hydricity values were also used to design an 
electrocatalyst for the interconversion between CO2 and HCO2

- at low overpotentials. 
 
Almost all reductive reactions employ classic metal hydrides, where the electrons and 
proton are co-located on the metal center. However, these require very reducing potentials 
to generate strong enough hydride donors for reduction. In contrast, formate dehydrogenase 
(FDH) generates a competent hydride donor at more mild potentials, through bidirectional 
hydride transfer, where the proton and electrons of the hydride are not collocated. We have 
explored some bio-inspired architectures to better understand bidirectional hydride transfer. 
More recently, we have focused our efforts to translate the thermal CO2 hydrogenation 
activity of homogeneous catalysts, which also proceeds through metal hydrides, to 
electrocatalysis.  
 
Grant or FWP Number: New Synthetic Strategies for Electrocatalytic C1 Reduction 
at Mild Potentials 
 
Postdoc(s): Kelsey Collins (Scientist, AFRL) 
Student(s): Faith Flinkingshelt, Elise Payong, Andrew Cypcar, Tyler Kerr (PD, UCLA), 
Sarah Wang (Analyst, RMI), Alissa Matus (Prof., Cypress College) 

 
RECENT PROGRESS 

 
Translating Homogeneous Hydrogenation Activity to Electrochemical Reduction 
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A molecular CO2 hydrogenation catalyst, 
[Co(dmpe)2(H)]2+ (2) (dmpe = 1,2-
bis(dimethylphosphino)ethane) was explored for 
electrocatalytic CO2 reduction under aqueous 
conditions. This catalyst exhibits one of highest 
activities for CO2 hydrogenation to HCO2

– by a 
first-row transition metal in water.1-3 The proposed 
hydrogenation mechanism is depicted in red in 
Scheme 1.  To obtain the electrochemical potential 
and pH requirements to generate the metal hydride 
intermediate, we measured the pKa and reduction 
potential shown in blue in Scheme 1.4  

Controlled potential electrolysis (CPE) 
experiments were performed using a 0.2 M sodium 
carbonate solution saturated with CO2 from pH 7-
9, resulting in mixed H2/HCO2

- selectivity. The 
highest faradaic yield for HCO2

– was 54% at pH 7.8. 
At other pH conditions, the Faradaic efficiency for 
H2 is higher than that of formate. To understand the 
pH-dependent product selectivity, we performed 
stoichiometric studies with the isolated metal 
hydride intermediate. In summary, the ligation of 

the OH- after hydride transfer results in a pH-dependent hydricity of the donor.1-3  As a 
result, the free energy of H2 evolution is always favorable, even at higher pH value, leading 
to mixed product selectivity. These studies initiated our motivation to investigate this topic 
further and determine general guidelines (if they exist) 
on how hydrogenation activity in homogeneous 
catalysts translates to electrochemical activity. 
 
Isolation of Proposed Catalytic Intermediates for 
CO2 Hydrogenation 

Ru(MACHO)L3 (L = neutral or anionic ligands) 
complexes are also among the most active and stable 
catalysts for the hydrogenation of CO2 to CH3OH, with 
up to 103 turnovers.5-7 Our studies have focused on 
isolating or characterizing the active hydride donor in 
the catalytic cycle so that it’s reactivity can be studied 
independently and hydricity evaluated for application 
in an electrocatalytic reduction. Despite extensive 
studies on Ru(MACHO) derivatives as a 
hydrogenation catalyst, the proposed active hydride 
donor, Ru(MACHO)(CO)H2, had never been isolated 
or fully characterized. Under hydrogenation 
conditions, the resting state catalyst 
Ru(MACHO(CO)HCl forms the hydride donor via H2 

Scheme 1. Proposed mechanisms for 
CO2 hydrogenation and electrocatalytic 
reduction by [Co(dmpe)2(H)]2+.30

 

 

 
Figure 1.  Preliminary single crystal 
X-ray structure of cis-
Ru(Macho)(CO)H2, a proposed active 
catalytic intermediate involved in CO2 
hydrogenation. 
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and a base. We have chemically accessed the dihydride using the hydride donor LiEt3BH 
and characterized the product by 1H and 31P NMR spectroscopy and single crystal X-ray 
analysis (Figure 1). The dihydride intermediate, which reduces CO2 and the 
methylester/formamide has always been proposed as a trans-dihydride complex, with the 
pincer ligand coordinated in a meridional fashion. However, the initial product we isolated 
has the two hydrides cis to each other, with the MACHO ligand coordinated in a facial 
geometry (Figure 1). The hydrides were found in the X-ray data difference map, and the 
1H/31P NMR spectra also support the dihydride formulation. Using separate conditions, we 
have also generated the trans hydride isomer. We find both dihydrides reacts quantitatively 
to reduce CO2 to form formate, indicating they are both strong hydride donors. We initiated 
a collaboration with Dr. John Linehan and Dr. Aaron Appel at PNNL to examine potential 
intermediates using high-pressure NMR spectroscopy under hydrogenation conditions.  
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Presentation Abstract 
 
Upgrading CO2 to chemicals and fuels represents a scalable strategy for mitigating climate 
change. Electrochemical conversion of CO2 with water under mild conditions that are 
compatible with renewable energy could provide a low-carbon approach compared to 
alternatives that require H2 or high temperature and pressure. However, electrocatalytic 
CO2 reduction with H2O (CO2R) is rate-limited by the CO2 or CO activation step. This 
limitation also constrains catalyst design to favor CO2/CO activation at the expense of 
tuning catalytic pathways toward high-value multicarbon products. Nonthermal plasma has 
accomplished CO2 conversion at atmospheric pressure, but the non-selective nature of 
plasma makes it challenging to control the subsequent conversion to valuable products.  
This project focuses on unlocking new electrocatalyst design spaces for multicarbon 
product generation using CO2/CO pre-activation with nonthermal plasma. By applying 
nonthermal plasma in CO2R for the first time as an approach that is outside the 
conventional scope of catalyst development, we may help solve outstanding challenges in 
electrocatalytic CO2 upgrading to high-value products. This strategy could potentially 
decouple reactant/intermediate activation and product formation using plasma pre-
activation, opening a wider design space for electrocatalysts optimized for selective 
product generation further along the reaction pathway. Based on coupling plasma with 
electrocatalysts across a novel engineered interface, we are discovering new reaction 
pathways and catalyst design strategies for electrocatalytic reduction of pre-activated CO2 
to C3+ products.  
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Presentation Abstract 

 
Biomass is the largest source of renewable carbon, and the ability to refine it into valuable 
products could significantly reduce petroleum usage. Catalysts for biomass upgrading should 
ideally allow for the use of green reagents and produce desired products with high selectivity. 
Enzymes outperform current synthetic catalysts on efficiency and selectivity due to their 
advanced multifunctional active sites, but they are fragile and costly. To achieve efficient 
catalysis with increased durability and recyclability, there has been a longstanding interest in 
combining the key features of enzymes with solid-state materials to create enzyme-like 
heterogeneous catalysts. However, the laborious and time-intensive design, synthesis, 
optimization, and characterization of enzyme-mimicking materials has impeded progress. Our 
proposal aims to circumvent these challenges by leveraging recently described peptide 
frameworks, which are crystalline porous solid-state materials spontaneously generated from 
peptide self-assembly. Like enzyme active sites, the pores within these materials have multiple 
unique functional groups that are permutable, enabling rapid synthesis of elaborate catalyst 
variants. This proposal will evolve these scaffolds to enhance the sustainability and efficiency of 
catalytic processes for the aerobic oxidation of lignin and polyol deoxygenation. Furthermore, the 
crystallinity of these peptide frameworks provides a unique opportunity to routinely obtain high-
resolution structural data that informs the rational design of next-generation catalysts. The 
expected outcomes of this research are more efficient catalysts for upgrading biomass, versatile 
tools to precisely manipulate multiple noncovalent interactions, and fundamental structure-
activity knowledge for enzyme-like catalyst design. 
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Presentation Abstract 
 

This work aims to advance the development of base metal catalysts and our 
understanding of how precatalysts of intermediate oxidation states can yield active 
carbonylation catalysts under reducing conditions. Recently, a Co(II) hydro-formylation 
precatalyst, [Co(acac)(bisphosphine)]BF4, was reported. This system was found to be 
indefinitely stable, produce minimal side products, and have a rate within an order of 
magnitude of commercially relevant Rh catalysts under mild conditions for Co (140ºC and 
30 bar). This spurred immense interest in Co(II) precatalyst, which led to conflicting claims 
that the cationic Co(II) precatalyst was not active for hydroformylation. We have 
disambiguated these reports and identified a key discrepancy that arose from the 
[Co(acac)(bisphosphine)]BF4 material being poorly characterized. We have since 
developed a reliable calibrated ESI-MS characterization method for the Co(II) precatalyst. 
We have optimized the synthesis to remove impurities and characterize the material more 
completely. Under mild hydroformylation conditions, we confirmed the viability of 
catalysis and achieved aldehyde yields greater than the original report. In this work, we are 
now developing this novel Co(II) precatalyst by targeting in-situ spectroscopic evidence 
for the nature of the catalytic state. In this presentation, the parameters that impact the 
activation of the precatalyst will be discussed to identify true catalytically relevant 
conditions for spectroscopic studies. Additionally, we have expanded the ancillary ligand 
scope to include trisphosphine ligands. These ligands afford substantially more stable 
precatalysts and more reliable catalytic performance while using comparable conditions. 
Such ligands are unprecedented for hydroformylation catalysis and stand to provide key 
insights into the role of the ligand field in the formation and activity of the catalytic state.  
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Presentation Abstract 
 
Imagine a scenario where one could predict catalyst degradation early in the discovery 
process. This is perhaps the most effective way to add commercial value and relevance to 
early-stage efforts. One of the most relevant mechanisms of catalyst degradation is the 
non-reversible phenomenon of sintering. During sintering, supported metal nanoparticles 
grow with consequent decrease in active surface area, overall activity and/or selectivity. 
No current theories can consider the full complexity of catalyst sintering during industrial 
use and at present there is no unified framework predictive of long-term degradation of 
industrial catalysts by sintering. This project uses data science as a unifying platform to 
connect reactivity data, a suite of relevant in-situ and operando characterization, and 
computational chemistry to develop a platform that predicts long term catalyst 
performance from short term measurements. The presentation will provide an update on 
the excellent progress of the project after one year of operation. 
 
The work was supported by the Division of Chemical Sciences, Geosciences, and 
Biosciences, Office of Basic Energy Sciences, US Department of Energy (DOE) as 
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RECENT PROGRESS 
 
Catalyst synthesis, testing and characterization 
The synthesis teams have collaborated to develop a shared online database of all synthesized 
samples, giving each one a unique code to prevent any ambiguity as to what samples are being 
tested. Many samples have been shipped to various institutions for characterization via a suite of 
complementary methods. 
 
At UCSB, reactivity analysis and associated characterization of a series of catalysts with varying 
Rh wt% (0.1-5%) on rutile TiO2 prepared via incipient wetness have been completed. This 
analysis suggests that there exist surface sites on rutile TiO2 that provide excellent stability for Rh 
single atoms, even at 500°C under close to equilibrium RWGS conditions. Alternatively, CH4 
formation sites on Rh nanoparticles rapidly lose their reactivity. The rate of loss of reactivity 
seems to correlate with initial Rh nanoparticle size. 
Initial CO2 conversion experimentation has been performed for Rh deposited on shaped anatase 
TiO2 particles to understand how the support influences reactivity evolution. 
At Stanford, nanoparticles of Rh/TiO2 (rutile) have been synthesized and their catalytic activity as 
a function of Rh weight loading and pretreatment conditions. Varying the RhNP weight loading 
(0.1%, 0.25%, 0.5%) while maintaining the total mass of Rh in the reactor showed, with 
decreasing weight loading, trends of decreasing rates of methanation and delayed onset of the 
RWGS reaction. 

Initial CO2 conversion also decreases with decreased weight loading, but all samples reached the 
same steady-state conversion after several hours under reaction. Varying the gas composition 
during the pretreatment procedure (5% O2 in Ar, 20% H2 in Ar, pure Ar) revealed the O2 
pretreatment is necessary for methanation to occur. Varying the reaction temperature shows 
methanation preferentially occurring at lower temperatures and the RWGS reaction occurring at 
higher temperatures. 

 

 

Figure 1: (left) summary of rates of generation of the products CO and CH4 for different weight loadings 
(0.1%, 0.25%, 0.5%) of RhNPs on rutile TiO2, with different masses of catalyst loaded (20 mg, 8 mg, and 4 
mg respectively) to ensure constant total mass of Rh in the reactor (0.02 mg) for each test. (right) summary 
of rates of generation of CO and CH4 for a 0.5% RhNP on rutile TiO2 sample exposed to different 
pretreatment gas compositions (pure Ar, 5% O2 in Ar, and 20% H2 in Ar) for the 400 °C, 30-minute 
pretreatment prior to the reaction under RWGS conditions. 
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A Python-based analysis tool has been developed that standardizes the format and key parameters 
for reactor testing results that gets shared with the machine learning teams. This was a lengthy 
and critical step that will allow us to rapidly collect the raw testing data for sharing with the ML 
groups. 

 
At SSRL, the Rh/TiO2 (rutile) samples have been characterized via operando XAS, SAXS, and 
WAXS tracking the Rh oxidation state (XAS), the Rh local coordination (XAS), the Rh 
nanoparticle size (XAS + SAXS), and variations in the TiO2 support (WAXS) as a function of 
time on stream based upon: i) Rh metal loading (0.1-5 wt% Rh), ii) initial Rh starting species or 
nanoparticle, iii) pretreatment atmosphere, iv) RWGS reaction temperature, and v) dilution ratio 
of the Rh/TiO2 catalyst to SiO2 diluent. 
 
The SAXS results characterizing the Rh particle size as a function of temperature and time on 
stream have been shared with PNNL machine learning team to help train a model that predicts Rh 
particle size distribution as a function of temperature and time. 
 
XAS analysis show that increasing Rh metal loading leads to the formation of small Rh oxide 
clusters after the oxidation pre-treat, while WAXS analysis results showing the transformation 
from anatase to rutile is inhibited by the loading of Rh. Both scattering and spectroscopy results 
showing that the heat generated from methanation reaction is accelerate the sintering of Rh and 
impacting the selectivity to RWGS.  To improve reactivity quantification at the beamline an 
Agilent 490 micro gas chromatography (uGC) apparatus has been installed and a method for 
reactant and product separation has been developed. The uGC allows for quantitative product 
analysis during the operando XAS and X-ray scattering measurements as well as SSRL-based 
reactor testing between beamtimes. 
 
At SLAC, packed bed reactor to aid in generating RWGS time on stream data for the machine 
learning teams has been constructed, benchmarked, and is operational. Reactor experiments run at 
SLSC mirror conditions that are proposed to the Stanford (Cargnello) or UCSB (Christopher) 
teams from the SSRL machine learning suggestions, to test for variations in measurements due to 
institution reactor differences. Many datasets have been contributed to the machine learning 
teams dataset. 
 
At the CFN at BNL, in-situ ETEM experiments on pure anatase TiO₂ supports under RWGS 
reaction conditions have been performed to investigate surface facet-dependent reaction 
dynamics. The results have been correlated with theory, APXPS measurements, and activity 
measurements to understand which facets are the most active and how activity can be increased 
through oxygen vacancy formation. 
 
Also, in-situ ETEM experiments with 1 wt% Rh on anatase TiO₂ supports under various gases 
have been conducted (O₂, CO₂, and CO). These data will be correlated with APXPS and FTIR 
spectroscopy measurements under various gases (O₂, CO₂, and CO). Preliminary results are 
consistent with titania overlayer growth and RhTiOx formation seen in ETEM. 
 
At Penn State University, chemisorption surface areas after reduction and oxidation treatments of 
rhodium nanoparticle coated rutile nanoparticles haven been measutred. Material showed a 
repetitive pattern of Rh being inaccessible after reduction and then being accessible after 
oxidation. This coverage by the support material agrees with what was reported in the literature 
for other catalytic materials and systems. These results suggest that oxidation may restore 
degraded catalysts back to full catalytic capabilities 
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For the testing at PSU, Reactor #1 has been built out and has been undergoing testing and 
validation in order to be able to begin running catalytic materials under reaction conditions. 
Reactor #1 is expected to become operational November 2024. Reactor #2 is under construction 
using best building practices learned from reactor #1. It is expected to become operational 
November 2024. 
At Stanford, a reactor made of SiC tubing and an alumina sheathed internal thermocouple has 
been fabricated for testing at elevated temperatures up to 750°C and pressure of 10 bar, to 
minimize RWGS activity contributions from the background. Using this equipment high activity 
and selectivity of dispersed carbonate catalysts (M2CO3/Al2O3, M= K, Na) in this intermediate 
temperature and pressure RWGS regime, as well as excellent stability at <600°C has been 
demonstrated.  
 
Theory  
At UC Davis, machine learning interatomic potentials (MLIPs) have been trained using first-
principles DFT data on Rh-doped alumina in cluster and cationic configurations to investigate 
deactivation mechanisms in these systems (Figure 2). Two different MLIP architectures: MACE 
and NEP were benchmarked. The results demonstrate that MACE significantly outperforms NEP 
in predicting energies and forces, with both the root mean squared error (RMSE) and mean 
absolute error (MAE) being more than an order of magnitude lower.  
To ensure reliable performance across diverse configurations an active learning protocol has been 
implemented, refining the model by focusing on challenging configurations. Using an uncertainty 
quantification metric, the MACE model was iteratively trained through NVT molecular dynamics 
(MD) simulations in LAMMPS, followed by DFT single-point energy (SPE) calculations on 
randomly sampled MD configurations. Configurations with uncertainties exceeding a threshold 
(0.3 eV/Å) were added to the initial training set, and the model was retrained until convergence. 
Finally, to streamline this iterative process, we developed an in-house automated software 
solution—Dynamic Refinement and Iterative Validation Exploration Software for Chemicals and 
Materials (DRIVES-CheM). Employing DRIVES-CheM to obtain the optimized MACE 
parameters, metadynamics calculations were performed to investigate catalytic deactivation 
mechanisms in doped alumina surfaces. Significant differences in the energy barriers for different 
locations of Rh were observed.  

 
Figure 2. (a) Atomistic models capture the wide diversity of Rh environments for Rh/Al2O3 
systems. (b) Automated protocols to train machine learning potentials for predicting catalyst 
deactivation.  
 
The theoretical work at the University of Central Florida is focused on the DFT calculations of 
thermodynamic and kinetic stability of Rh single-atom catalysts supported on rutile and anatase 
TiO2 at experimental conditions. The thermodynamics stability of Rh single-atom catalyst 
supported on rutile TiO2 as a function of OH surface coverage (with and without O/OH 
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vacancies) at experimental temperatures and pressures and coverage of H and CO has been 
calculated.  
 
At UCLA, the accelerated surface structure determination for TiO2 has been performed utilizing 
machine-learning potential under reductive conditions. The iterative training of the MACE model, 
an equivariant message-passing graph tensor network that encodes many-body atomic geometry 
information at each layer, was completed for the rutile and anatase TiO2 surfaces using an active-
learning workflow. 
 
A total of 1,615 DFT single-point calculations were performed during this active learning process 
to refine the training structures, requiring 18,365.3 node hours. The final converged training set 
includes 1,804 configurations and 973,020 force components. The out-of-sample root mean square 
errors (RMSEs) of the final converged MACE model are below 4 meV/atom for energy predictions 
and 178 eV/Å for force predictions. 
 
Extensive MACE-based samplings, conducted through the grand canonical genetic algorithm 
(GCGA) in our in-house code GOCIA, explored the configurational space of TiO2 surfaces. Figure 
3 (left): Calculated surface phase diagram. Samplings identified stable surface reconstructions 
under reductive conditions, revealing both known and previously unreported reconstructions. A 
reconstructed surface (termed as TiO1.69) featuring a shear plane—known as Wadsley defects—
emerges as the most stable structure below the oxygen-poor limit. This reorganization, by 
transforming corner-sharing octahedra into edge-sharing ones, reduces the system’s free energy 
and accommodates excess titanium interstitials, preventing crystal collapse.The outermost titanium 
atoms occupy non-lattice sites, forming vertically oriented TiO5 polyhedra with apical oxygen 
vacancies, resulting in coordinatively unsaturated titanium sites. These sites may act as active 
binding locations for catalysts or reactive adsorbates, potentially affecting catalytic activity and 
electronic properties. 
 
Figure 3(right): Layer-decomposed density of states (DOS). Spin-polarized mid-gap states, mainly 
originating from Ti3+ polarons in the up-spin channel near the surface, play a key role in surface 
reconstructions of reduced TiO2. These states, derived from Ti 3d orbitals, decrease in intensity 
with depth, indicating a concentration of polarons at the surface with gradual delocalization into 
subsurface layers. 
A small gap state in the down-spin channel suggests defect-related interactions between Ti3+ and 
Ti4+, possibly influencing magnetic and transport properties. The total DOS shows Ti 3d states 
dominating near the Fermi level, enhancing electron charge carriers and contributing to improved 
surface conductivity—a property advantageous for electron transfer in catalytic applications 
involving reduced TiO2. 
 
Supported by TEM characterization, we aim to demonstrate experimental verification of 
theoretically identified reduced rutile reconstructions. Further investigations into comparative 
reductions on different orientations of anatase surfaces will be conducted. 
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Figure 3 (left) The surface free energies, 𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
(110),𝜈𝜈𝑠𝑠 , are plotted as a function of the oxygen chemical 

potential, ∆𝜇𝜇𝑂𝑂, for all grand-canonically sampled rutile TiO2(110). The lowest surface energy structures 
are indicated by colored solid lines. The vertical dashed line marks the O-poor limit. The atomic structure 
of the conventional stoichiometric is shown as an inset. Titanium and oxygen atoms are depicted as large 
cyan and small red spheres, respectively. (middle) Four representative, most stable surfaces under 
reductive conditions are also illustrated. The Boltzmann probability at room T (P273.15K) of each structure 
among all sampled configurations with the same stoichiometries is also indicated. (right) The layer-
decomposed density of states (DOS) for up-spin and down-spin components, from left to right, shows the 
transition from bulk to surface. 

Machine Learning 
At SLAC, an active learning algorithm based on Bayesian optimization to drive experimental 
selection through uncertainty sampling has been developed. The algorithm is applied to efficiently 
acquire RWGS performance data from several synthesis and testing locations (UCSB, Stanford & 
SLAC). The model iteratively suggesting experimental input and is retrained on new data. A 
Gaussian Process Regression model is used that accepts continuous as well as categorial input 
features which is needed to handle synthesis/testing input parameters (temperature, Rh weight 
loading, etc.) as well as location parameters (synthesis method & testing location).   
 
In collaboration with experimental groups (UCSB, Stanford & SLAC) a data structure for RWSG 
synthesis and testing has been developed and used to track ML model input and output, as well as 
an extensive list of testing conditions and results that will be used to build sophisticated models 
moving forward. 
 
A pipeline for feature engineering using an interpretable ML model has been developed. In the 
pipeline, SHAP analysis is performed to quantify the importance of the synthesis/testing input 
features using the trained Gaussian Process Regression model. Based on the calculated feature 
importance, relevant input features are additionally identified besides input parameters 
(temperature, Rh weight loading, and synthesis method, etc.) that were considered in the first round 
of data generation. 
 
At PNNL Data pipelines are being developed to include new experimental data types: DRIFTS 
and SAXS/XAS. A prototype web application framework to provide access to the 
ACCELERATE data repository has been developed. The components of the web application 
include: (i) Data packager to facilitate data annotation and to create AI-ready data archives. (ii) 
Cloud-based automated ingestion and indexing pipeline for the information provided through the 
Data Packager module, and (iii) Data Query module to retrieve information from the repository 
based on the metadata schema. This module will provide a data access interface to the AI agents 
that are being developed in the project.  
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A sintering model is being developed. 
Extensions and improvements to the 
catalyst sintering model: 
Development of a hierarchical 
probabilistic model structure to learn 
shared model parameters across 
process control decisions (i.e., 
temperature, initial particle size). Until 
now our model has not generalized 

across experimental conditions, but this will be necessary for the experimental design component. 
Using SAXS data at different temperatures, we are training the hybrid model in a Bayesian 
framework and predict average catalyst radius under different temperature conditions – this will 
be used in the optimal experimental design loop to recommend temperatures that lead to minimal 
change in average particle size over long operating times. 

 
Multimodal data integration is underway. Current work focuses on two primary data modalities: 
static images and movies (time evolution of TEM images). Also, an algorithm has been 
developed to identify nanoparticles in TEM images and compute their size and distribution. and 
position of nanoparticles over time. The analysis algorithm facilitates the capture of statistical 
features that describe the time evolution of single nanoparticles or nanoparticle populations. The 
example below depicts the change of the size of the tracked nanoparticle over time.  
 
The preliminary design of an interpretable AI framework for catalyst degradation (DECAI: 
Degradation Estimation for Catalyst using AI) has been developed The goal of this framework 
will be to provide a single point of access to the data and models generated by the project as well 
as to existing data and knowledge on catalysis. The current framework includes prototype 
implementations of two generic agent teams: (i) Information Retrieval Team: Specialized set of 
agents to search the web and retrieve relevant information from literature. Sources of data 
include: Arxiv, Semantic Scholar, Google Scholar as well as specialized web-search engines. We 
plan to extend this agent to include a query interface to OSTI. (ii) Data Retrieval Team: 
Specialized agent that uses the OPTIMADE (Open Databases integration for Materials Design) 
interface to access a number of materials databases (e.g., the Materials Project, NOMAD, 
Matterverse, etc.). 
 
 
Publications Acknowledging this Grant in 2021-2024 
 
Several manuscripts are in varying stages of preparation. 
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Mechanocatalytic Redox Reactions over Reducible Metal Oxides 
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Presentation Abstract 

 
Mechanochemical processes use mechanical collisions in a ball mill or similar device to 
drive chemical reactions. The collisions can create transient surface sites with 
extraordinary catalytic activity and hot spots that are characterized by rapid local 
temperature rises followed by dissipation of heat to the environment. In addition, 
mechanical forces can create intimate contact between two solids, so that the conversion 
of a solid reactant over a solid catalyst becomes viable.  
 
This contribution focuses on mechanocatalytic reactions involving reducible transition 
metal oxides. When milled in an Ar purge stream, MoO3 is reduced to MoO2. DFT 
models illustrate that this reaction occurs at high index surfaces that are commonly 
formed during milling. During subsequent milling of reduced MoOx in an argon stream 
saturated with water, hydrogen is observed in the effluent gas indicating that water 
splitting occurs. Active oxygen species can be used effectively in mechanocatalytic 
oxidative cracking of poly(ethylene). When milled with Fe2O3, the polymer is partially 
oxidized in random positions of the backbone. The newly added functional groups 
facilitate cleavage of adjacent C-C bonds. 
 
 
 
DE‐SC0016486: Selective Oxidation of Methane over Lewis Acidic and Redox‐
Active Catalysts under Transient Conditions 
 
PI: Carsten Sievers, Andrew J. Medford (co-PI) 
Postdoc(s): Dr. Letícia Rasteiro (contributing but funded by a fellowship) 
Student(s): Van Son Nguyen, Neung‐Kyung Yu 

 
 

RECENT PROGRESS 
 
 
The Role of Metastable Surfaces in Mechanochemical Reduction of Molybdenum 
Oxide  
 
In this study, we combined experimental results with density functional theory (DFT) 
calculations to explain the mechanocatalytic reduction of MoO3. The experimental setup 
used a ball mill with a flow of inert gas (Ar) to mechanochemically reduce MoO3 to 
MoO2. The degree of reduction was measured using a combination of techniques, 
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including X-ray diffraction (XRD), X-ray 
absorption spectroscopy (XAS), and mass 
spectrometry. These methods provided 
complementary insights into the structural and 
chemical changes occurring during the 
mechanocatalytic process, confirming that Mo6+ 
was reduced to Mo4+ with a conversion of around 
60% after 60 minutes when milled at 30 Hz. We 
used DFT to show that the reduction of the most 
stable MoO3 surfaces involves significant 
thermochemical barriers that are insurmountable 
even at elevated temperatures that may occur 
during milling. However, investigation of higher 
index facets and defects revealed that high-energy 
metastable sites are highly reactive and capable of 
undergoing spontaneous reduction even at room 
temperature (Figure 1). The formation of these 
metastable sites is only possible due to the scale of 
surface fracture energies, which can drive the formation of sites that are not thermally 
accessible. These metastable sites offer a unique level of reactivity compared to 
conventional catalytic sites. This novel result, recently published in JACS Au, represents 
one of the first atomic-scale investigations into the molecular-scale phenomena that 
underlie mechanochemical processes, advancing our understanding of how mechanical 
forces operate in catalysis. 

 
 

Mechanochemical Water Splitting on MoO2  
 
Building upon this foundational work on 
mechanochemical reduction, we hypothesized 
that MoOx is reoxidized by milling in a 
humidified gas stream via mechanochemical 
water splitting. This approach could provide 
advantages in scalability and capital intensity as 
compared to solar-thermal and electrochemical 
routes.  
To test this hypothesis, 1 g of MoO3 was 
mechanochemically reduced by milling with a 
20 mm steel ball at 30 Hz for 90 min under a 
flow of Ar. Then, the feed was switched to 
humidified Ar. After 90 min of milling under the same conditions, a new molybdenum 
oxide phase was observed by XRD followed by progressive amorphization at longer 
milling times. (Figure 2). The phase is attributed to Mo4O11, which contains Mo with an 
average oxidation state of +5.5. XANES confirmed the partial reoxidation of MoOx on 
the same time scale with an average oxidation state of +5.9 after 90 min. 

Figure 1: Free energy diagram 
for reduction of MoO3 based on 
the most stable surface ((010)) 
and several high-energy meta-
stable defect sites that could be 
created through mechanical 
fracture ((111) and (110)). 

Figure 2: X-ray diffractograms 
of MoOx after milling in a flow 
of humid argon. 
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Online MS analysis of the molar flow rates of H2 and 
H2O in the effluent stream showed that the production 
of H2 increased during the 90 min as the Mo4O11 
phase was formed (Figure 3). This observation is in 
line with a gradual depletion of oxygen vacancies that 
can be reoxidized. Hydrogen formation rapidly ceased 
when the ball mill was turned off. Since 
mechanochemical reduction of MoO3 and reoxidation 
with water occur during different stages of the 
process, separation of the products is facilitated 
significantly. 
 
 
Mechanocatalytic Oxidative Cracking of 
Poly(ethylene) via a Heterogeneous Fenton Process 
 
Mechanochemistry offers unique opportunities to process solid feedstocks like waste 
plastics. However, cracking of poly(olefin)s under mild conditions is thermodynamically 
limited under mild conditions. To overcome this challenge, we focused on oxidative 
cracking of poly(ethylene) by ball milling it with a Fenton system consisting of Fe₂O₃ and 
hydrogen peroxide (30 wt.% in water) in a stainless-steel vessel with stainless-steel balls. 
Fourier-transform infrared (FTIR) spectroscopy showed that the commercial mid density 
poly(ethylene) (MDPE) sample contained oxygen based functional groups due the 
presence of stabilizers (Figure 4a). However, when MDPE was milled with hydrogen 
peroxide and 5-10 wt% Fe₂O₃ there was a clear increase in the intensity of the bands 
corresponding to C=O stretching vibration. 13C-NMR analysis confirmed the presence of 
alcohol and carbonyl-containing groups, especially in samples with the higher Fe₂O₃ 
concentration. This result shows that parts of the polymer backbone were oxidized, which 
presumably occurs in random positions. The oxidation likely begins with the formation of 
secondary alcohols, which are further oxidized to ketones. These ketones are much more 
susceptible to C-C bond cleave and may be further oxidized to esters via Baeyer–Villiger 
oxidation followed by hydrolysis of these esters.  

C–C bond scission was illustrated by high-temperature gel permeation 
chromatography (HT-GPC). The virgin MDPE showed a monomodal weight distribution 
(Mw = 5876 g/mol), while the samples milled with Fe₂O₃ and hydrogen peroxide 
contained species with much lower molecular weight (Figure 4b). In case of the sample 
milled with 10 wt% Fe₂O₃ these presented products with 6-30 carbon atoms with a yield 
of 38%. This work was recently published in ACS Sustainable Chemistry & Engineering. 

Figure 3: Molar flow rates of H2 
and water during milling of 
MoOx at 30 Hz in a stream of 
humified Ar. 
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Figure 4: (a) FTIR spectra and (b) molecular weight distribution (MWD) determined by 
HT-GPC for the virgin MDPE and samples milled solely mechanically (M) or with 
hydrogen peroxide and 0 wt.% (PE-0), 5 wt.% (PE-5), and 10 wt.% (PE-10) of Fe₂O₃ 
catalyst.  
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Presentation Abstract 

 
The mission of the Ames Lab collaborative Program in Catalysis Science is to enable 
efficient and selective transformations by developing new catalytic principles for uniting 
the best features of homogeneous and heterogeneous catalysis in 3D environments. We 
pursue this mission through synthesis of well-defined catalytic sites in the pores of silicon 
oxide materials as supports, characterize the structures of the sites and the materials using 
advanced solid-state NMR spectroscopy, elemental analysis, infrared and X-ray 
adsorption spectroscopy, and electron microscopy, and study the catalysts using reactivity 
and kinetic measurements. Although C-H activation in homogeneous d0 and fnd0 metal 
compounds is well established, hydrocarbon functionalization catalysis using these 
systems are limited. The Ames National Lab catalysis program has pursued catalytic C–H 
borylation and C–H alumination using surface-supported organometallic and pseudo-
organometallic precursors that are activated by their grafting at Brønsted acid sites in 
confined environments in micropores of aluminosilicate zeolites and/or by reaction with 
organoaluminum Lewis acid activators. The effects of confinement can be found by 
comparing sites grafted in zeolites to those on external facing surfaces, as observed from 
dynamic behavior in solid-state NMR, regioselectivity of hydrocarbon functionalization 
products, the grafting and reactivity of organolanthanide sites, and the response of 
organometallic sites to organoaluminum activators. 
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Environments 
 
Scientists: Dr. Yuting Li, Dr. Scott Southern 
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John F. Hartwig, Alex T. Bell, Ji Su,  

R.J. Conk, Steven Hanna, Jake X. Shi, Nicodemo R. Ciccia 
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Every year, we generate 500 billion pounds of new plastics. Most of this material is used 
in low-value, single use applications of polyethylene, polypropylene, and to a lesser degree 
polyethylene terephthalate. Determining how to enable polyolefins to be used for higher 
value applications, how to imbue these materials with functional groups that could facilitate 
recycling, and how to install functionality that can trigger deconstruction are current topics 
in the growing field of catalytic polyolefin upcycling. In this seminar, I will present our 
results on polyolefin functionalization, including reactions that involve cooperative 
catalysis leading to the deconstruction of ethylene and polypropylene to just one or two 
products in high demand. Preliminary results on tuning the selectivity of the process for 
higher olefins and extending the lifetime of the catalyst will be presented 
 
Grant or FWP Number: DOE-DE-AC02-05CH11231 (LBL Catalysis and Chemical 
Transformations Program on Harnessing Complexity for Catalyst Efficiency) 
 
Student(s): R.J. Conk, Steven Hanna, Jake X. Shi, Nicodemo R. Ciccia 
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Identifying the structure of the catalyst is a key element of theory guided rational catalyst design. 
Understanding active site heterogeneity is a major challenge in heterogeneous catalysis.  X-ray 
absorption spectroscopy (XAS) is a powerful tool to probe catalyst structure. Further, in situ 
spectroscopic characterization (e.g., X-ray absorption spectroscopy (XAS)) is an effective technique 
to study supported catalysts under realistic reaction conditions. While often overlooked as a simple 
reporter of formal oxidation state, X-ray Absorption Near Edge Spectroscopy (XANES) data contain 
additional key information on the bonding configuration and electronic environment of the metal 
atom(s). However, the density and convolution of information in XANES spectra compared to 
extended X-ray absorption fine structure (EXAFS) spectra makes the analysis of the former is more 
challenging. Certain bonding interactions that are key to catalysis, such as metal-hydride and second 
shell coordination interactions, or systems that are highly heterogeneous with an ensemble of 
catalytic sites, are challenging to interpret directly from experimental spectra. Computational 
spectroscopy simulations (e.g., XANES simulations) offer a powerful technique for interpreting 
experimental spectra, providing a one-to-one correspondence between a molecular structure and 
spectral features. Moreover, the response from this technique is dominated by the sites with the 
highest numerical density. However, the overall activity is dominated by the sites with the highest 
turnover frequencies, not necessarily those with the highest density. Thus, a systematic mechanistic 
study is required to identify the true active site. Our catalysis program has developed an integrated 
strategy combining in situ XAS measurement, computational XANES and mechanistic study that is 
effective in identifying the catalyst active site. Our recent work on a supported organovanadium 
catalyst has demonstrated that when in situ and computational XANES analyses are combined with 
systematic mechanistic simulations, the most active catalytic site in dynamic and disordered catalyst 
systems can be identified. In addition, the catalyst structure identification for oxidatively grafted Ni 
sites over LiMn2O4 and Li2Mn2O4 supports using XANES simulation and the study if its catalytic 
mechanism will be discussed. In addition, this approach elucidates the subtle changes of XANES 
spectra upon lithiation in the catalyst support by investigating the electronic structures of Ni and its 
coordination environments. Finally, a systematic reaction mechanistic study was carried out over 
homologous Fe, Co, Ni and Cu sites for the hydrogenation of cyclohexene. 
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Presentation Abstract 
 
The ability to activate hydrogen is important for many reactions including hydrogenation, 
hydrogenolysis, hydrodeoxygenation, hydroformylation, etc.  Given the interest in 
maximizing the use of precious metals used for these reactions in the form of subnanometer 
clusters and single atoms, understanding the effect of metal nuclearity on the activation of 
H2 and selective hydrogenation is crucial. Additionally, understanding the effect of the 
support on the Pt electronic properties is equally important. Using a combination of 
microcalorimetry, in-situ/operando infrared, Raman and X-ray absorption spectroscopies, 
we quantified the electron density on Pt, the binding of adsorbates, H/D exchange, and 
hydrogenation of C2H4 and C2H2 on different sized Pt clusters on Al2O3, TiO2 and CeO2. 
The results show a strong effect of the support leading to different trends as a function of 
cluster of size. In particular, the Pt supported on CeO2 showed a bidirectional metal-support 
interaction where the different cluster sizes exhibited different %Ce3+ and electron density 
on Pt resulting in orders of magnitude volcano-type dependence of the C2H4 hydrogenation 
rate on size. The activity/selectivity of acetylene hydrogenation to ethylene will be 
presented and the consequences of the metal support interactions will be discussed. 
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RECENT PROGRESS 

 
Dynamics of Cluster Size Dependent Pt-CeO2 Interactions 
 
The properties of different size Pt clusters supported on CeO2 were investigated using 
infrared spectroscopy, Raman spectroscopy and X-ray absorption spectroscopy. Figure 1a-
c shows aberration-corrected scanning transmission electron microscopy images of 
Pt/CeO2. The average Pt size was obtained by reduction at different temperatures of 200, 
300 and 500 °C resulting in 0.8, 1.0 and 1.5 nm average diameter Pt clusters. The model 
fits of the EXAFS spectra in Figure 1d-e showed average Pt first shell coordination 
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numbers of 4.8, 5.8 and 8.1 
consistent with the average 
diameters from STEM. The 
higher the reduction 
temperature of the catalysts 
resulted in more reduction of 
the CeO2 as shown by the red 
shift of the Ce-O Raman peak 
in Figure 2a. However, the 
intensity of the Ce3+ infrared 
peak at ~2117 cm-1 suggests 
that the concentration of Ce3+ 
on the surface could be 
different from the bulk 
information obtained by 
Raman spectroscopy. The 
surface sensitivity of infrared 
spectroscopy can be seen when 

the catalysts are exposed to a 
flow of O2. The Ce3+ peak is 
completely consumed due to 
filling of the vacancies for the 
1.5 nm Pt catalyst while there 
clearly remain some Ce3+ on the 
0.8 nm Pt catalyst. X-ray 
photoelectron spectroscopy 
confirmed the consumption of 
Ce3+ (not shown). In contrast to 
IR and XPS, the consumption of 
Ce3+ is completely invisible to 
Raman since it is a bulk 
technique.  
The results in Figures 1-2 
indicate that the Pt cluster size 
affects the CeO2 reducibility and 
Ce3+ concentration on the 
surface vs. in the bulk. 
Specifically, the amount of 
surface Ce3+ appears to be 
affected by temperature as 
shown in Figure 3. The Ce3+ 
peak is shown to increase with 
temperature during reduction, 
but then diffusion in the bulk 
starts around 200 °C. 
Surprisingly, during the cool 

Figure 1: AC-HAADF-STEM images of 0.8% Pt/CeO2 after reduction at (a) 
200 °C, (b) 300 °C, and (c) 500 °C for 2 hours under 10% H2 flow with 
balance He.L3 (d) and L2 (e) k2-weighted R-space data for the 0.8% Pt/CeO2 
reduced at 200, 300, and 500 °C (0.8, 1.0, and 1.5 nm Pt). 

Figure 2: In situ Raman spectra for Ce-O lattice vibration (a and b) and 
in situ DRIFTS spectra of Ce3+ region and surface-adsorbed OH- groups 
(c and d) collected at 35 °C after reduction at 200, 300, and 500 °C 
followed by cooling to 35 °C under N2 flow then exposed to 10% O2.  

Figure 3: Infrared spectra during heating in H2 and cooling in N2 for the 
1.5 nm Pt/CeO2. 
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down the Ce3+ peak increases again. We note that these 
changes were dependent on temperature and resulted in 
different final peak intensities on the catalysts with different 
Pt sizes as shown in Figure 2c. Furthermore, the ability to 
activate O2 and refill the surface vacancies is also dependent 
on the Pt cluster size where the largest clusters are more 
active. This dynamic interplay between the properties of Pt 
and CeO2 is also seen in the electronic properties of Pt, where 
Pt was more electron deficient on the sample with the lowest 
reduction extent of CeO2 (reduced at 200 °C, 0.8 nm Pt 
clusters). This is shown by the higher Pt L2 XANES white 
line intensity (Figure 4) for the smaller size clusters. The 
effect of the support on metal nanoparticles has been considered mainly as a metal oxide 
affecting the metal clusters. However, our results show that the interaction is bidirectional 
and the support properties are also modified by the metal clusters. Additionally, the bi-
directional interaction is dependent on the size of the Pt clusters and can lead to different 
overall catalyst properties. 
 
Tuning the Metal Support Interaction for Enhanced C2H4 Hydrogenation on Pt 
 
The properties of supported Pt clusters 
are affected by their size and the size 
dependent metal-support interaction. 
To determine the effect on the catalytic 
properties, we investigated the activity 
of the catalysts for hydrogenation of 
ethylene. The activity was strongly 
dependent on the size of the clusters as 
shown in Figure 5. The Pt single atoms 
showed the lowest activity. The activity 
on the 0.8 nm clusters increased by 
more than 3 orders of magnitude then 
dropped significantly as the average 
size increased to 1.0 and 1.5 nm. It is important to note that the size distributions of these 
catalysts do overlap, and yet despite this, the activity is clearly different in terms of turn 
over frequency (TOF) and apparent activation energy (Eapp). The results indicate a strong 
structure sensitivity that depends on the geometric and electronic properties of the Pt 
clusters. Specifically, in addition to having the lowest Pt-Pt coordination, the XANES 
results in Figure 4 indicate that the 0.8 nm clusters are the most electron deficient compared 
to the larger sizes.  To demonstrate the importance of the electronic properties, specifically 
the electron density on Pt, we oxidized the 1.5 nm Pt clusters at room temperature to fill 
the surface oxygen vacancies then reduced the catalyst at 100 °C to reduce the Pt without 
significantly reducing the CeO2 surface (labelled low Ov). Figure 6 shows the effect of this 
treatment on the infrared Ce3+ peak and the white line intensity in the Pt L3 and L2 spectra. 
The room temperature oxidation followed by 100 °C reduction led to reduction of the Ce3+ 
peak and an increase in the white line intensity in the L2 XANES spectrum indicating the 

Figure 4: Pt L2 XANES spectra for 
the Pt/CeO2 catalysts. 

Figure 5: Arrhenius plots of C2H4 hydrogenation on Pt/CeO2 at 
0.5 kPa C2H4 and 5 kPa H2. 
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lower  concentration of oxygen vacancies resulted in lower electron density on Pt. 
Furthermore, the increase in L2 white line intensity while that at the L3 remaining 
unchanged indicates that the increase in unoccupied d states is solely of 5d3/2 character. 
The lower electron density on Pt and change in the ratio of unoccupied d states (h5/2/h3/2) 
was not expected since the h5/2/h3/2 ratio has been considered constant (~14) for Pt metal. 
The results indicate that the properties of the support have a significant effect on the 
electronic structure of Pt clusters. We note that the Pt-Pt coordination number in those two 
states was unchanged (8.1 vs. 
8.0, not shown), therefore, 
eliminating the possibility of a 
change in the size of the clusters.  
However, a change in the 
structure/shape cannot be ruled 
out. Nevertheless, the activity for 
ethylene hydrogenation was 
significantly higher after the 
oxidation/reduction treatment. 
The lower electron density on Pt 
(and lower h5/2/h3/2 ratio) led to a 
2-3x increase in TOF and a lower 
Eapp (44 vs. 74 kJ/mol) as shown 
in Figure 7. The results show the 
importance of the size and the 
electronic properties of Pt on 
reactivity. More importantly, our 
results show the importance of understanding the effect of the Pt nuclearity and electronic 
structure on reactivity. Ongoing work is focused on investigating the effects of %Ce3+, 
electron density and h5/2/h3/2 ratio on binding with adsorbates and their correlation with 
reactivity.   
 
 
 
 
 
 
 

Figure 7: Effect of pretreatment on the activity for ethylene hydrogenation 
on 1.5nm Pt/CeO2 after reduction at 500 C (green) and after reduction at 
500C followed by oxidation at room temperature and reduction at 100C 
(red). 

Figure 6: Infrared spectra (a) and Pt L3,2 XANES spectra for the 1.5 nm Pt/CeO2 after reduction at 500 °C (red) and 
followed by oxidation in 10% O2 at room temperature and reduction at 100 °C. All spectra were collected at room 
temperature. 
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Connecting Structure to Catalytic Function in Bimetallic Alloys 
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Presentation Abstract 

 
At the reactor scale, multi-metallic “alloy” catalysts often perform differently from their 
single-component analogs comprised of the constituent metals in isolation. Alloys often 
deliver improved activity, selectivity, and/or stability; as such, combining metals is a 
common strategy for tuning the performance of a catalytic reactor. Although gains from 
alloying are frequently apparent, the nanoscale impacts of combining metals are numerous 
and complex. They may include simple geometric effects like site-blocking and ensemble 
disruption. They may also include fundamental changes to the composition, coordination 
environment, and electron density of the active site. As experimentalists, we observe 
convolutions of these effects, and it is challenging to resolve the specific aspect of alloy 
formation that underlies an observed perturbation in catalyst performance. A frustrating 
and longstanding challenge in the study of alloy catalysts is the difficulty of characterizing 
and titrating active sites under reaction conditions. This is a fundamental problem: if one 
can neither describe nor count active sites, one cannot define a turnover frequency. 
Consequently, meaningful activity descriptions for alloy catalysts are lacking. This makes 
it difficult to understand how changes in alloy composition and structure impact reactivity, 
which stymies rational design. Here, we consider rates of CO methanation over Pt and 
PtxSny measured using steady state and transient methods. We correlate activity with 
spectroscopic characterization and various techniques for active site titration. We conclude 
that trace Sn addition (without intermetallic formation) has geometric impacts that have no 
influence on intrinsic activity but are detrimental to reactor scale performance. In contrast, 
high Sn loadings often drive intermetallic formation, which is accompanied by a near-
complete loss of activity that appears to result from the loss of Pt-Pt site pairs. 
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RECENT PROGRESS 

 
A recent emphasis of this project has been on the use of transient methods, such as SSITKA, 
to provide information about active surface areas for PtxSny catalysts as well as time scales 
for the catalytic cycle under methanation conditions (i.e., under CO and H2). These efforts 
have been paired with FTIR spectroscopy to interrogate CO coordination on various alloy 
surfaces and to understand how CO binding changes with Sn-enrichment. We have 
transitioned to the analysis of carbonyl hydrogenation over PtxSny surfaces as this is 
historically reported to be a system where hydrogenation rates are promoted by oxophilic 
metals, like Sn. Here, we observe complex impacts of alloy formation. Trace Sn-doping 
benefits macroscopic rates of carbonyl hydrogenation, whereas significant Sn-enrichment 
hinders the reaction. Work in these areas is ongoing and aimed at understanding differences 
observed with variations in metal composition.  
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Presentation Abstract 
 
The mission of the Ames Lab collaborative Program in Catalysis Science is to enable 
efficient and selective transformations by developing new catalytic principles for uniting 
the best features of homogeneous and heterogeneous catalysis in 3D environments. The 
overarching goal of this fundamental research is to synthesize and study highly uniform 
solid catalysts that mediate the difficult carbon-oxygen and carbon-hydrogen bond 
cleavage reactions, which are needed to utilize bioderived feedstocks and abundant 
hydrocarbons for chemical synthesis. To this end our research team combines expertise in 
mesoporous and nanostructured catalyst synthesis, organometallic chemistry, kinetics and 
mechanisms of catalytic reactions, and solid-state (SS)NMR, including the ultrasensitive 
dynamic nuclear polarization (DNP) technique. Uniform materials are essential because 
their spectroscopic features characterize the most important and most pertinent species and 
functionality for affecting the overall catalytic properties, thus facilitating the rational 
improvement of catalysts. Unfortunately, catalytic species operating at the solid-liquid 
interface rarely approach the ideal homogeneity (sometimes) epitomized by chemistry in a 
single phase. To address this gap, our team combines advanced materials synthesis and 
surface organometallic chemistry with cutting-edge NMR spectroscopic methods to 
construct uniform organometallic catalytic sites, distributed evenly in the uniform 
environments created by pores of hierarchical functionalized mesoporous materials. These 
species represent several classes of catalysts commonly applied in hydrogenations and 
hydrodeoxygenations of oxygenates or in C-H bond activations, which are nonetheless 
currently limited. Using the uniform materials and operando spectroscopy, we elucidate 
molecular-level mechanisms, including those involved in complex reaction networks, and 
then ameliorate the features that constrain catalytic performance. 
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RECENT PROGRESS 
 
Lanthanum Borohydride Catalyzed C-H Borylation of Hydrocarbons. The borylation of 
benzene is catalyzed by lanthanum borohydride grafted on HY30 or SiO2/Al2O3, but not 
by lanthanum borohydride grafted on silica or alumina. We have studied the grafting of 
lanthanum borohydride in the faujasite zeolite HY30 in detail using solid-state NMR 
spectroscopy, DRIFTS, EXAFS, and microscopy. In addition, scandium borohydride 
grafts analogously on HY30, and solid-state 45Sc NMR spectroscopy, along with analysis 
of the effect of dynamics on 
apparent structures reveal unique 
behavior of these sites in the 
micropores of the zeolite. In 
these studies, the external surface 
of HY30 was capped with Ph3Si 
moieties to favor grafting in the 
micropores and block grafting on 
the external surface. First, 
grafting of Ln(BH4)3(THF)3 with 
Ph3Si-HY30 results in a species 
that has the constitution Osurface–
Ln(BH4)2(THF)2, and H2, BH3, 
and THF are eliminated. 
Although Ln(BH4)3(THF)3 is to 
large to directly enter the 
micropores,  DFT calculations estimate that La(BH4)3(THF)2, having dissociated one 
THF from its precursor is more stable in the supercage of the zeolite than the tris(THF) 
starting material. Moreover, the five-coordinate trigonal bipyramidal geometry allows the 
complex to enter and freely move in the micropores. Analysis of the grafted materials by 
scanning transmission electron microscopy – energy dispersive X-ray spectroscopy 
(STEM-EDS) revealed that La grafts throughout the material, and its grafting is not 
localized on the external surface or concentrated at the surface of the zeolite particles. 
Remarkably, the scandium analogue was shown to form a monopodal interaction with the 
pore, yielding the species ≡Si(≡Al)–O–Sc(BH4)2(THF)2 which hops between the two 
neigboring ≡SiO(=Al)OSi≡; in contrast La binds to both O in its lowest energy structure. 
These conformations are revealed by SSNMR distance measurements matched to DFT-
calculated chemical shifts and quantum mechanical molecular dynamics calculations. The 
material La(BH4)2(THF)2.5-Ph3Si-HY30 gives ca. 50 turnovers to phenylpinacolborane 
(7%) as catalyst for the reaction of pinacolborane and benzene, while the scandium 
analogue gives higher yield (8%) but lower turnovers. 
 

 
Fig. 1. Proposed mechanism for grafting La(BH4)3(THF)3 
in the micropores of HY30. 
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Because the BH4 ligand appeared to be displaced during catalysis, and the remaining 
THF ligands could deactivate the Ln 
center, we investigated activators that 
could displace BH4 and THF. AlMe3 
was promising in this regard, and 
treatment of La(BH4)2(THF)2.5-Ph3Si-
HY30 with AlMe3 affords a material that 
gives over 100 turnovers in benzene 
borylation (~21% yield). Solid-state 
NMR and EXAFS indicate that THF has 
dissociated from La, and one AlMe3 is 
coordinated to the La center in the 
activated catalyst. The rate of benzene 
borylation, however, is surprisingly 
similar with the aluminum-activated 
material and its precursor (given the 
more than 3-fold increase in yield). 
Kinetic analysis reveal that the rate of 
HBpin decomposition, the side reaction that affects yield, is inhibited in La(BH4)2AlMe3-
Ph3Si-HY30. Moreover, the rate is first order for HBpin decomposition, whereas PhBpin 
formation is zero-order. Using knowledge of the rate constants and reaction orders, the 
turnovers and yields can be increased to >300 and 45%, respectively, by keeping the 
HBpin concentration low. There is an addition affect of AlMe3. La(BH4)2(THF)2-SiO2 is 
inactive for CH borylation; however, treatment with AlMe3 yields a material that is 
catalytically active by replacing THF and creating a more electrophilic lanthanum site. La 
inside of the zeolite is not activated by AlMe3 in this manner; instead the intrapore site 
shows similar activity before and after alkylaluminum treatment. We attribute this affect 
to confinement of Osurface–Ln(BH4)2(THF)2, which destabilized THF and BH3 
coordination, leading to highly active sites without additional Lewis acid activation by 
adduct formation. The non-confined analogue requires AlMe3 to enable THF dissociation 
and catalyst activation. 
 
Advancement of Solid-State NMR to Characterize Uniform Catalytic Sites. Catalytic 
activity and selectivity are intimately tied to the atomistic structure and configuration of 
the pre-catalytic, and active, sites dispersed on the surfaces of support materials. We are 
developing new approaches that are based on sensitivity-enhanced NMR spectroscopy (1H 
detection under fast MAS and dynamic nuclear polarization, DNP) to move beyond 
determining bonding networks, to also determine the 3D configurations of sites, their 
orientations on the support, and how these factors influence catalysis. Using NMR dipolar 
interactions-based methods, we triangulate the positions of atoms and their relative 
positions on the support to determine 3D structures. To date, these approaches have made 
the critical assumption that SOMC species can be described as single-sites and a single set 
of interatomic distances, but this is not necessarily the case due to the disordered nature of 
oxide surfaces. We performed a comprehensive study of these distance geometry methods 
in the presence of site heterogeneity and found that indeed NMR distance measurements 
can differentiate very different structures, but may fail to distinguish similar conformers. 

 
Fig. 2. Portion-wise addition of HBpin leads to high 
turnovers and higher PhBpin yield. 
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For instance, we modulated the podality, and thus bonding angle, of a Zr metallocene 
complex supported onto γ-Al2O3 treated at temperatures ranging from 400 to 1000 °C. We 
found that we were unable to distinguish the individual conformers but instead that the 
fitted bonding angle appeared to be a smooth function of the treatment temperature, a 
measure of the mono and bipodal site ratio. 
The success of these methods relies on the installation of NMR-active nuclei on the surface 
of the support, such as 27Al, 29Si, and 17O. 17O is particularly interesting as it yields a unique 
signature for the site bonded to the metal center. Enriching silica, and other oxide supports, 
in 17O is nevertheless laborious and expensive. Using in situ 17O NMR, we discovered that 
the surface silanols of silica spontaneously exchanged with 17OH2, enabling the facile 
selective labeling of 
silica surfaces for 
3D structure 
determination and 
studies of grafting 
reactions. 
 We applied 
these methods to 
understand the 
unique catalytic 
activity observed 
for C-H borylation 
when 
Ln(BH4)3THFn is 
grafted onto a 
zeolitic support. 
The same complex 
is inactive when 
grafted to silica. 
Using 1H-detected 
distance 
measurements we 
could determine the 
site’s geometry and that it was coordinated at a Brønsted acid site location. The dipolar 
coupling, and 45Sc NMR, experiments revealed this site to be particularly dynamic. 
Molecular dynamics simulations revealed that the weak, ionic, SiOAl-···Sc+ interaction led 
to a highly fluxional and electropositive species, more prone to activation. In a separate 
study of Ln amidinate complexes, we discovered that fluxional, undercoordinated, 
complexes can be generated using confinement, potentially opening the door to new and 
unique catalysis. 
Owing to the enhanced catalysis observed in zeolite-supported single sites, we aimed to 
finally solve the debate regarding the structure of the acid sites on amorphous silica 
alumina. The literature on the topic is divided into two camps that hypothesize that the sites 
are either very dilute zeolitic acid sites (SiO(H)Al), or the less active pseudo-bridging 
silanols (PBS, Si-OH···Al). Using reverse H/D exchange of the most active acid sites using 
C6H6 on an otherwise perdeuterated catalyst, we could selectively detect the Brønsted sites 

 
Fig. 3. (left) NMR-based distance measurements (top) were used to 
determine the 3D structure of Sc(BH4)2(THF)2/Y30 (bottom). (right) 45Sc 
NMR spectra (top) of this species display motional narrowing that is 
explained by the fluctuations in the largely ionic support-Sc bonding 
(bottom). 
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in amorphous silica-alumina for the first time and further measure their distance to a nearest 
Al center. These proved to be identical to the distances measured in zeolites, confirming 
once and for all that amorphous silica-alumina catalysts share the same active sites as 
zeolites. Increasing their concentration is expected to also benefit the design of metal 
catalysts supported at acidic sites for enhanced activity. 
 
Metal-Support Cooperativity for C–O hydrogenolysis. Heterogeneous catalysts with 
single-site metal active sites have the potential to perform catalytic transformations with 
maximal metal atom utilization, and with selectivities that can be tuned by systematic 
variation of the coordination environment, similar to molecular catalysts. Catalyst stability 
is conferred when strong coordination results from embedding metal centers in the support, 
but this type of bonding can also reduce reactivity in multistep catalytic transformations 
due to the limited availability of binding sites for reactants. The trade-off between stability 
and reactivity can be mitigated when the support provides additional binding sites to assist 
in the chemisorption and activation of the 
reactants. Catalysts with single-site first-
row transition metals are promising 
performance in selective catalytic 
hydrogenation. Still, they are less 
reported for more complex reactions for 
instance C–O hydrogenolysis. First-row 
transition metals with single electron 
redox cycles can be active for selective 
C–O hydrogenolysis of oxygenated 
hydrocarbons when leveraging the 
cooperativity with the support that is the 
redox and chemically non-innocent. We 
recently reported that a single-site, well-
defined Fe catalyst supported on non-
innocent nitrogen-doped carbons (N-Cs) 
can catalyze C–O bond hydrogenolysis 
of aryl alcohols and ethers at as low as 170 °C. Microscopic, spectroscopic, and 
computational studies reveal that the Fe sites in the as-synthesized catalysts are 
predominantly penta-coordinated N4FeIII(OH). In the presence of H2 under reaction 
temperature, the hydroxyl ligand is lost when N4FeIIIOH is reduced to N4FeII. Alcoholic 
substrates react to the tetra-coordinated FeII sites through homolytic cleavage of the O-H 
bond and re-oxidation to FeIII. In this course, one electron is transferred to the support and 
is localized by adjacent additional graphitic nitrogen atoms, together with the formation of 
a new C-H bond involving a carbon atom in the N-C support. Overall, support-mediated 
redox and chemical processes with a non-innocent support were successfully demonstrated 
for a chemical transformation involving reactant binding and multiple bond activations in 
a single catalytic turnover, which is analogous to the behavior of chemically- and redox-
non-innocent ligands in molecular catalysts based on first-row transition metal ions. Such 
processes are common in upgrading renewable feedstocks such as biomass and CO2. Better 
understanding of metal-support cooperativity can generate more effective catalyst designs 
and applications, with base metals as substitutes for classic precious metal-based catalysts. 

 
Fig. 4. Proposed chemical and redox non-
innocence of an extended N-doped carbon 
support, which promotes homolytic O-H bond 
cleavage of alcohols at atomically-dispersed FeII 
sites. One-electron oxidation of FeII to FeIII is 
accompanied by free radical generation at carbon, 
stabilized by adjacent N.  
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Chemisorption of organometallic complexes on inorganic supports is a powerful strategy for 
developing heterogeneous, single-site, homogeneous-in-function catalysts. Typical support 
materials, most commonly silica (SiO2) and alumina (Al2O3), play a crucial role in stabilizing 
reaction intermediates and site-isolating reactive species throughout the catalytic cycle; however, 
the inert nature of these catalyst supports precludes direct modulation or augmentation of catalytic 
processes by manipulation of the support akin to electronic ligand design and “redox non-
innocence” in homogeneous catalysis. Thus, the overarching goal of the Catalysis Science 
Program at Argonne is to understand though a combination of experimentation, computation, and 
X-ray characterization, how catalytic processes can be controlled through modulation of the 
electronic interactions between supported organometallic catalysts and non-traditional or non-
innocent surfaces. Our experimental efforts have focused on two themes, the understanding of 
complex, multi-component active sites for which surface effects are central to the promotion of 
catalysis, and the investigation of Li-ion battery cathodes as tunable, “redox non-innocent” catalyst 
supports. For the first task, we have synthesized well-defined, organozirconium, organoiridium, 
and organoruthenium catalysts on high-surface area silicon nitride, silica, and sulfated zirconia, 
respectively, for the dehydrogenation of alkanes and selective hydrofunctionalization of alkenes. In 
a second task we explored the role of reductive surface lithiation in an organochromium catalyst 
for ethylene polymerization/oligomerization, and a suppored copper species that efficiently 
catalyzed oxidative C-C bond formation.  The chemisorption of the molecular complex 
Cr(CH2SiMe3)4 on anatase titania nanoparticles as well as on a silica support led to the bipodal 
complexes Cr/TiO2 and Cr/SiO2, respectively. Subsequent reductive lithium intercalation with n-
butyllithium results in the formation of lower valent Cr2+ species Cr/LixTiO2 and Cr/Li/SiO2. 
These materials have been shown to catalyze the upgrading of olefins, such as ethylene and 
isoprene, with high selectivity towards trimerization vs polymerization and stereoselection, 
respectively, depending on the lithiation content. In addition, organocopper grafted on LixMn2O4 is 
catalytically active for the oxidative coupling of terminal alkynes, with steady-state reaction rate 
data of oxidative propyne dimerization, indicating that intercalative redox tuning of the support 
provides increased catalytic performance and transfers the reaction from kinetic regime where 
reoxidation of surface Mn sites is rate controlling in the delithiated state, to a regime of rate 
limiting substrate activation at high lithiation states.   
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RECENT PROGRESS 
 
 
 
Surface Organometallic Catalysts on Non-Traditional Supports for the C-H Activation of Alkanes.  

The discovery of generalizable 
approaches to rational catalyst 
design is one of the core 
challenges at the heart of modern 
heterogeneous catalysis research.  
Our approach to this problem 
involves integrated experimental, 
computational and spectroscopic 
investigation of well-defined 
active sites on non-traditional 
catalyst support surfaces to 
capture and understand catalyst 
metal-surface stereoelectronic 
communication, and to discover 
new strategies to leverage these 
interactions to manipulate and 
enhance the behavior of catalysts. 
In an encouraging preliminary, 
we have determined the surface 
structure of a supported 
organozirconium complex on 

silicon nitride (Zr/Si3N4) using an array of analytic and spectroscopic techniques, including ICP-
OES, DRIFTS, SSNMR and XAS, and found the nitride surface to dramatically enhance activity in 
catalytic dehydrogenation. Specifically, the homoleptic tetrabenzylzirconium was grafted on 
mesoporous Si3N4, yielding atomically-disperse pentacoordinated zirconium dibenzyl sites bounded 
to three surface nitrogen (Figure 1a). This pre-catalyst material was assessed for non-oxidative 
dehydrogenation of propane (PDH) in comparison to the analogous organozirconium precursor 
grafted on silica (Zr/SiO2) in a plug flow reactor between 450 °C and 550 °C. At the lower 

 
Figure 1. a) Grafting of ZrBn4 on m-Si3N4; b) DRIFTS spectra of m-Si3N4 
and Zr/Si3N4; c) EXAFS spectra (k3-weighted, k = 3−11 Å−1) Zr/Si3N4, 
Zr/SiO2, and ZrBn4 coordination number (N) and bond distance (R); d) 
Zr/Si3N4 PDH conversion (blue) and selectivity (orange), vs Zr/SiO2 
conversion (red). 2.0 mol % propane in Ar, 5 mL/min. 
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temperature, initial burst of reactivity with low selectivity was observed, plausibly associated with 
formation of transient hydride species, followed by exceptional activity with selectivity >95% for 
the generation of propene and slow deactivation over 72 hours on stream (conversion and selectivity 
of 25% and 95% at 2 h; 19% and 97% at 5 h; 10% and 99% at 24h; and 5% and 99% at 72h). The 
Zr/SiO2 analogue exhibited negligible activity (conversion < 0.1 %) under the same reaction 
conditions (Figure 1d). Increasing the temperature to 550 °C, a similar profile was obtained for 
Zr/Si3N4, with an initial activity of 2.96 molpropene molZr

−1 h−1 and selectivity for propene reaching 
>95% for the duration of 68 h on stream with negligible coke formation, while the Zr/SiO2 only 
showed minimal improvement in conversion respect the run at 450 °C (from 0.1% to 0.27%). The 
forward rate constant for the dehydrogenation (kf) for  Zr/Si3N4 was determined to be 234 molpropene 
molmetal

−1 h−1 bar−1 at 550 °C, exceeding the most active SOMC catalysts on SiO2 by 4-fold (Ga =  
52.7, Cr = 45.3, Co = 33.8, and V = 11.2 molpropene molmetal

−1 h−1 bar−1 at 550 °C), with comparable 
or greater selectivity to propylene, further validating the enhancement in catalytic performance 
engendered by the nitride support. Moreover, a preliminary computational analysis by DFT was 
performed to investigate differences in energetics of the putative key C-H activation mechanism 
between the two catalytic systems (Zr/Si3N4 vs Zr/SiO2). The computed barriers for the heterolytic 
C-H bond activation across the Zr-N single bond and Zr=N imido were found to be 37.6 kcal/mol 
and 40.4 kcal/mol, respectively, with the energetics of the process being exergonic (ΔG = -6.5 
kcal/mol). Note that the isomerization of the Zr on Si3N4 model to form the imido structure was 
found to be slightly favored (ΔG = -2.3 kcal/mol), with a net ΔΔG‡ = 0.5 kcal/mol for propane 
activation between the two possible species. Thus, both pathways are potentially catalytically 
relevant given the range of possible local geometries on the amorphous surface. In contrast, 
heterolytic bond activation at a similar Zr/SiO2 site was calculated to have a significantly higher 
activation barrier (ΔG‡ = 60.0 kcal/mol) and was highly endergonic (ΔG = 44.6 kcal/mol).  
 
Organochromium Olefin Oligomerization and Polymerization Enabled by Surface Lithiation. The 
development of heterogeneous catalysts for selective ethylene oligomerization operating via the 
oxidative cyclization mechanism is challenging. Several prominent homogeneous systems for 
ethylene oligomerization involving metallacycles have been developed (e.g., Phillips systems) and 
are mainly comprised of a redox-active transition metal complex (e.g., chromium) and an alkylating 
agent (e.g., AlR3). Typically, the activation of these complexes leads to the formation of lower valent 
species capable of coordinating and oxidatively adding two ethylene molecules to form a 
metallacyclopentene intermediate. We have recently developed an activator-free system by 
leveraging the electronic properties of traditional inorganic supports (Figure 2). Chromium on 

 
Figure 2. Reaction diagrams for the synthesis of supported single-site Cr catalysts on TiO2 and LixTiO2 and their 
performances in ethylene polymerization/oligomerization. 
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lithium titanium oxide (Cr/LixTiO2) mediates the formation of hexenes from ethylene with 
selectivity up to 80%, sustained over long reaction times (~72 h). The reduced chromium catalyst is 
obtained either by lithiation of a titania-supported chromium complex using n-butyllithium, or 
directly by a reductive grafting step involving the immobilization of a chromium complex onto 
lithium-intercalated titanium oxide. Extensive spectroscopic characterization of the chromium 
materials has been conducted, including XPS, XAS, EPR and DRIFTs, all of which suggest reduced 
chromium species. Kinetic studies on the Cr/LixTiO2/ethylene system revealed a first order 
dependence on chromium and second order dependence on ethylene, consistent with the oxidative 
cyclization mechanism. Lithium incorporation in the anatase titania support has also been varied to 
provide a range of materials Cr/LixTiO2 (0.05 < x < 0.6) and their reactivity toward ethylene 
oligomerization has been studied. At low lithium intercalation levels (x < 0.1) exclusive 
polymerization was observed while a crossover to oligomerization occurs at higher lithium loadings 
(x > 0.1).  

Furthermore, in a follow-up study, we discovered that the same approach to electronic 
manipulation of the surface chromium species by post-synthetic lithiation could be used to generate 
exceptionally active catalysts for diene polymerization with unique control of selectivity. The parent 
Cr/SiO2 complex is a moderately active catalyst for isoprene polymerization, affording 92% 
selectivity for trans-1,4 insertion, while no appreciable activity was detected on the titania supported 
analogue. In contrast, global lithiation of the catalyst surface with BuLi results in a single component 
catalyst that is at least an order of magnitude more active for both oxide surfaces, and the dominant 
insertion selectivity is inverted, affording >80% cis-1,4 selectivity. The nature of the reduced Cr 
surface species was further probed in this report with in situ DRIFTS CO treatment, which revealed 
the presence of a highly electron rich, low valent Cr site, which is slowly converted to a Cr η1-acyl 
complex upon insertion of the alkyl group into the Cr bound carbonyl.    
 
Intercalative Redox Tuning for Cu/LixMn2O4 Catalyzed Oxidative Alkyne Coupling. 
Understanding the relationship between the catalytic active site and surface in supported 
heterogenous catalysts can allow for predicting structure-property relationships and new strategies 
for catalyst design. Previously, we have demonstrated that reduction of LiMn2O4 by lithium 
intercalation led to systematic increases in the activity of supported Ni catalysts for cyclohexene 
hydrogenation. Here, the influence of support lithiation on the electronic properties of Cu species 
supported on LixMn2O4 is investigated to further understand this capability for tuning catalytic 
proficiency. LixMn2O4 with various degrees of lithiation (x = 0, 0.1, 0.3, 0.7, 1.0, 2.0) was prepared 
by reaction of MnO2 with n-BuLi at room temperature in benzene. Cu was then added by addition 
of copper mesityl (MesxCux, x = 4,5) to a suspension of LixMn2O4 benzene at room temperature 
(Figure 3a) and the resultant materials were evaluated as catalyst for the oxidative homocoupling of 
alkynes. Results of reaction of phenylacetylene (23 °C, benzene, in air) revealed that Cu/MnO2 and 
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Cu/LiMn2O4 were both competent as catalysts for the coupling reaction whereas bare MnO2 and 
MesxCux supported on SiO2 provided no measurable activity, signifying the vital interaction of Cu 
with the LixMn2O4 support. Additionally, Cu/LixMn2O4, although showing initially lower activity 
than Cu/MnO2, displayed stable reaction rates until complete substrate conversion unlike Cu/MnO2 
which exhibited rates that decelerated quickly during reaction, indicating a role of the surface redox 
state on the catalytic properties of the supported Cu. Characterization of Cu and Mn oxidation state 
by XAS revealed a systematic decrease in Mn oxidation state with increasing lithiation, and  
Cu/MnO2 being close to completely Cu2+, with evidence of reduced Cu environments increasing 
with lithiation, while Cu2+ remains the dominant formal oxidation state, with the exception of the 
fully lithiated Cu/Li2Mn2O4, which appears to be fully converted to Cu+ (Figure 3b). Additional 

mechanistic experiments performed on the oxidative coupling of propyne in a flow reactor (200 °C, 
C3:O2 = 1, 24 h) revealed that increasing reductive lithiation not only increases the turnover rate of 
dimerization to 2,4-hexadiyne, but also leads to improved selectivity over deleterious acetylene 
formation from oxygen transfer and C-C fragmentation (Figure 3c). This study revealed a crossover 
in rate controlling transition state from reoxidation of the surface remove from the Cu site for the 
lower lithiation materials to propyne activation at the highest lithiation state. 
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RECENT  PROGRESS 
 
C1 chemistry involves the conversion of molecules that contain one carbon atom into 
valuable products. C1 chemistry is expected to become a major area of interest for the 
transportation fuel and chemical industries in the relatively near future. In general, the 
feedstocks for C1 chemistry include natural gas (mostly methane), carbon monoxide, 
carbon dioxide, methanol and synthesis gas (a mixture of carbon monoxide and hydrogen). 
Thus, a fundamental understanding of the conversion of C-O and C-H bonds is essential 
for controlling C1 chemistry.  The Catalysis Group at BNL has been quite active in this 
area. The systems under investigation involved pure metal catalysts or catalysts that 
contained compounds of metals with light elements (C, N, O, S). We have developed and 
applied synchrotron-based techniques for in-situ characterization (AP-XPS, XRD, PDF, 
XAS) to understand catalyst function in operating environments. Theoretical methods for 
catalytic science have also been advanced (optimized KMC, reaction network analysis). In 
the last year (Sept 2023- October 2024 time period), this program has led research 
published in 64 articles and collaborated on 25 additional articles led by external 
collaborators.  During the last year, major research achievements are: 
 
 
  Thrust 1: 
 

• In a full collaboration with Thrusts 2 and 3, we have investigated the performance 
of nanostructures of Co or Fe dispersed on ceria and indium oxide with the aim of 
accomplishing selective activations of CO2 and light alkanes.  

• Studied the properties of ceria- and indium oxide-based catalysts that lead to high 
selectivity (>80%) in the synthesis of methanol from CO2 hydrogenation.  

• Studied the role of bimetallic bonding in alloy catalysts with a high selectivity 
towards methanol or methane formation during CO2 hydrogenation. 

• Examined processes that combine photo and thermal approaches in the 
valorization of CO2.  

• Evaluated the MTM activity and selectivity of Rh single active site catalysts 
dispersed on ceria. 

• Evaluated MTM on mechanically milled Pd/CeO2 catalysts in a high-pressure flow 
reactor in liquid-solid-gas environment coupled to in situ XANES measurements. 

• Tested C-Pd(111) and CeO2-C-Pd(111) for MTM using AP-XPS. Understand role 
of interfacial C in tuning selective partial oxidation of C-H bonds. 

• Developed synchrotron-based tools for transient studies in C1 catalysis. 
• Developed machine learning models to describe complex catalysis, ready for 

extraction of effective descriptors, effective prediction of catalytic behaviors and 
enhanced understanding of reaction mechanism. 

• Developed theoretical models to capture the complexity of catalysts and chemical 
environments by combining DFT and KMC simulations, working toward bridging 
the material and pressure gap. 
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Thrust 2: 
 

• Continued to investigate the effects of promoters for converting CO2 into solid 
carbon materials. 

• Developed tandem reaction strategies to convert biogas (CO2 + CH4) into carbon 
nanofibers.  

• Continued to study the hydroformylation reaction mechanism and use it to design 
improved catalysts with isolated sites. 

 
Thrust 3: 
 

• Continued the preparation of model catalysts involving nanostructures of MgO 
dispersed on late transition metals {Pd(111), Pt(111), Cu(111) and Au(111)}. The 
activity of the new catalysts for the valorization of CO2 and CH4 will be tested in 
Thrust 1. 

• Studied the intrinsic activity of CsOx nanostructures for CO2 conversion into 
olefins and aromatics.  

• Investigations of alkali and metal oxide promoters on metal cluster catalysts for 
improving CO2 conversion to methanol and higher alcohols.  

• Continued method development to bridge the material-gap and pressure-gap 
between theoretical modeling and experiment, aiming to enhance the 
understanding of experimental observations and facilitate the design of improved 
nanostructured catalysts. 

• Investigations of well-defined Co, Fe and Co-Fe alloy catalysts to optimize the 
growth of carbon nanofibers (CNF) from CO via the Boudouard reaction (2CO → 
CO + C). This work is in support of activities in Thrust 2. 

 
 

Below are examples of the research done during the 2023-2024 period: 

A. Dynamic nature of inverse oxide/metal catalysts and a high selectivity for CO2 
to methanol production.  

Our studies show that a powder catalyst generated by the deposition of ceria 
nanoparticles (5% wt) on copper oxide displays high activity, selectivity (> 80%), and 
stability for the CO2 → CH3OH conversion [Moncada et al, ACS Catal., 2023, 13, 15248-
15258]. The evolution of this system under reaction conditions was studied using a 
combination of environmental transmission electron microscopy (E-TEM), in-situ x-
ray absorption spectroscopy (XAS) and time-resolved x-ray diffraction (TR-XRD). 
The in-situ studies pointed to a full conversion of CuO into metallic copper with a 
complete transformation of Ce4+ into Ce3+. Images of E-TEM (Figure 1) showed drastic 
changes in the morphology of the catalyst when it was exposed to H2, CO2, and CO2/H2 
mixtures. Under a CO2/H2 feed, there was a redispersion of the ceria particles that was 
detected by E-TEM (Figure 1) and in-situ TR-XRD. These morphological changes 
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were made possible by the inverse oxide/metal configuration and facilitate the binding 
and selective conversion of CO2 to methanol. Static models for catalysts structure have 
a limited validity and are not useful for an efficient design or optimization of catalysts. 
The changes in composition and morphology seen in this study for the 5%CeOx/Cu 
system under different reaction conditions illustrate how dynamic can be the behavior 
of an inverse oxide/metal catalysts during CO2 hydrogenation. Small nanoparticles of 
an oxide on top of a metal substrate can adapt their structure and oxidation state in 
response to reactant molecules (CO2, H2, CO2/H2) in extreme ways not seen for a bulk 
oxide or a conventional metal on oxide configuration. This special behavior opens new 
approaches for the design of highly efficient catalysts for the trapping and conversion 
of CO2 [Moncada et al, ACS Catal., 2023, 13, 15248-15258; Deng et al, ACS Catal. 2024, 
14, 11832-11844].  

   

Figure 1 Environmental TEM images for a ceria nanoparticle under H2 (a:) and CO2/H2 
(b) environments. The ceria nanoparticle changed its morphology to react with CO2. 

B. Magnesium Oxide Nanoclusters: A Non-expensive and Sustainable Solution 
for the Efficient Conversion of Methane through C-C Coupling 

Bulk MgO is a common catalyst used for the activation of CH4 and C-C coupling, but 
it operates at high temperatures (>700 K) and suffers rapid deactivation by carbon 
deposition. In contrast, MgO nanostructures embedded in copper oxide (Cu2O), Figure 
2, can activate CH4 at 300 K and achieve C-C coupling without deactivation at a 
relatively low temperature (500 K) [Islam et al, ACS Nano 2024, 18, 41, 28371–28381]. 
To explore CH₄ activation on MgO-Cu catalysts, we studied the MgO/Cu₂O/Cu(111) 
system using scanning tunneling microscopy (STM) and ambient-pressure X-ray 
photoelectron spectroscopy (AP-XPS). These techniques revealed the morphology and 
chemical characteristics of the catalyst: Small nanostructures (0.2-0.5 nm wide, 0.4-0.6 
Å high) of MgO were immersed in the rows and channels of a Cu2O film (Figure 2b,c). 
These nanostructures were able to activate methane  at room temperature, dissociating 
this molecule  into CHx and H, with minimal carbon deposition (Figure 2d). DFT 
studies showed that methane activation is driven by electron transfer from copper to 
MgO, with smaller Mg₂O₂ clusters offering stronger binding and lower activation 
barriers for C-H bond dissociation. Mg₃O₃ clusters promote C-C coupling due to 
weaker *CH₃ binding, facilitating ethane formation. Catalytic tests showed that 
MgO/CuOx/Cu(111) converts methane into ethane (and ethylene) at 500 K with large 
activity, comparable to highly expensive Pt/SiO₂ catalysts but without the problem of 
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carbon deactivation, highlighting the importance of MgO unit size in methane 
conversion [Islam et al, ACS Nano 2024, 18, 41, 28371–28381]. 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
           
 
             
 
 
Figure 2. DFT calculated reaction scheme (a), STM images (b,c), and XPS spectra 
(d) for the activation and conversion of CH4 to C2H6 on MgO nanoclusters 
dispersed on copper oxide. Methane is activated at room temperature. 
 

C. Adatom Mediated Cluster-Support Interactions 

Differences in aggregation and reconstruction of 
the Cu surface after the deposition of small Ti3O5 
and Ti3O6 clusters can be attributed to the strength 
of Cu adatom binding to the clusters [Wang et al, J. 
Phys. Chem. C, 2024, 128, 17153]. The Ti3O5 and 
Ti3O6 clusters were deposited onto a Cu(111) 
surface using mass-selected cluster deposition. 
STM images showed complex morphologies 
(Figure 3).  Holes were created in the Cu surface 
are a result of Cu adatoms detaching from the steps 
and binding to the cluster aggregates. DFT 
calculations showed that interactions between the 

Figure 3 STM image showing a      isolated clusters and the Cu surface cannot account 
reconstructed Cu(111) surface        for the differences observed in cluster aggregation 
after the deposition of small            and surface reconstruction. Instead, the calculations 
Ti3O5 clusters.                                show that the binding of Cu adatoms to the clusters 
is energetically favorable. These interactions are likely responsible for the formation of 
pits and isolated Cu islands [Wang et al, J. Phys. Chem. C, 2024, 128, 17153]. 

C2H6 H2 
CH4 
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D.  Selective Methane to Methanol Conversion with H2O2 on a Mechano-Chemically                         
Prepared Pd-iC-CeO2 Catalyst 
Conversion of methane to methanol  with 100% selectivity was demonstrated in aqueous 
hydrogen peroxide (H2O2) solution on a mechano-chemically prepared palladium–
interlayer carbon–ceria catalyst (Pd–iC–CeO2) [Jimenez et al, J. Am. Chem. Soc. 2024, 
25986–25999]. A selectivity of 100% was observed under mild conditions: 0.5 M (1.7  

wt%) H2O2, 75°C, 20 atm (20% CH4, balance 
argon). The catalyst and chemistry were 
characterized under reaction conditions using 
ATR-IR, XANES, NEXAFS, and 1H-NMR. 
The palladium-based catalyst for the methane 
to methanol (MtM) conversion was prepared by 
a straightforward mechanochemical synthesis 
that resulted in a palladium–interlayer carbon–
ceria (Pd–iC–CeO2) material that incorporated 
an active interfacial carbon (iC) layer. This 
interfacial carbon (iC) was essential for 
balancing the activation of the oxidant agent 
(H2O2)  and  methane  to  achieve ideal product 

Figure 4 Methane to methanol in one        selectivity.  In  the absence of the  iC layer, the  
step over a Pd–iC–CeO2 catalyst.                 Pd–CeO2 system showed no selectivity towards 
methanol at 75°C, and predominantly produced carbon dioxide at 110 °C. Solvent-
mediated quantum chemical (DFT) calculations provided mechanistic insights including 
that the iC layer favors a reaction pathway wherein methane activation is the limiting step 
and MeOH formation is facile [Jimenez et al, J. Am. Chem. Soc. 2024, 25986–25999]. 
 
E. CO2 Fixation into Carbon Nanofibres using Electrochemical–Thermochemical 
Tandem Catalysis 
Carbon dioxide fixation into value-added carbon nanofibres (CNF) for longer-term storage 
is a promising avenue for achieving net-negative carbon emissions. However, directly 

converting CO2 to CNF via thermocatalytic approaches 
faces thermodynamic constraints, while electrocatalytic 
methods typically lead to amorphous carbon with limited 
yields or require energy-intensive conditions (>720 °C). 
Research at Thrust 2 has validated an electrocatalytic–
thermocatalytic tandem strategy for CNF production by 
integrating the co-electrolysis of CO2 and water into 
syngas (CO and H2) with a subsequent thermochemical 
process at relatively mild conditions (370–450 °C, 1 atm), 
yielding CNFs (Figure  5) at a high production rate 
(average 2.5 gcarbon gmetals

−1 h−1). The composition of a 
FeCo alloy was optimized to enhance the dissociative 
activation  of  syngas  and  favor  C-C  bond formation to  

Figure 5 TEM of CNFs                yield CNFs. This tandem strategy opens a door to leverage 
renewable energy for decarbonizing CO2 into valuable solid carbon products while 
producing renewable H2 [Xie et al, Nature Catal. 2024, 7, 98-2024]. 
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Publications for this grant (Sept 2023- October 2024) 
 

 
In the sept 2023- October 2024 period, 18 articles have been published with this FWP as 

the main driver or the main provider of ideas, with nearly half of them published in high impact 
journals including Nature Catalysis (1), the Journal of the American Chemical Society (1), Angew. 
Chemie In Ed (1), ACS Nano (2), ACS Catalysis (2) and J. Phys. Chem. Lett. (1). In addition, there 
are 13 articles in which this FWP has made a minor contribution. Graduate Students, postdoctoral 
fellows and PIs funded under this FWP are highlighted. 
 
 
FY 2024 Journal Publications:  
 
  Thrust 1: 

• Publications intellectually led by this FWP  
• Tuning Oxide Morphology to Improve Activity and Selectivity for the Selective 

Conversion of Carbon Dioxide to Methanol, J. Moncada, X. Chen, K. Deng, Y. Wang, W. 
Xu, N. Marinkovic, G. Zhou, A. Martinez-Arias and J.A. Rodriguez, ACS Catal., 2023, 
13, 15248-15258. https://doi.org/10.1021/acscatal.3c04222 

• Screening of Cu-based catalysts for selective methane to methanol conversion, E. 
Huang, P. Liu , J. Phys.  Chem. C, 2024, 128, 7876–7883. 
https://doi.org/10.1021/acs.jpcc.4c01179 

• CO2 hydrogenation over rhodium cluster catalyst nucleated within a manganese 
oxide framework. S. Xiang, J.D. Jiménez, L.F. Posada, S.J.B. Rubio, H.S. Khanna, 
S.Hwang, S., D. Leshchev, S.L. Suib, A.I. Frenkel, S.D. Senanayake, Applied Catal. A: 
General, 2024, 683, 119845. https://doi.org/10.1016/J.APCATA.2024.119845 

• A US perspective on closing the carbon cycle to defossilize difficult-to-electrify 
segments of our economy,  W.J. Shaw, M.K. Kidder, S.R. Bare, M. Delferro, J.R. Morris, 
F.M. Toma, S.D. Senanayake, T. Autrey, E.J. Biddinger, S. Boettcher, M.E. Bowden, P.F. 
Britt, R.C. Brown, R.M. Bullock, J. G. Chen,  C. Daniel, P.K. Dorhout, R.A. Efroymson, 
K.J. Gaffney, J.A. Rodriguez, P. Liu … K.S. Walton, Nature Reviews Chem., 2024, 8, 
376–400. https://doi.org/10.1038/s41570-024-00587-1 

• CsOx Nanostructures on Au(111): Morphology- and Size-dependent Activity for the 
Water–Gas Shift Reaction, R. Shi, P.J. Ramirez, R. Rosales, M. Mahapatra, N. Rui, and 
J.A. Rodriguez, J. Phys. Chem. C, 2024, 128, 3260-3268. 
https://doi.org/10.1021/acs.jpcc.3c08190 

• MgO Nanostructures on Cu(111): Understanding Size- and Morphology-Dependent 
CO2 Binding and Hydrogenation, K.P. Reddy, A. Islam, Y. Tian, H. Lin, D. Kim, A. Hunt, 
I. Waluyo, and J.A. Rodriguez, J. Phys. Chem. C. 2024, 128, 7149-7158. 
https://doi.org/10.1021/acs.jpcc.4c02049 

• The Surface Chemistry of Methanol on Pd(111) and H–Pd(111) Surfaces: C–O Bond 
Cleavage and the Effects of Metal Hydride Formation. J. Kim, H. Lim, H., Y. Tian, L. Piliai, 
A. Hunt, I. Waluyo, S. D. Senanayake, and J.A. Rodriguez, J. Phys. Chem. Lett., 2024, 15, 
6209–6215. https://doi.org/10.1021/acs.jpclett.4c01134 

• Observing Chemical and Morphological Changes in a Cu@TiOx Core@Shell Catalyst: 
Impact of Reversible Metal-Oxide Interactions on CO2 Activation and Hydrogenation, 
K. Deng, X. Chen, J. Moncada, K.L. Salvatore, N. Rui, W. Xu, S. Xiang, N. Marinkovic, A. 
Frenkel, G. Zhou, S. Wong, and J.A, Rodriguez, ACS Catal., 2024, 14, 11832-11844. 
https://pubs.acs.org/doi/full/10.1021/acscatal.4c02694 
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• From Methane to Methanol: Pd-ic-CeO2 Catalysts Engineered for High Selectivity via 
Mechanochemical Synthesis, J.J. Jimenez, P.G. Lustemberg, M. Danielis, E. Fernandez-
Villanueva, S. Hwang, I. Waluyo, A. Hunt, D. Wierzbicki, J. Zhang, L. Qi. A. Trovarelli, 
J.A. Rodriguez, S. Colussi, M.V. Ganduglia-Pirovano, and S.D. Senanayake, J.  Am. Chem. 
Soc. 2024, 146, 25986-25999.  https://pubs.acs.org/doi/10.1021/jacs.4c04815 

• Low-Temperature Activation and Coupling of Methane on MgO Nanostructures 
Embedded in Cu2O/Cu(111). A. Islam, E. Huang. Y. Tian, P.J. Ramirez, K.P. Reddy, H. 
Lim, N. White, A. Hunt, I. Waluyo, P. Liu, and J.A. Rodriguez, ACS Nano, 18, 28371-
28381. https://pubs.acs.org/doi/full/10.1021/acsnano.4c10811 

 
• Collaborative Publications  

 
• Morphology dependent reactivity of CsOx nanostructures on Au(111):  binding and 

hydrogenation of CO2 to HCOOH, V. Mehar, W. Liao, M. Mahapatra, R. Shi, H. Lim, I. 
Barba-Nieto, A. Hunt, I. Waluyo, P. Liu, J. A. Rodriguez , ACS Nano, 2023, 17, 22990-
22998. https://doi.org/10.1021/acsnano.3c08324 (led by Thrust 3, this thrust 
helped with the theoretical studies). 

• Active sites of atomically dispersed Pt supported on Gd-doped ceria with improved 
low temperature performance for CO oxidation. Y. Li, H. Wang, H. Song, N. Rui, M. 
Kottwitz, M., S. D. Senanayake, R.G. Nuzzo, Z. Wu, D. Jiang, and A.I. Frenkel, Chemical 
Science, 2023, 14, 12582–12588. https://doi.org/10.1039/D3SC03988A (provided 
XPS characterization). 

• Directing CO2 electroreduction pathways for selective C2 product formation using 
single-site doped copper catalysts, Z. Li, P. Wang, X. Lyu, V.K.R. Kondapalli, S. Xiang, 
J.D. Jimenez, L. Ma, T. Ito, T. Zhang, J. Raj, Y. Fang, Y. Bai, J. Li, A. Serov, V. Shanov, 
A.I. Frenkel, S.D. Senanayake, S. Yang, T.P. Senftle, and J. Wu, (2024). Nature 
Chemical Engineering, 2024, 1, 159–169. https://doi.org/10.1038/s44286-023-
00018-w (provided XAS characterization). 

• LaCeOx coupled N-doped graphene/Ru single-atoms as a binary-site catalyst for 
efficient hydrogen evolution based on hydrogen spillover. V. Dao, H. Choi, S. Yadav,  
J.D. Jiménez, C. Kim, T. van Nguyen,  K. Chen, K., P. Uthirakumar, Q. van Le, S.D. 
Senanayake, H.Y. Kim, and I.-H. Lee, Applied Catalysis B: Environmental, 2024, 343, 
123452. https://doi.org/https:// doi.org/10.1016/ j.apcatb.2023.123452 (provided 
help with the characterization). 

• Controlling bond scission pathways of isopropanol on Fe- and Pt-modified Mo2N 
model surfaces and powder catalysts, W. Porter, H. Mera, W. Liao, Z. Lin, P. Liu, J. 
Kitchin, and J. G. Chen, ACS Catal. 2024, 14, 1653-1662. 
https://doi.org/10.1021/acscatal.3c04700  (provided theoretical studies). 

• Direct Observation of Twin van der Waals Molecular Chains, S. Fang, P. Zahl, X. 
Wang, P. Liu, D. Stacchiola, and Y.H. Hu, J. Phys. Chem. Lett. 2023, 14, 10710-10716. 
https://doi.org/10.1021/ acs.jpclett.3c02914 (provided theoretical studies). 

• Role of Atomicity and Interface on InOx-TiO2 Composites: Thermo-Photo Valorization 
of CO2,  R. Sayago-Charro, I. Barba-Nieto, U. Caudillo-Flores, A. Tolosana-Moranchel, 
J.A. Rodriguez, M. Fernandez-Garcia, and A. Kubacka, ACS. Appl. Mater. Interfaces 
2024, https://doi.org/10.1021/acsami.4c04803 (provided help with the XAS 
characterization). 
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Thrust 2: 

• Publications intellectually led by this FWP 

• Converting Carbon Dioxide into Carbon Nanotubes by Reacting with Ethane, Y. Yuan, 
E. Huang, S. Hwang, P. Liu and J.G. Chen,  Angew. Chem. Int. Ed, 2024, 63, 
e202404047. https://doi.org/10.1002/anie.202404047 

• CO2 fixation into carbon nanofibers using electrochemical-thermochemical tandem 
catalysis, Z. Xie, E. Huang, S. Garg, S. Hwang, P. Liu and J.G. Chen, Nature Catal., 2024, 
7. 98-109. https://doi.org/10.1038/s41929-023-01085-1 

• Comparison of Direct and CO2-Oxidative Dehydrogenation of Propane, Y. Yuan, W.N. 
Porter and J.G. Chen, Trends in Chemistry, 2023, 5,  840-
852. https://doi.org/10.1016/j.trechm.2023.09.001 

 
• Collaborative Publications  

• Tandem Reactors and Reactions for CO2 Conversion, S. Garg, Z, Xie and J.G. Chen, 
Nature Chemical Engineering, 2024, 1, 139-1487. https://doi.org/10.1038/s44286-
023-00020-2 (provided intellectual discussions)  

• Role of H2O in catalytic conversion of C1 molecules, L. Jiang, K. Li, W.N. Porter, H. 
Wang, G. Li and J.G. Chen,  J. Am. Chem. Soc., 2024, 146, 2857-2875. 
https://doi.org/10.1021/jacs.3c13374 (provided intellectual discussions) 

• CO2-Mediated Oxidative Dehydrogenation of Propane Enabled by Pt-Based 
Bimetallic Catalysts, P. Zhai, Z. Xie, E. Huang, D.R. Aireddy, H. Yu, D.A. Cullen, P. Liu, 
J.G. Chen and K. Ding, Chem, 9 (2023) 3268-3285. 
https://doi.org/10.1016/j.chempr.2023.07.002 (provided theoretical support and 
intellectual discussions) 

 
 
 Thrust 3: 

• Publications intellectually led by this FWP  
 

• Morphology dependent reactivity of CsOx nanostructures on Au(111):  binding and 
hydrogenation of CO2 to HCOOH, V. Mehar, W. Liao, M. Mahapatra, R. Shi, H. Lim, I. 
Barba-Nieto, A. Hunt, I. Waluyo, P. Liu, J. A. Rodriguez , ACS Nano, 2023, 17, 22990-
22998. https://doi.org/10.1021/acsnano.3c08324. 

• Revealing Intermetallic Active Sites of PtNi Nanocatalysts for Reverse Water Gas 
Shift Reaction, H. Li, H. Zhang, X. Wang, R. Nuzzo, A. Frenkel, P. Liu, D. Gersappe, J.  
Phys. Chem. C, 2023, 127,  22067-22075 

• Aggregation of Size-Selected Oxide Clusters Deposited onto Au(111), J. Wang, M. 
Toledo Rozycki, X. Tong and M. G. White, Langmuir 2023, 39, 13481–13492. 
https://doi.org/ 10.1021/acs.langmuir.3c01220. 

• Composition-Dependent Reconstructions of Titanium Oxide Clusters and Cu(111) 
Support via Cluster-Adatom Interactions, J. Wang, L. Shi, X. Tong, and M.G. White, J. 
Phys. Chem. C, 2024, 128, 17153-17164. 
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04803 

• Understanding the Morphology and Chemical Activity of Model ZrOx/Au(111) 
Catalysts for CO2 Hydrogenation, Y. Tian, H. Lim, J. Kim, A. Hunt, I. Waluyo, S.D. 

124

https://doi.org/10.1002/anie.202404047
https://doi.org/10.1016/j.trechm.2023.09.001
https://doi.org/10.1038/s44286-023-00020-2
https://doi.org/10.1038/s44286-023-00020-2
https://doi.org/10.1021/jacs.3c13374
https://doi.org/10.1016/j.chempr.2023.07.002
https://doi.org/10.1021/acsnano.3c08324
https://doi.org/
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04803


Senanayake, and J.A. Rodriguez, Surf. Sci. 2024, 750, 122590. 
https://www.sciencedirect.com/science/article/pii/S0039602824001419 

 

• Collaborative Publications  

• CsOx Nanostructures on Au(111): Morphology- and Size-dependent Activity for the 
Water–Gas Shift Reaction, R. Shi, P.J. Ramirez, R. Rosales, M. Mahapatra, N. Rui, and 
J.A. Rodriguez, J. Phys. Chem. C, 2024, 128, 3260-3268. 
https://doi.org/10.1021/acs.jpcc.3c08190 (led by Thrust 1, this thrust helped with 
the STM studies). 

• MgO Nanostructures on Cu(111): Understanding Size- and Morphology-Dependent 
CO2 Binding and Hydrogenation, K.P. Reddy, A. Islam, Y. Tian, H. Lin, D. Kim, A. Hunt, 
I. Waluyo, and J.A. Rodriguez, J. Phys. Chem. C. 2024, 128, 7149-7158. 
https://doi.org/10.1021/acs.jpcc.4c02049 (led by Thrust 1, this thrust helped with 
the STM studies). 

• Mechanism of Stoichiometrically Governed Titanium Oxide Brownian Tree 
Formation on Stepped Au(111), R. Lavroff, J. Wang, M. G. White, P. Sautet and A. 
Anastassia, J. Phys. Chem. C, 2023, 127, 8030-8040. 
https://doi.org/10.26434/chemrxiv-2023-2gt6z (provided experimental studies 
and intellectual discussions). 

• Momentum-Resolved Exciton Coupling and Valley Polarization Dynamics in 
Monolayer WS2, A. Kunin, S. Chernov, J. Bakalis, Z. Li, S. Cheng, Z. H. Withers, M. G. 
White, G. Schönhense, X. Du, R. K. Kawakami, and T. K. Allison, Phys. Rev. Lett. 2023, 
130, 046202. https://doi.org/10.1103/ PhysRevLett.130.046202 (provided 
intellectual discussions). 

• Determination of the interfacial energy between graphene nanoplatelets and 
deuterated or hydrogenated polystyrene, Y. Lin, X. Liu, G. Onghai, A. Raut, Y. Fang, Y. 
Yin, S. Fu, H. Fang, K. Feng, X. Wang, P. Liu, T. Li, J. Sokolov, M. Rafailovich, 
Macromolecules, 2023, 56, 8039-8046. 
https://doi.org/10.1021/acs.macromol.3c00982 (provided theoretical studies). 

• Low-Temperature Activation and Coupling of Methane on MgO Nanostructures 
Embedded in Cu2O/Cu(111). A. Islam, E. Huang. Y. Tian, P.J. Ramirez, K.P. Reddy, H. 
Lim, N. White, A. Hunt, I. Waluyo, P. Liu, and J.A. Rodriguez, ACS Nano, 18, 28371-
28381. https://pubs.acs.org/doi/full/10.1021/acsnano.4c10811(led by Thrust 1, 
this thrust helped with the STM studies). 
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Catalysis Program at Lawrence Berkeley National Laboratory: 
Harnessing Complexity for Catalytic Efficiency 

John F. Hartwig (Program leader), Polly L. Arnold, Alexis T. Bell, Robert G. Bergman 
(Affiliate), Shannon Boettcher (New program member), Neil Razdan (New faculty), Kenneth N. 

Raymond (Affiliate), Miquel B. Salmeron, T. Don Tilley, F. Dean Toste, Peidong Yang 

Chemical Sciences Division, Lawrence Berkeley National Laboratory 

Presentation Abstract 

The LBNL Catalysis Program seeks to reveal foundational principles for the creation of new 
catalysts, realization of new processes, and creation of new approaches to learn how catalysts 
operate. The overarching theme of the current research is to reveal and exploit complexity inherent 
in, or designed to be a part of, catalytic systems that operate with high rates and selectivity. The 
types of catalysts and catalytic reactions studied in the current Catalysis Program, and the classes 
of mechanisms by which the catalysts react, are broad in scope, but converge on several themes 
that constitute the three subtasks. These three subtasks are organized by layers of complexity.  The 
first subtask focuses on catalytic systems in which two components, one the active site and one the 
supramolecular confines of that site, work cooperatively to change the course of the catalytic 
transformation; the second seeks to establish principles by which secondary interactions near a 
catalytic active site lead to enhanced activity and selectivity in catalytic reactions.; the third subtask 
attempts to create new catalytic systems that involve multiple catalytic sites that work cooperatively 
and to reveal those that convert from one to another, often by in situ and in operando conditions. 
Each of these subtasks directly addresses PROs in workshop reports on catalysis and cross-cutting 
themes of the BES CSGB division. 

FWP Number: CH030201 

FWP Title: Program in Catalysis and Chemical Transformations – Harnessing Complexity 
for Catalytic Efficiency 

Graduate Students: Alghannam, Afnan; Brown, Gretchen; Carter, Robert; Colton, David; Conk, 
RJ; Craescu, Cristina; Elissiry, Luke; Feijoo, Julian; Fitzgerald, Madeline; Gusman, Maria 
Fonseca; Heafner, Elizabeth; Hernandez, Matt; Herrera, Gabe; Joyner, Isaac; Lara, Jaden; Maddi, 
Vincent; Manske, Jenna; Martinez, Jose; Pan, Judy; Rothweiler, Aila; See, Matthew; Shan, Yu; 
Shi, Ethan; Singh, Gurjot; Wang, Tianle; Xie, Yuanzhe; Xu, Nicole. 

Postdocs: Chae, Sudong; Forbes, Katherine; Jaugstetter, Maximillian; Syed, Zoha; Treacy, Sean; 
Wong, Anthony. 

Affiliates: Park, Jeong; Su, Ji; Yang, Ji. 
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RECENT PROGRESS 
Subtask 1. Catalysis in Confined Spaces  

Subtask 1 focuses on conducting catalysis in confined environments with themes that are 
connected by their relationships between synthetic and natural confined spaces. This focus was 
initiated by work on catalysis within supramolecular nanovessels, which has been a long-standing 
research topic of the LBNL Catalysis Program. Now, this work on confined environments has 
motivated research on catalysis in a broader range of confined spaces, including fully synthetic 
alternative supramolecular cages, the ordered layers on nanostructured catalysts, semi-synthetic 
active sites and artificial metalloenzymes with synthetic cofactors within mutated protein hosts, 
and natural metalloenzymes mutated to enable understanding of subtle divergences in reactivity. 
1.1 Host-Mediated Electrochemical Processes and Tunable Electrochemical Entropy 
through Solvent Ordering by a Supramolecular Host 

Over the last decade, Toste, Raymond, Bergman have demonstrated that the 
microenvironments within a highly anionic supramolecular M4L6 catalyst host (Fig. 1.1) can impart 
catalytic rate accelerations of more than a million-fold and product selectivities not otherwise 
observed.   The encapsulation of small molecules within the M4L6

 hosts is primarily driven by 
entropy, and recent terahertz spectroscopy findings revealed that water molecules encapsulated in 
the host cavity exhibit a high degree of organization, resembling amorphous ice. The encapsulation 
process involves displacing numerous solvent molecules, leading to a substantial increase in overall 
entropy. The entropic changes in this system are influenced not only by solvent reorganization but 
also by alteration in degrees of freedom, akin to phase changes observed in certain materials.  

Fig. 1.1 Redox entropy of cobaltacenium carboxylic acid in the presence of various M4L6 hosts. 

127



The Toste, Bergman, Raymond team has recently demonstrated an electrochemically 
controlled guest (cobaltacenium carboxylic acid) encapsulation process with M4L6 hosts, aiming to 
create a systems with large and reversible molar entropic changes suitable for thermally 
regenerative electrochemical cycles (TRECs), suitable for thermogalvanic waste-heat harvesting 
and electrochemical cooling, among other potential applications. One such system showed that an 
electrochemical Ga4L6 host-guest system undergoes one-electron oxidation with an entropic change 
of 3.62 mV·K–1 or a reaction entropy (ΔS) of 83.5 cal mol–1·K–1. This value represents a nearly 
four-fold increase over the state-of-the-art TREC electrolyte, potassium ferricyanide.83 Upon 
encapsulation of a guest, water molecules that structurally resemble amorphous ice are displaced 
from the host cavity, leveraging a change in the degrees of freedom and ordering of the solvent 
rather than the solvation of the redox-active species to increase entropy. 

The M4L6 hosts can also be structurally varied at the metal vertices, the linker and end 
groups of the bridging ligand, offering a wide range of entropic changes and rational optimization 
of the system’s ΔS, showing a range of −51 to −101 cal mol–1 K–1 (−2.2 to −4.4 mV K–1) depending 
on ligand and metal vertex modifications, demonstrating the potential for rational design of high-
entropy electrolytes and a new strategy to overcome theoretical limits on ion solvation 
reorganization entropy.   By leveraging this synthetic diversification, it becomes possible to explore 
encapsulation entropy in unprecedented ways and optimize the thermodynamics of the system.  
Xia, K.; Rajan, A.; Surendranath, Y.; Bergman, R. G.; Raymond, K. N.; Toste, F. D., Tunable 
Electrochemical Entropy through Solvent Ordering by a Supramolecular Host. J. Am. Chem. Soc. 
2023, 145, 25463-25470. DOI 10.1021/jacs.3c10145 
1.2 Non-Natural Zinc Hydride Active Site in Carbonic Anhydrase Variants Catalyzes the 
Reduction of Dialkyl Ketones with High Enantioselectivity 

Human carbonic anhydrase II (hCAII) naturally catalyzes the reaction between two achiral 
molecules—water and carbon dioxide—to yield the achiral product carbonic acid through a zinc 
hydroxide intermediate. The Hartwig group, in collaboration with Douglas Clark, have previously 
shown that a non-natural zinc hydride, instead of a hydroxide, can be generated in this enzyme to 
create a catalyst for the reduction of aryl ketones (Fig. 1.2). High enantioselectivities indicate that 
the reactions occur at the cofactor in the enzyme active site. These mechanistic data provide strong 
evidence that the process involves a mononuclear zinc-hydride, despite the instability of terminal 
hydrides on electropositive metals in protic environments. Thus, monomeric hydrides, even on 
electropositive metals, might be employed as catalytic intermediates in enzymatic processes, 
thereby bridging a gap between molecular catalysis and biocatalysis. 

Dialkyl ketones are a more challenging substrate to reduce, and the enantioselective 
reduction of dialkyl ketones with two alkyl groups that are similar in size and electronic properties 
is a particularly challenging transformation to achieve with high activity and selectivity. Though 
carbonic anhydrase confers no chirality during its natural function of hydration and dehydration of 
carbonic acid, we have now shown that hCAII, as well as a double mutant of it, catalyzes the 
enantioselective reduction of dialkyl ketones with high yields and enantioselectivities, even when 
the two alkyl groups are similar in size. We also show that variants of hCAII catalyze the site-
selective reduction of one ketone over the other in an unsymmetrical aliphatic diketone. 
Computational docking of a dialkyl ketone to variants of hCAII containing the zinc hydride 
provided insights into the origins of the reactivity of various substrates and the high 
enantioselectivity of the transformations and show how a confined environment can control the 
enantioselectivity of an abiological intermediate (Fig. 1.3). 
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Fig. 1.2 Enantioselective reduction of ketones through an unnatural zinc-hydride in hCAII enzyme 
variants. 

Fig. 1.3. Reorientation of 4-nonanone dialkyl ketone substrate with respect to the Zn-H through 
enzyme residue mutations for high selectivity. 
Chen, R.; Kayrouz, C. S.; McAmis, E.; Clark, D. S.; Hartwig, J. F., Carbonic Anhydrase Variants 
Catalyze the Reduction of Dialkyl Ketones with High Enantioselectivity. Angew. Chem. Int. Ed. 
2024. 63, e202407111. DOI 10.1002/anie.202407111. 
1.3 Nanometer-Resolved Observation of Electrochemical Microenvironment Formation at 
Nanoparticle–Ligand interfaces for Copper-Catalyzed CO2 Reduction 

While microenvironments at the surfaces of electrocatalysts can strongly influence the rates 
and selectivity of catalytic reactions, the structure of these reactive microenvironments remain 
understudied, especially in the context of confinement created by local fields. Inspired by the work 

4-nonanone in W209L hCAII 4-nonanone in WT hCAII
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on nanovessels and enzymes in this subtask, Yang and his collaborators have begun to investigate 
the impact of reactive microenvironments on catalyst activity and selectivity through a focus on 
Nanoparticle-Ordered-Ligand Interlayer (NOLI) structures formed by the detachment of surface-
bonded ligands under electrochemical bias. 

Fig. 1.4. In situ infrared nanospectroscopy and surface-enhanced Raman spectroscopy for 
interrogation of the NOLI under applied bias. 

The dynamic response of surface ligands on nanoparticles (NPs) to external stimuli 
critically determines the functionality of NP–ligand systems. The NOLI microenvironment is 
highly active and selective for CO2-to-CO conversion by copper NPs. However, the lack of in situ 
characterization techniques with high spatial resolution hampers a comprehensive molecular-level 
understanding of the mechanism of interlayer formation. We have now utilized in situ infrared 
nanospectroscopy and surface-enhanced Raman spectroscopy, unveiling an electrochemical bias-
induced, consecutive bond cleavage mechanism of surface ligands leading to formation of the NP-
ordered-ligand interlayer (Fig 1.4). This real-time molecular insight will further influence the 
design of confined localized fields in multiple catalytic systems. Moreover, the demonstrated 
capability of capturing nanometer-resolved, dynamic molecular-scale events holds promise for the 
advancement of using controlled local molecular behavior to achieve desired functionalities across 
multiple research domains in nanoscience. 
Shan, Y.; Zhao, X.; Fonseca Guzman, M.; Jana, A.; Chen, S.; Yu, S.; Ng, K. C.; Roh, I.; Chen, H.; 
Altoe, V.; Gilbert Corder, S. N.; Bechtel, H. A.; Qian, J.; Salmeron, M. B.; Yang, P., Nanometre-
Resolved Observation of Electrochemical Microenvironment Formation at the Nanoparticle–
Ligand Interface. Nat. Catal. 2024. 7, 422–431. DOI 10.1038/s41929-024-01119-2. 
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Subtask 2. Catalysis Driven by Secondary Interactions 
Subtask 2 focuses on the creation of multi-functional single-site catalysts that draw 

concepts from Subtask 1 for transformations crucial to efficient use of feedstocks, such as additions 
to alkenes, reductions of carbon dioxide, utilization of biomass sources, and functionalization of 
hydrocarbons. This subtask ranges from sites containing a single metal center in which interactions 
beyond the core of this active site (from directional hydrogen bonds to ionic interactions and weaker 
dispersion interactions) to active sites containing multiple metals in which interactions between 
metals, in addition to the interactions of the ligands, influence catalysis. Thus, the research in this 
subtask, together, will reveal principles to control both homogeneous and heterogeneous catalysis 
through a series of non-covalent interactions and through both direct and distant metal-metal 
interactions.   
2.1 Metal–Metal Redox Exchange between Co4O4 and Mn(II) to Produce Heterometallic 
Manganese–Cobalt Oxo Cubanes through “Dangler” Intermediates 

The Tilley group has demonstrated the ability to use cobalt-oxo cubanes 
Co4O4(OAc)4(Pyr)4 as a functional mimic of the OEC’s manganese cubane cluster.  To continue 
expanding the accessible oxidation chemistry of these synthetic cubanes, it will be important to 
define the role of metals beyond cobalt and to investigate cooperative effects by which 
heterometallic interactions influence reactivity by relaying electronic and chemical effects through 
the tetrametallic framework.  Furthermore, pendent metals bound to heterocubanes are components 
of well-known active sites in enzymes like the OEC that mediate difficult chemical transformations. 
Investigations into the specific role of these metal ions, sometimes referred to as “danglers”, have 
been hindered by a paucity of rational synthetic routes to appropriate model structures.  For this 
purpose, they have undertaken development of rational synthetic routes to oxo-cubane structures 
with predetermined compositions. 

Fig. 2.1.  Synthesis of dicopper “dangler” Co4O4 cubane. 
To generate pendent metal ions bonded to an oxo cubane through a carboxylate bridge, the 

cubane Co4(μ3-O)4(OAc)4(t-Bupy)4 was exposed to various metal acetate complexes. Reaction with 
Cu(OAc)2 gave the structurally characterized dicopper dangler Cu2Co4(μ4-O)2(μ3-
O)2(OAc)6(Cl)2(t-Bupy)4 (Fig 2.1). In contrast, the analogous reaction with Mn(OAc)2 produced
the MnIV-containing cubane cation [MnCo3(μ3-O)4(OAc)4(t-Bupy)4]+ by way of a metal–metal
exchange that gives Co(II) and Co(III) byproducts (Fig 2.2). Additionally, reaction of the formally
Co(IV) cubane complex [Co4(μ3-O)4(OAc)4(t-Bupy)4]+ with Mn(II) gave the corresponding Mn-
containing cubane in 80% yield. A mechanistic examination of the related metal–metal exchange
reaction between Co4(μ3-O)4(OBz)4(py)4 and [Mn(acac)2(py)2][PF6] by UV–vis spectroscopy
provided support for a process involving rate-determining association of the reactants and electron
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transfer through a μ-oxo bridge in the adduct intermediate. The rates of exchange correlate with the 
donor strength of the pyridine and benzoate ligand substituents of the cubane; more electron-
donating pyridine ligands accelerate metal–metal exchange.  However, both electron-donating and 
-withdrawing benzoate ligands can accelerate exchange. These experiments suggest that the
basicity of the cubane oxo ligands promotes metal–metal exchange reactivity. The redox potentials 
of the Mn and cubane starting materials, along with isotopic labeling studies suggest an inner-
sphere electron-transfer mechanism in a dangler intermediate. 

Fig. 2.2. Metal–Metal redox exchange reaching between Co4 and Mn(OAc)2 with the 
corresponding formal redox equation. 
Wheeler, T. A.; Tilley, T. D., Metal-Metal Redox Exchange to Produce Heterometallic Manganese-
Cobalt Oxo Cubanes via a “Dangler” Intermediate. J. Am. Chem. Soc. 2024, 146, 20279-20290. 
DOI 10.1021/jacs.4c05367. 
2.2 Control of metallacycle sterics in the catalytic dinitrogen reduction to either secondary or 
tertiary amines by lanthanide, actinide, and group 4 metal complexes. 

The low-energy conversion of atmospheric dinitrogen to amines is a grand challenge and 
could bring food and energy justice to many.  For decades, chemists targeting homogeneous 
catalysts for this, citing biology as inspiration, have focused on electron-rich d-block complexes. 
The range of d-block metal complexes that can catalyze dinitrogen reduction to ammonia or 
tris(silyl) amines under ambient conditions has increased recently but lacks electropositive metal 
complexes, such as those of the f-block, which lack filled d-orbitals that would support classical 
binding modes of N2.  The Arnold group has now identified numerous examples of lanthanide, 
actinide, and group 4 metals that can catalyze the reduction of dinitrogen to not only tertiary amines 
but significantly to secondary silyl amines as well.   
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Fig. 2.3. Catalytic dinitrogen reduction by (top) lanthanide and uranium metallacycle cavities with 
larger metal-metal distances and (bottom) titanium and zirconium metallacycle cavities with shorter 
metal-metal distances. 

The formation of this truly unusual amine product is controlled by the metallacycle sterics. 
The group 4 complexes featuring small cavities are most selective for bis(silyl)amine, while 
lanthanide complexes and a solvent-ligated uranium(IV) complex, all featuring larger cavities and 
greater metal-metal distances, can also accommodate the more conventionally observed 
tris(silyl)amine product (Fig 2.3). These results offer new catalytic applications for earth-abundant 
and plentiful titanium and members of the lanthanides that are also less toxic than many base metals 
used in catalysis.  Further work on this growing project now includes evaluation and comparison 
of reactivity with mononucleating ligands, rather than binucleating ligand systems which create the 
metallacycle cavity and impart steric control, as well as monodentate phenolic ligands.  The breadth 
of dinitrogen reduction activity we have now observed across the lanthanide and group 4 metals 
and in conjunction with ligand geometries and functionality underscores the extent to which these 
metals have been under-explored and underutilized in the transformation of difficult substrates. 
Wong, A.; Lam, F. Y. T.; Hernandez, M.; Lara, J.; Trinh, T. M.; Kelly, R. P.; Ochiai, T.; Rao, G.; 
Britt, R. D.; Kaltsoyannis, N.; Arnold, P.L., Catalytic Dinitrogen Conversion to Amines by 
Lanthanide and Group IV Catalysts. Chem. Catal. 2024, 100964. DOI 
10.1016/j.checat.2024.100964. 
2.3 Combined Experimental and Theoretical Studies of Distorted (≡Si-O)3Ti-OH Sites on 
Amorphous Silica and Their Effect on Cyclohexene Epoxidation.  

Silica supported metal cations, such as titanium, are widely used as catalysts in industrially 
relevant process, and Ti/SiO2 in particular is active for the catalytic, gas-phase epoxidation of 
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cyclohexene to cyclohexene oxide with H2O2.  The Bell group, with Head-Gordon, recently 
published two articles which together first present experimental and theoretical evidence for 
distorted ≡Ti–OH groups supported on amorphous SiO2 and examines the influence of distortion 
on the strength of adsorption of polar molecules and secondly elaborates the effects of ≡Ti–OH site 
distortion on the kinetics and mechanism of the catalylsis (Fig. 2.4). 

Fig. 2.4.  Epoxidation of cyclohexene by product-distorted (≡Si-O)3Ti-OH Sites on amorphous 
silica through an experimentally- and theoretically-validated mechanism. 

For the theoretical part of this effort, we developed a model for isolated ≡Si–OH or ≡Ti–
OH groups on the surface of amorphous silica. The ≡M–OH group is represented by a small cluster, 
the properties of which are described by high-level density functional theory (DFT), whereas the 
large amorphous silica surroundings are represented by molecular mechanics (MM). The QM/MM 
model was validated by demonstrating that the predicted enthalpy of adsorption for polar molecules 
on ≡Si–OH groups agrees satisfactorily with both experimentally measured values determined by 
microcalorimetry and adduct-adsorption isotherms measured by infrared spectroscopy.  QM/MM 
calculations made with our model revealed that the enthalpy of adsorption is proportional to the 
area of the triangular O–Ti–O facets of the ≡Ti–OH group to which polar molecules are bound and 
can be correlated with ≡Ti–OH site facet areas deduced from X-ray absorption spectroscopy 
(XAS/EXAFS) measurements. 

We next utilized the experimentally validated computational method to calculate enthalpies 
of adsorption and transition states along the well-established mechanism for the catalytic cycle and 
put forward a steady-state microkinetic model (MKM) to investigate the effects of distortion on 
predicted kinetic observables (apparent activation energy, Ea, and reaction orders) and to establish 
whether the mechanism is consistent with observed kinetics. We show that adsorption of epoxide 
product to one facet of the tetrahedral ≡Ti–OH site significantly reduces the facet area on the 
opposite side. We show that these reduced-area facets can catalyze the epoxidation of cyclohexene, 
while epoxide remains co-adsorbed to the other side, which we find is the dominant path toward 
production of epoxide. This mechanism shows quantitative agreement between experiments and 
our predictions and also illustrates the key role of adsorbates in influencing the degree of distortion 
of ≡Ti–OH sites, in addition to the amorphous support itself. 
Leonhardt, B. E.; Head-Gordon, M.; Bell, A. T., The Effects of ≡Ti–OH Site Distortion and Product 
Adsorption on the Mechanism and Kinetics of Cyclohexene Epoxidation over Ti/SiO2. ACS Catal. 
2024, 14, 3049−3064. DOI 10.1021/acscatal.3c06073. 
Leonhardt, B. E.; Shen, H.; Head-Gordon, M.; Bell, A. T., Experimental and Theoretical Evidence 
for Distorted Tetrahedral ≡Ti−OH Sites Supported on Amorphous Silica and Their Effect on the 
Adsorption of Polar Molecules. J. Phys. Chem. C 2024, 128, 129–145. DOI 
10.1021/acs.jpcc.3c07027. 
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Subtask 3. Catalysis from Multisite Cooperativity and Evolution 
Subtask 3 focuses on catalytic systems involving multiple catalytic sites and systems working 

in concert, thereby complementing the multi-functional sites of Subtask 2. This research also 
includes catalysts that change shape, composition, and oxidation state during catalysis; deep 
analysis of these changes by special tools designed for operando measurements at the ALS; tandem 
catalytic processes that transform substrates through sequential steps to value-added products; and 
multiple homogeneous and heterogeneous catalysts that cleave and form carbon-carbon bonds 
selectively under mild conditions. This theme of catalytic transformations made possible by multi-
site systems gained increased prominence during the prior funding cycle to become a dedicated 
subtask during the past three years.  At the same time, several of the lines of research involving 
multiple metals in molecular and heterogeneous systems fall on a continuum spanning multiple 
metals within one site acting cooperatively (Subtask 2) and multiple metals serving different roles 
(an active site with a nearby Lewis acid, for example) to achieve a transformation (Subtask 3). This 
continuum emphasizes how the concepts of one subtask often influence the research conducted in 
another subtask. 
3.1 Cooperative, Multicatalytic Systems for the Deconstruction of Polyolefins to Feedstocks 

Despite the success of Hartwig, Bell and Su using multiple catalysts to deconstruct 
polyethylene (PE) to propene in yields up to 85% (Science 2022), this DIE process requires at least 
one homogeneous catalyst in the sequence, thereby limiting its ultimate practicality, and it does not 
catalyze the DIE of polypropylene (PP). Thus, Hartwig, Bell and collaborator Su have worked to 
improve the published DIE of PE by developing heterogeneous catalysts for each step that work in 
concert and to expand this methodology to polypropylene, which accounts for an additional 21% 
of waste plastic or 1500 MT of waste material that could be valorized into propylene and 
isobutylene by DIE. Isobutylene is a valuable commodity chemical, used as a monomer, feedstock, 
and precursor to high-octane gasoline.   

Fig. 3.1.  (A) Previous work on the application of thermal and catalytic cracking for the chemical 
recycling of polyolefins. (B) Previous work applying a strategy of dehydrogenation and tandem 
isomerizing ethenolysis to affect conversion of PE to propylene. (C) Current work on the 
combination of catalytic cracking and isomerizing ethenolysis to yield olefins from PE and PP. 

In a recent publication in Science, we show that the simple combination of tungsten oxide 
on silica and sodium on gamma-alumina transforms PE, PP, or a mixture of the two, including 
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postconsumer forms of these materials, to propylene or a mixture of propylene and isobutylene 
without the need for dehydrogenation of the starting polyolefins (Fig. 3.1).  This process occurs 
with a combination comprising tungsten oxide on silica (WO3/SiO2) and sodium metal on gamma-
phase alumina (Na/γ-Al2O3), initiated by catalytic cracking by the W- or Na-containing catalysts, 
which then convert PE to propylene and and PP to a combination of propylene and isobutylene, 
respectively, with >90% yield in 90 min at 320 °C on a 1-g scale. The reaction proceeds at this 
temperature because it appears to be initiated by catalytic cleavage of the C–C bonds of the alkane 
chains to generate alkenes. 

Fig. 3.2. Experiments on the tandem catalytic cracking and isomerizing ethenolysis of polyolefins 
(CIE). 

The results of this work demonstrate the feasibility of deconstructing the two largest-
volume plastics PE and PP to form products that are feedstock materials for the chemical industry 
using inexpensive, heterogeneous catalysts. Although deeper assessment is required to establish 
the economic feasibility of increasing this reaction to commercial scales, we believe that this study 
may yield further methods for recovering feedstock propylene and isobutylene from PE and PP, 
which can again be cycled through chemical industries. 
Conk, R. J.; Stahler, J. F.; Shi, J. X.; Yang, J.; Lefton, N. G.; Brunn, J. N.; Bell, A. T.; Hartwig, J. 
F., Polyolefin Waste to Light Olefins with Ethylene and Base-Metal Heterogeneous Catalysts. 
Science 2024. 385, 1322-1327.  DOI 10.1126/science.adq7316. 
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3.2 Chemoenzymatic Hydroaminomethylation of Olefins to Form Linear Primary Amines 
Methods that form amines from feedstock chemicals are an important component of 

industrial chemistry. Many methods for the synthesis of amines yield mixtures of primary, 
secondary, and tertiary amines, necessitating costly downstream separations. The Hartwig group 
has recently published a chemoenzymatic approach to hydroaminomethylation that addresses these 
challenges by combining a homogeneous rhodium-catalyzed hydroformylation of alkenes by H2 
and CO with an enzymatic transamination catalyzed by an ω-transaminase from Vibrio fluvialis 
(VfTA). This sequential chemoenzymatic hydroaminomethylation reaction converts olefins to 
amines with high regioselectivity and chemoselectivity for the linear primary amine, across a series 
of olefins with varying structures (Fig. 3.3).  

Fig 3.3. Chemo-enzymatic hydroaminomethylation of alkenes through a sequential process. 
In collaboration with Douglas Clark, active-site mutation of wildtype VfTA successfully 

yielded enzyme variants with increased activity for the formation of primary amines from long-
chain aldehydes.  Furthermore, we reported progress toward a tandem process that incorporates a 
biocatalytic cascade utilizing ammonium salts as a terminal nitrogen source through the recycling 
of an intermediate amine donor, the amino acid alanine, which is required for the transaminase 
enzyme (Fig. 3.4). This study illustrates the potential to combine chemo- and biocatalytic reactions 
in both tandem and sequential processes to produce valuable materials from readily available 
feedstocks (alkenes, H2, CO, and ammonium), with selectivities that have not been achieved with 
transition-metal catalysts. 
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Fig. 3.4 Alanine recycling cascade for the transamination of linear aldehydes. 

Manske, J. L.; Nicolai, J.; Bloomer, B. J.; Clark, D. S.; Hartwig, J. F., A Chemoenzymatic 
Hydroaminomethylation Strategy for the Selective Synthesis of Linear Primary Amines from 
Olefins by Sequential and Tandem Processes.  ACS Catal. 2024, 14, 14356–14362. DOI 
10.1021/acscatal.4c03770. 

3.3 Operando HERFD X-ray Absorption Spectroscopy of Evolving Cu Nanoparticle 
Electrocatalysts for the CO2 Reduction Reaction 

The Yang group has recently shown that Cu nanoparticles that catalyze the electrochemical 
reduction of CO2 evolve into nanograins that become more active. This strongly suggests that the 
surface density of active sites on nanoparticle catalysts might be further increased by using smaller 
building blocks.  However, only recently have techniques emerged that enable sensitive 
spectroscopic data collection to distinguish catalytically relevant surface sites from the underlying 
bulk material under applied potential in the presence of an electrolyte layer. We have recently 
demonstrated that operando high-energy-resolution fluorescence detected X-ray absorption 
spectroscopy (HERFD-XAS) is a powerful spectroscopic method which offers critical surface 
chemistry insights in CO2 electroreduction with sub-electronvolt energy resolution using hard X-
rays. 

Fig. 3.5. Schematic depicting operando HERFD-XAS experiments during electrochemical CO2 
reduction. 
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 Combined with the high surface area-to-volume ratio of 5 nm copper nanoparticles, operando 
HERFD-XAS has allowed us to observe, with clear evidence, the breaking of chemical bonds in a 
ligand desorption process between the surface ligands and the Cu surfaces of nanoparticles 
occurring under electrochemical potentials relevant for the CO2 reduction reaction (CO2RR). In 
addition, the dynamic evolution of oxidation state and coordination number throughout the 
operation of the nanocatalyst can be continuously tracked by this HERFD-XAS method. With these 
results in hand, undercoordinated metallic copper nanograins are proposed to be the real active sites 
in the CO2RR with these systems. This work emphasizes the importance of HERFD-XAS 
compared to routine XAS in catalyst characterization and mechanism exploration, especially in the 
complicated electrochemical CO2RR.  We foresee that this research should enable the design of 
both next-generation molecular complexes as building blocks to generate active sites for selective 
CO2 reduction and catalyst activities that are precisely correlated to the nature of the active sites, 
rather than the structure of the underlying, inactive bulk 

Fig. 3.6. Operando HERFD-XANES characterization. (a) Overview of the XANES region showing 
the changing spectra with time. The dashed line shows the metallic feature around 9002 eV. (b) 
Magnification of the edge region showing reduction from Cu2O to metallic Cu. The dashed green 
vertical lines indicate the linear combination fitting range. (c) Magnification of the ligand feature 
near 8977.2 eV, showing its fast decrease and eventual disappearance. (d) Results of the linear 
combination fitting, showing that the oxide catalyst is significantly reduced after just 30 min and 
fully metallic after 60 min of operation. 
Feijóo, J.; Yang, Y.; Fonseca Guzman, M.; Vargas, A.; Chen, C.; Pollock, C.; Yang, P., Operando 
High-Energy-Resolution X-ray Spectroscopy of Evolving Cu Nanoparticle Electrocatalysts for 
CO2 Reduction. J. Am. Chem. Soc. 2023, 145 (37), 20208–20213. DOI 10.1021/jacs.3c08182.  
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RECENT PROGRESS 

The overarching goal of this program is to understand how to control the catalytic activity, selectivity and 
stability in the activation and conversion of C=O and C-H bonds, and C-C coupling reactions based on C1 
molecules through tuning the local environment around the active sites on the surface and at the metal-
oxide interfaces involving complex oxides. To address our program overarching goal and the science 
challenges in converting C1 feedstocks (CO2, CH4) into coupling products, we organize our research into 
two thrusts and a theory crosscutting thrust. Thrust 1 aims to understand how to efficiently activate C=O 
bond and promote C-C coupling in CO2 hydrogenation through tuning the geometric and electronic local 
structures of supported metal catalysts. Thrust 2 aims to mechanistically understand how to efficiently 
activate both C=O and C-H bonds in CO2 and CH4 and promote C-C coupling through tuning the 
configurational entropic (via high entropy oxides) and electronic local environment of active centers on the 
surfaces and at the interfaces of defined catalysts. The Crosscutting Thrust pursues to use advanced theory 
and simulation enhanced through artificial intelligence and machine learning to establish general principles 
on how to control C-C coupling reaction pathways and delineate the dynamic role of catalysts and supports 
in complex reactive environments.    

In the following, we summarize our past research accomplishments into two sections: Part 1. tuning local 
environment of catalytic sites to impact hydrogenation reactions including CO2 and other model unsaturated 
compounds, and Part 2. tuning local environment of catalytic sites to impact C-H and C=O bond activation 
and conversion in methane combustion and dry reforming of methane (DRM).  

Part 1. Tuning local environment of catalytic sites to impact hydrogenation reactions 

A. Controlling local electronic environment to enhance hydrogenation catalysis from anion sites tuning  

A1. N2 hydrogenation and acetylene semi-hydrogenation over BaTiO2.5H0.5   To reveal the role of lattice 
hydrides in hydrogenation reactions, we used first-principles density functional theory (DFT), coupled with 
microkinetic modeling, to investigate the reaction 
mechanisms of ammonia synthesis and acetylene 
semi-hydrogenation on a prototypical perovskite 
oxyhydride (POH), BaTiO2.5H0.5 (BTOH).23,43 
Taking acetylene hydrogenation as an example, two 
different mechanisms are examined on a 
representative surface of BTOH under the reaction 
conditions.43 Although both are based on the 
Horiuti-Polanyi mechanism, the way that H2 is 
activated is different. In mechanism a, a lattice 
hydride H atom and then a surface adsorbed H atom 

Fig 1. Mechanistic overview of acetylene 
hydrogenation over a BTOH surface.  
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sequentially hydrogenate the adsorbed acetylene. In mechanism b, two lattice hydride H atoms from the 
BTOH sequentially hydrogenate the adsorbed acetylene. In both mechanisms, the H atoms are replenished 
from gas phase H2 dissociation (Fig 1). A selectivity analysis for the temperature range of 373 – 673 K 
shows that the product observed is essentially only ethylene. This work shows the potential of using lattice 
hydrides for selective hydrogenation, further demonstrated for CO2 hydrogenation to methanol below.  

A2. CO2 hydrogenation to methanol promoted by lattice hydrides    Based upon our DFT studies of 
hydrogenation reactions over BTOH illustrated above, we utilized POH as a support for Cu NPs in CO2 
hydrogenation to understand the catalytic role of lattice hydrides. We found  that the yield to methanol on 
Cu/BaTiO2.8H0.2 is about 3 times over Cu/BaTiO3 under the same 
reaction condition with similar selectivity to methanol.49 The 
contrast suggests that significant roles are played by the support 
hydrides in the reaction. Temperature programmed reaction and 
isotopic labelling studies indicate that BaTiO2.8H0.2 surface hydride 
species follow a Mars van Krevelen mechanism in CO2 
hydrogenation, promoting methanol production (Fig 2). High-
pressure steady-state isotopic transient kinetic analysis (SSITKA) 
studies suggest that Cu/BaTiO2.8H0.2 possesses both a higher density 
and more active and selective sites for methanol production 
compared to Cu/BaTiO3. An operando high-pressure diffuse 
reflectance infrared spectroscopy (DRIFTS)-SSITKA study shows 
that formate species are the major surface intermediates over both 
catalysts, and the subsequent hydrogenation steps of formate are 
likely rate-limiting. However, the catalytic reactivity of 
Cu/BaTiO2.8H0.2 towards the formate species is much higher than 
Cu/BaTiO3, likely due to the altered electronic structure of interface 
Cu sites by the hydrides in the support as validated by density functional theory (DFT) calculations. We are 
currently explore the role of lattice hydrides for promoting CO2 hydrogenation to C-C coupling products. 

B. Dynamic local interfacial sites for selective CO2 hydrogenation to methanol 
The reaction of CO2 hydrogenation to methanol has been intensively studied with the attempt to design 
active catalysts with high methanol selectivity. However, due to the high-pressure reaction condition, 
currently, there is still little knowledge on the nature of active sites, making it difficult to rationally design 
efficient catalysts. To reveal the status of working catalysts under high pressure reaction conditions, we 
combined multiple in situ and operando techniques including conventional and high energy resolution 
fluorescence detected X-ray absorption spectroscopy, environment electron microscopy, ambient pressure 
X-ray photoelectron spectroscopy, neutron and IR spectroscopy to study a model system - Cu/ceria in CO2 
hydrogenation. The combined results showed the correlated 
methanol formation with the increase of Ce3+ species which 
was associated with the reaction intermediate 
carbonates/formates. Neighboring with this Ce3+ species was 
the interfacial Cu sites, which weakly but dynamically 
interacted with ceria support under the reaction. Such 
dynamicity, most likely, was driven by the adsorption of 
reactants/intermediates and favors the formation of methanol 
(Fig. 3). This work provides insights into the nature of local 
active center/sites for the formation of methanol from CO2 
hydrogenation and methodologies for studying catalysts 
under realistic high pressure reaction conditions. With these, 
active structures/sites can be rationally designed for high 
pressure catalytic reactions beyond CO2 hydrogenation. 

Fig 2. The operation of both surface 
hydrogen and lattice hydrogen in 
hydrogenating CO2 to methanol over 
Cu/BaTiO2.8H0.2. 

 

Fig 3. A schematic showing the catalytic 
behavior of Cu/ceria for the reaction of CO2 
hydrogenation to methanol. Magenta ball 
represents accessible Cu site near active 
Ce3+ site and the green ball represents the 
accessible Cu site that is relatively electron 
rich and away from ceria support 
(unpublished work).  
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C. Stable and selective CO2 hydrogenation from cation sites tuning of high entropy oxides (HEOs) 

Utilizing the configurational entropic (it refers to the number 
of ways that atoms or molecules pack together in the host 
matrix. More disorder of a system and higher randomness of a 
structure with a lower Gibbs free energy can contribute to the 
stability of host structure at high temperatures (ΔG = H-TΔS)) 
stabilization effect in HEOs, we showed that exsoluted  metal 
species (surface segregated out of the bulk of the HEO) are 
extremely stably under demanding hydrogenation conditions 
such as reverse water gas shift reaction (RWGS).  Shown in 
Fig 4, CuFeCoNi alloy particles can be exsoluted from the 
HEO (Zr0.5(NiFeCuMnCo)0.5Ox) bulk structure upon 600°C 
H2 treatment and dissolved back in the structure upon 550°C 
in air.60 The entropic confinement effect from the HEO matrix 
endorses stable performance of the metal alloy for CO2 
hydrogenation selectively to CO at 400°C over 500hr, in sharp 
contrast to the severe deactivation by the ternary doped 
Zr0.5(MnCu)0.5Ox catalyst within 40hr. A similarly 
stabilization effect was also found in the RWGS reaction at 500°C over another HEO system 
(Co3MnNiCuZnOx).67 This unique entropic confinement effect will be capitalized to stabilize metal sites 
under harsh reaction conditions including C-C coupling reaction in CO2 hydrogenation at elevated 
pressures, and in the high temperature DRM reaction.  

D. H2 activation and hydrogenation with heterogeneous Frustrated Lewis Pairs (FLPs) 

Hydrogenation reactions promoted by earth-abundant non-metal catalysts under mild conditions is an 
attractive and challenging subject. In our recent work (Chen et al.),4 sterically hindered Lewis acid (“B” 
center) and Lewis base (“N” center) sites were anchored within the rigid lattice of highly crystalline 
hexagonal boron nitride (h-BN) scaffolds to form the so-called FLPs (Fig 5). The active sites were created 
via precision defect regulation during the molten-salt-involved (NaNH2 and NaBH4) h-BN construction 
procedure. The as-afforded h-BN scaffolds achieved highly efficient H2/D2 activation and dissociation 
under ambient pressure via FLP-like behavior. Attractive catalytic efficiency in styrene hydrogenation 
reaction over the FLP BN catalyst far surpassed the 
current heterogeneous analogues such as bulk BN 
where little defects are present, underscoring the 
importance of precision regulation of the defect types 
in the h-BN skeleton. Extension of this concept was 
recently advanced by the construction of B- and N-
enriched nanoporous π-conjugated networks (BN-
NCNs) FLPs which also showed promising 
hydrogenation performances in both gas phase 
hydrogenation of acetylene and liquid phase styrene 
hydrogenation.31 These results provide a promising 
approach to construct metal-free heterogeneous 
catalysts toward various hydrogenation reactions and 
potentially for the hydrogenation of CO2. 

 

Part 2. Tuning local environment of catalytic sites to impact C-H and C=O activation 

A. Boosting the C-H activation capability of single atoms by tailoring the local coordination environment    

Fig 4. A) schematics of the intelligent 
behavior of HEOs; B) stable performance 
of HEO-derived catalyst in RWGS 
reaction. 

A)

B)

Fig 5. FLP sites created in BN with excellent 
capacity in activating H2 and  catalyzing 
hydrogenation reactions including CO2. 
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Catalytic methane combustion is of importance not only for 
efficient energy production but also for reducing methane 
emission and removal of atmospheric methane. For this 
reaction, the challenge is the designing of active structures 
with reduced usage of critical element Pd. The goal of this 
work is to address the challeng and reveal how the local 
electronic structure and atomic structure of Pd atoms can be 
tuned to enhance C-H bond activation and thus methane 
combustion. We hypothesized that the strong interaction 
between Pd single atoms and ceria support needs to be 
manipulated for efficient C-H activation and methane 
conversion. In one study,44 we broke the strong Pd single 
atom-ceria support interaction by introducing defects on the 
surface of ceria support. The introduction of defects was 
achieved by a simple thermal pretreatment to ceria prior to 
Pd deposition. According to XAS, XPS and IR results, the activated Pd single atom at this site had oxygen-
deficient local structure and elongated interacting distance with ceria. These features facilitated the efficient 
conversion of methane compared to regular Pd SAs (Fig. 6). In another study,55 to disturb the stable Pd 
single atom-ceria support geometry, we tuned the distances of neighboring Pd single atoms, which was 
achieved by modifying the local electron density of Pd single atom sites on ceria support. We found that 
paring Pd single atom sites and controlling their interatomic distances could help further improve the C-H 
bond activation capability (Fig. 6). Specifically, our results showed that the turnover frequency (TOF) of 
the Pd2 structure with the Pd-Pd distance of 2.99 Å was higher than that of the Pd2 structure with the Pd-Pd 
distance of 2.75 Å. The TOF is at least 26 times that of ceria supported Pd single atoms, and 4 times that of 
ceria supported PdO nanoparticles.  The concept of tuning metal size in the range of single atoms to clusters 
could be exploited in CO2 hydrogenation to construct metal sites with different local environments to tune 
both activity and selectivity. 

B. Controlling C-H bond activation via tuning the cation sites in complex oxides     

Understanding how the change of cations in complex oxides impacts the ability in C-H bond activation can 
help to develop more efficient CH4 conversion catalysts. However, the surface reconstruction of complex 
oxides made it complicated due to dynamic behavior in surface composition changes of the oxides under 
difference conditions. Our latest work20 
presents a detailed kinetic analysis of 
catalytic CH4 combustion over a set of 
seven perovskites (SrTiO3, SrZrO3, 
SrFeO3, LaFeO3, LaInO3, LaCoO3, 
LaMnO3) with various surface 
terminations (Fig 7). Steady-state isotopic 
transient kinetic analysis was employed to 
measure turnover frequency (TOF) and 
density of surface intermediates (N) under 
operando conditions. Top surface 
characterization elucidated performance-
structure relationships between near-
monolayer surface composition and 
intrinsic reactivity of the catalysts. In 
general, surface reconstruction is shown 
as a tool to tune TOF and N to improve 
reaction rates, a concept that could be 

 

Fig 6. Temperature dependent methane 
conversion over ceria supported different Pd 
structures from Pd SAC to dimers. 

 
Fig 7. CH4 combustion rate (in TOF) and the number of surface 
intermediates as well as CO2 production rate vary several times 
over the same LaFeO3 perovskite but with varying surface 
composition through different chemical treatments. 
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utilized in our future studies of HEOs for DRM and CO2 hydrogenation.  

C. Achieving stable activity in dry reforming of methane (DRM) via tuning metal-support interactions  

Two major challenges in DRM are metal sintering and coke formation under harsh reaction conditions. We 
postulate that both challenges can be addressed via tuning metal-support interactions and utilized two 
approaches: harnessing the confinement of active sites in zeolite supports, or leveraging the moderate 
configurational entropy of a solid oxide solution. Both approaches can stabilize  active sites (clusters or 
nanoparticles) to limit sintering. Limiting sintering of active sites can also decelerate coking. 

In the first approach, through a solid-state grinding protocol, we anchor highly dispersed Ni2+ sites onto 
dealuminated Beta (dBeta) zeolite support. Dealumination of the Beta zeolite created Al-vacancies where 
Ni can be substituted. Notably, the dispersion and Ni-zeolite interaction can be precisely controlled by 
adjusting the airflow during calcination, allowing for tunable metal dispersion ranging from NPs to isolated 
sites within the framework. By combining in situ XAS and ab initio simulations, it is elucidated that the 
efficient removal of byproducts during catalyst synthesis conduced to strengthened Ni-Si interactions that 
suppress coking and sintering after 100 h of time-on-stream (TOS) during DRM at 650 °C.56 A combination 
of IR spectroscopy, XAS, and microscopy allowed us to characterize the dispersion of the synthesized Ni 
species and their interaction with the support. Structure-performance correlations demonstrated that the 
finely tuned synthesis method leads to catalysts with significantly enhanced stability during DRM. 
Interestingly, transient isotopic kinetic studies showed that metallic Ni sites in NPs have higher TOF than 
those on dispersed sites (clusters), explaining the observed macroscopic conversion of reactants (Fig 8). 
This work constructs fundamental understanding regarding the implication of facile synthesis protocols on 
metal-support interaction in zeolite-supported Ni sites, and it lays needed foundations on how these 
interactions can be tuned for outstanding DRM performance. 

In the second approach, we envisioned a solid oxide solution catalyst where 4 elements were included 
(NiMgCuZnOx). The four components of the solid solution were chosen based on the following 
considerations: Ni-Mg based catalysts are promising combinations in DRM; Cu and Zn are metal dopants 
to enhance activation of CO2, inhibit CH4 decomposition, and improve carbon deposition resistance; Ni, 
Mg, Cu and Zn possess similar ionic radii, which facilitates the formation of a homogeneous solid solution 
and aids the structural stability of the catalyst. An equimolar precursor mixture of Ni, Mg, Cu and Zn salts 
was deployed to provide a system with moderate configurational entropy, allowing for the moderate 
exsolution of active sites. Exsolution of NiCu bimetallic active sites occurred under the reductive DRM 
conditions due to their redox nature, different from Mg and Zn. Interestingly, the coke/surface interactions 
are sufficiently weak to promote continuous detachment of coke from the surface, thus preventing catalyst 

 
Fig 8. (A) Different flow conditions for removal of synthesis byproducts lead to (B) different stability during 
DRM at 650 °C of Ni/dBeta catalysts. 
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deactivation. The 
catalyst exhibited 
remarkably stable 
performance during 
DRM at 800 °C, 
showing minimal 
deactivation for 
120 h of TOS. The 
approach presented 
here shows tuned 
stability of a solid 
solution to exsolute 
tightly anchored 
nanoparticles that 
provide stable 
active sites for 
DRM (Fig 9). 

D. Revealing surface composition/reconstruction of HEOs with advanced electron microscopy     

It remains a challenge in understanding the surface composition and structure of HEOs. Taking advantage 
of the advanced STEM imaging and spectroscopy techniques in combination with DFT, we recently 
investigated the atomic-scale structural and chemical responses of a model HEO (CeYLaHfTiZrOx) to 
different high-temperature redox environments.50 The HEO particle bulk shows pseudorandom two-phase 
structure with a significant ability to accommodate oxygen vacancies, whereas the surface and subsurface 
layers exhibit dynamic elemental and structural reconstructions under different gas environments (shown 
in Fig 10 as an example of the pristine HEO). The atomic arrangements and elemental distributions revealed 
in this study can serve as direct structural inputs for DFT calculations and guide the design of more efficient 
catalysts to take advantage of the dynamic surface structure of HEOs, which will be employed as a unique 
approach in our research in studying the structure of complex oxide-based catalysts.  

 

 

Fig 10. Atomic STEM analysis of the surface crystal structure and elemental distribution of a pristine HEO 
particle. a) HAADF-STEM analysis at the very edge of the particle in [110] zone axis and corresponding atomic 
STEM-EDX maps of Ce, Y, La, Hf, Ti and Zr. b) Line profiles of the EDX maps across the surface atom layers 
as indicated by the yellow arrow. Scale bar 2nm. 

 

Fig 9. (A) 4-component solid solution (NiMgCuZnOx) shows greater stability during 
DRM at 800 °C when compared with 3-component counterpart. (B) As-synthesized solid 
solution shows homogeneous distribution of metals. (C) Spent catalyst after DRM shows 
exsoluted NiCu nanoparticles. (unpublished work) 

(B)

(C)
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Presentation Abstract 

 
The central goal of this Basic Energy Sciences (BES) Catalysis Sciences research program is 

to bridge heterogeneous catalysis, homogeneous catalysis and surface science in designing 
catalytic pathways. It is focused on advancing knowledge based design of catalytic reactions by 
tailoring active centers and the covalently and weakly bound environment. Emphasizing the rate 
acceleration of C-C and C-H bond formation and C-O bond cleavage, the program employs both 
acid-base and metal-based sites. It is structured in two central tasks: (i) design the intrinsic 
reactivity of catalytic sites and their environments via chemical specificity, nuclearity, and state, 
including spatial constraints and functionalization, and (ii) to enhance the reactivity by adjusting 
the excess chemical potential of substrates and intermediates via solvents and external electric 
potential. These tasks are interconnected by a crosscutting subtask, which integrates computational 
catalysis to lead and complement experimental efforts. We aim to achieve three goals. The first 
goal is to delineate how mobile and bound functionalities of catalytic sites influence the 
thermodynamics of initial and the transition states. Our second goal is to expand the unilateral 
description of the impact of the catalyst on the substrate toward quantifying their mutual impact 
including also solvents, and external electric potential. The third goal is aspirational and focuses 
on developing a set of tools to derive common quantifiable parameters to enable rapid kinetic and 
computational modeling, considering both the adapting thermodynamic states of catalysts and 
reactants.  

 
FWP 47319: Advancing key catalytic reaction steps for achieving carbon neutrality 
 
PI: Johannes Lercher 
Co-PIs: Aaron M. Appel, Liney Arnadottir (Oregon State U.), David A. Dixon (U. Alabama), 
Zdenek Dohnalek,  John L. Fulton, Bojana Ginovska,  Jian Zi Hu,  Abhi J. Karkamkar,  Bruce D.
 Kay,  Konstantin Khivantsev, Sungmin Kim, Greg A. Kimmel, Libor Kovarik,  
ThuyThanh D. Le, Mal Soon Lee, Johannes A. Lercher, John C. Linehan, Zbynek Novotny, 
Simone Raugei, Udishnu Sanyal, Gregory K. Schenter, Wendy J. Shaw, Honghong Shi, Janos 
Szanyi, Ba L. Tran, Huamin Wang, Yong Wang, Nancy M. Washton, Eric S. Wiedner 

 
 
 

163



RECENT PROGRESS 
Insights into acetic acid binding and ketene formation on anatase. Understanding the adsorption 
and reactivity of carboxylic acids on oxide surfaces is of great interest in catalysis for biomass 
upgrading via ketonization, a carbon-carbon coupling reaction. Formate, the simplest carboxylate, 
is one of the key intermediates in CO2 hydrogenation. We investigated acetic acid1 adsorption and 
reaction on anatase TiO2(101) using scanning tunneling microscopy (STM), infrared reflection-
absorption spectroscopy (IRRAS), temperature-programmed desorption (TPD), and density 
functional theory (DFT) 
calculations. In the studies of 
acetic acid, we identified two 
surface intermediates: (1) 
dissociated, bidentate acetate 
with an associated bridging 
hydroxyl, and (2) molecular, 
monodentate acetic acid 
(Figure 1). Hydroxyl species 
play a critical role in the 
diffusion of acetate species, as 
established by AIMD 
simulations of propanol dimer 
and trimer formation and MD 
(TD-DFT) XANES spectra 
simulations, which show how 
changes in the pre-edge are 
related to changes in the 
symmetry of the Al T-site due to the propanol interactions. The coexistence of ordered phases with 
increasing monolayer (ML) saturation coverages consisting of (1) pure acetate (0.5 ML), (2) mixed 
acetate/acetic acid (0.67 ML), (3) mixed acetate/acetic acid (1.0 ML), and (4) pure acetic acid 
demonstrates similar energetics for both acetate and acetic acid species.  
Under ultra-high-vacuum conditions, monodentate acetic acid and bidentate acetate were observed 
below room temperature, while only bidentate acetate was observed up to 575 K. The 
deprotonation of acetic acid produces water at 280 K. In contrast, further decomposition of 
bidentate acetate produces ketene and acetic acid at 645 K. This model study provided insight into 
the stability and reactivity of carboxylic acid surface-bound intermediates, relevant to ketonization 
for biomass upgrading.  

ZnOx on TiO2: Effects of TiO2 facets on catalytic activity of acetone to isobutene. C-C coupling 
of carbonyl compounds cooperated with self-deoxygenation form chemicals with more carbon and 
fewer oxygen atoms, which provides a strategy for increasing energy density in upgrading 
abundant biomass-derived feedstocks. Catalysts, such as ZnxTiyOz and ZnxZryOz, with balanced 
Lewis acidity and basicity from the close interaction of Zn and Ti or Zr sites, are well suited for 
efficient conversion of oxygenates, such as acetone, to hydrocarbons, such as isobutene. However, 
these mixed metal oxides present a high degree of structural heterogeneity, making it difficult to 
study the nature of active sites at the molecular level. Here, we leverage our well-defined faceted 
TiO2 nanocrystals with further addition of second metal oxides that have well-controlled structures 
to determine mechanistic aspects in deoxygenation and C-C coupling reactions. Specifically, 

 
Figure 1.  Left: STM images after the adsorption of 0.04 ML of acetic acid 
on anatase TiO2(101) at 80 K. Isolated and paired features are observed due 
to a mixture of monomers and hydrogen-bonded dimers in the gas phase. 
Smooth (orange) species are assigned to bidentate acetate and fuzzy (green) 
molecularly bound acetic acid. Right: P-polarized IRRAS spectra from 0.27 
ML of CD3COOD adsorbed on anatase TiO2(101) at 100 K exhibit 
vibrational signatures of both deprotonated acetate (orange) and molecularly 
bound acetic acid (green). 
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anatase TiO2(101) and (001) were synthesized and ZnxTiyOz 
samples with uniformly dispersed ZnOx were prepared by 
liquid-phase chemical grafting. The obtained materials were 
evaluated for acetone-to-isobutene reactions and 
characterized for their physicochemical properties. It was 
found (Figure 2) that over TiO2(001), both terminal and 
bridging hydroxyls were readily titrated by Zn deposition, 
whereas a substantial number of bridging hydroxyls on 
TiO2(101) remained. Although a dominant Zn-O-terminated 
surface was obtained on two ZnxTiyOz samples, bridging 
hydroxyls with greater H–D exchange reactivity were 
observed on ZnxTiyOz(101) compared with ZnxTiyOz(001). 
The bridging hydroxyls showing rapid proton transfer 
efficiently stabilize a transition state of diacetone alcohol 
intramolecular rearrangement for isobutene production as 
opposed to diacetone alcohol dehydration. 

Tuning the coordination environment of single atoms: the 
effects of bulk and surface Mo doping on CO2 
hydrogenation over Pd/anatase-TiO2. We investigated how 
doping anatase TiO2 with Mo affects supported Pd catalysts, 
differentiating the roles of bulk and surface Mo species. Mo 

was either added to the hydrolysis solution (to form TiO2) or impregnated onto TiO2 in a second 
step. For the former, most Mo atoms are expected to be in the TiO2 bulk and for the latter, most 
Mo are expected to stay on the TiO2 surface. The CO production (rWGS) rate (left panel of Figure 
3) per total Pd increases with bulk Mo (red) concentration until 0.8 wt% and then decreases. In 
contrast, surface Mo (blue) doping does not significantly alter the rWGS rate. STEM images reveal 
that the average size of Pd particles on bulk Mo-doped TiO2 is smaller than the ones on non-doped 
Pd/TiO2. As a result, the former has a two-fold fraction of peripheral active sites, accounting for 
the two-fold per-total-Pd rWGS rate.  

The CH4 production (right panel of Figure 3) 
rate per total Pd decreases significantly with 
increasing Mo concentration. This effect is 
more prominent with surface than bulk Mo, 
implying that it is a short-range effect. The 
results of our combined kinetic and 
spectroscopy (FTIR, XAS, XPS) data 
demonstrated two effects of Mo doping on 
Pd/TiO2 catalysts: (1) an electronic effect 
related to increased electron density on Pd, 
which weakens *CO and *H adsorption and 
thus suppresses CO2 methanation, and (2) a 
structural effect related to increased Pd 

dispersion, which increases the fraction of peripheral Pd sites and thus promotes the rWGS. The 
higher surface reducibility is expected to facilitate cleavage of the Pd−O interface, thus creating 

 

Figure 2. (a) Temperature dependence 
of measured isobutene formation rate 
over ZnxTiyOz catalysts. (b) DRIFTS-
OH of TiO2, ZnxTiyOz, and ZnO. 

 
Figure 3. Effects of Mo doping on anatase TiO2 on the 
kinetics of CO2 hydrogenation over supported 2% Pd at 
250 °C. Variations in the per-total-Pd CO (rWGS) (left) 
and CH4 (methanation) (right) production rates with Mo 
concentration. 
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the active form of peripheral sites under reaction conditions. The ability of bulk Mo6+ substitution 
to help maintain Pd dispersion enhances catalyst stability.  

Atomistically defined sulfide clusters in zeolites as active centers for alkene hydrogenation. 
Supercages of faujasite-type zeolites serve as 
robust scaffolds for stabilizing dinuclear 
(Mo2S4) and tetranuclear (Mo4S4) 
molybdenum sulfide clusters. Both clusters 
have one unpaired electron per Mo atom and 
show identical catalytic activity per sulfide 
cluster. The clusters bind hydrogen as hydride 
on Mo atoms. Introducing Ni2+ and Co2+ into 
the zeolite matrix led to a new type of dimeric 
cluster (Figure 4). The activation of H2 is 
strongly influenced by the presence of the 
second transition metal. Unlike monometallic 
Mo2S4 clusters, the bimetallic transition metal 
sulfide clusters bind hydrogen as –SH groups 
on the bridging sulfur atoms. DFT 
calculations also show that the formation of –
SH via dissociative adsorption of H2 is 
thermodynamically and kinetically favorable 
in the bimetallic clusters. Ethene hydrogenation is concluded to proceed via an Eley-Rideal type 
mechanism, wherein physisorbed ethene reacts with the dissociatively adsorbed hydrogen to form 
ethane. While maintaining the apparent activation energy, the overall turnover frequency of ethene 
hydrogenation is at least three times higher on the bimetallic clusters. This higher rate is attributed 
to the heterolytic H2 adsorption and the associated higher concentration of H*. 

Controlling nuclearity and geometry at Cu(I) active sites for unactivated alkene hydrogenation.  
We incorporated proximal and remote steric bulk 
for the isolation of an elusive CuH monomer in our 
effort for rational design of monodentate N-
heterocyclic carbene (NHC). Detailed QM/MM 
simulations have been performed to understand the 
role of steric properties of the NHC ligands on 
short-distance contacts and solvation to disfavor 
Cu2H2 dimer formation. The linear (NHC)CuH 
monomer can insert unactivated cyclic internal 
alkenes, and the linear Cu-alkyl complexes do not 
undergo hydrogenolysis to regenerate CuH (Figure 
5).  We have now achieved reactivity with H2 at a 
trigonal planar Cu-alkyl complex supported by a 
newly designed biscarbene ligand, retaining similar 
proximal and remote steric bulk, to release 
cyclopentyl and regenerate the Cu-H species 
(Figure 5). These observations have led to 

 
Figure 4. A schematic representation of dissociative 
adsorption of H2 on (a) monometallic MoS as hydrides and 
(b) bimetallic NiMoS forming –SH groups, followed by 
hydrogenation of ethene to ethane. (b) Arrhenius plots on 
representative MoS and NiMoS catalysts. The dashed lines 
are linear fits, and the reported numbers are apparent 
activation energies in kJ∙mol–1. 

 
Figure 5. Designing new ligands that contain 
proximal and remote steric bulk to control 
nuclearity for isolating transient Cu-H monomers. 
The resulting linear and trigonal planar Cu(I)-alkyl 
complexes, from alkene insertion into the Cu-H 
bond, display unexpected contrast toward H2 for 
catalytic alkene hydrogenation.  

A) Identifying CuH monomers that can activate H2 for catalysis
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preliminary studies of CuH-catalyzed hydrogenation of unactivated terminal and internal alkenes. 

Impact of charge both adjacent to and remote from the active site on the reactivity. Previous 
work showed that positioning a positive charge in the 
protein scaffold close to the active site of 
[Rh(PEt2NglyPEt2)2]+ in an artificial enzyme could 
enhance the catalytic activity. We continue to 
investigate the mechanistic effect of charge on the 
catalytic activity by introducing negatively charged 
residues in the secondary and outer coordination 
spheres. We found that placing a negative charge in the 
secondary or outer coordination sphere can reduce the 
activity by as much as two times. Adding a positive 
charge to the negatively charged variants in the 
secondary coordination sphere restores the catalytic 
activity, negating the effect of the negative charge 
(Figure 6). Using vibrational and NMR spectroscopy, 
we observed minimal changes in the electronic density 
at the rhodium center of a series of either positive or 
negatively charged functional groups in the secondary 
sphere (Figure 6, inset). These data demonstrate that 
the enhancement in the catalytic activity is likely not 
due to modulation of the electronic structure, and the 
interdependence of the positive and negative charges is 

more consistent with a role such as CO2 positioning. 

Ionic environment in zeolite pores enhancing the reactivity for the C–O elimination reaction in 
alcohol dehydration. The strongly ionic environment in zeolite crystallites, arising from hydrated 
hydronium ions and the negatively charged aluminum tetrahedra, stabilizes the cationic transition 
state, thereby decreasing the reaction barrier and enhancing the reaction rate. The ionic strength 
influences the reaction rate in the dehydration of substituted cyclic alcohols of 4-
methylcyclohexanol and cis-2-methylcyclohexanol following the E1 (stepwise) and E2 
(concerted) C–O elimination mechanisms (Figure 7). The dehydration rate responds to the ionic 

strength and is independent of the 
C–O elimination mechanism. The 
strong repulsions when the void 
space between neighboring 
hydronium ions falls below the 
critical distance of 0.4 nm for H-
MFI leads to the reorganization of 
the ion pairs in the pore, leading to 
a volcano-like variation in the 
reaction rate versus the ionic 
strength. We conclude that the 
negative impact of a high density of 
hydrated hydronium ions results 

 
Figure 6. Negatively charged functional groups in 
the secondary or outer coordination spheres for 
the hydrogenation of CO2 to formate can slow 
activity, as hypothesized. (Inset) Fourier 
transform IR spectra for a series of variants with 
negative or positive charge indicate that the 
electronic properties at the metal stay the same.  

 
Figure 7. Dehydration mechanisms of 4-methylcyclohexanol (E1, 
stepwise) and cis-2-methylcyclohexanol (E2, concerted), and the 
turnover frequency of dehydration as a function of the ionic strength. 
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from the required local reorganization and the enhanced charge separation.  

Effects of the open-circuit potential (OCP) and H3O+ at the metal surface and outer Helmholtz 
plane on free-energy barrier for hydrogenolysis.  
The OCP established by the quasi-equilibrated electrode reaction of H2 and hydrated H3O+ has 
significant effect on reactivity. For the hydrogenolysis of benzylic alcohol on Pd/C, the reaction 
follows a pathway of protonated benzyl alcohol dehydration to a benzylic carbenium ion, followed 
by a hydride addition to form toluene. The dehydration of protonated benzyl alcohol is kinetically 
relevant, as it is enhanced at a 
lower pH, i.e., the 
hydrogenolysis rate increases by 
2–3 orders of magnitude as the 
pH decreases from 7 to 0.6. The 
OCP stabilizes all cationic 
species in the elementary steps. 
The initial state (benzyl alcohol 
oxonium ion) is less stabilized 
than the dehydration transition 
state and the product (benzylic 
carbenium), thus lowering the 
free-energy barrier of the rate-
determining step (Figure 8).  
 
Development of realistic computational slab models for complex oxides.  
Oxides containing ferromagnetic elements, such as Fe, Ni, and Co, present unique challenges in 
modeling metal oxide surfaces, and are attracting a growing interest for their potential application 
to catalytic processes with improved performance. We 
investigated computational Fe3O4 slab structures based 
on experimental structures, proposed computational 
models, and developed a strategic slab relaxation 
procedure to identify a stable minima. The slab 
configuration dictates the overall slab dipoles and the 
effect of the total slab multiplicity, all of which affect the 
surface energetics, electron structure, active site, and, 
predicted reactivity. Figure 9 shows three different slab 
configurations for reconstructed Fe3O4 surfaces: 
tetrahedral and octahedral termination from previous 
work and our proposed symmetric configuration. In our 
calculations, the symmetric slab structure has the lowest 
dipole moment but could require more oxide layers to 
describe the bulk structure between the two surfaces 
properly. The method of obtaining these slab structures 
affects both the total energy and stability, but minor 
relaxations can significantly affect the total energy of the 
system, leading to misleading trends in reactivity.  

 
Figure 8. The reaction steps of benzyl alcohol hydrogenolysis between 
the Pd surface and the Helmholtz plane with the potential profiles as a 
function of distance from the Pd surface. Standard chemical potential 
profiles of the initial and transition states under low and high electric 
potentials. 

 
Figure 9. Three different minima slab 
configurations for a reconstructed Fe3O4 
surface and their dipole moments in the Z-
direction. The octahedral-terminated and 
mirrored slabs have lower dipole moments in 
the Z-direction. 
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Presentation Abstract 

 
Understanding how electrocatalysts evolve under reaction conditions is key to designing 
and developing improved systems. This contribution will focus on the dynamics of surface 
transformations for electrocatalysts for two key energy-conversion reactions, the oxygen 
reduction reaction (ORR) and the oxygen evolution reaction (OER). The focus will be on 
non-precious metal catalyst systems based on manganese-antimony mixed metal oxides, 
sulfides, and nitrides. Upon synthesizing crystalline powder catalysts systematically across 
a range of compositions, we evaluated their activity and selectivity performance along with 
durability. Two key methods that will be discussed are in-situ/operando X-ray absorption 
spectroscopy (XAS) and in-situ/operando inductively coupled plasma – mass spectrometry 
(ICP-MS). The former provides key insights into how the catalysts evolve during reaction 
while the latter captures catalyst corrosion and other related durability phenomena. The 
development of these techniques and their application to non-precious metal 
electrocatalysts provide new insights into understanding activity, selectivity, and durability.  
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RECENT PROGRESS 

 
Task 1: Catalysis Data Science and Computational Infrastructure 
Current catalyst search or design studies have been highly successful in finding new 
catalyst leads for a number of reactions based on few simulations on mostly static surfaces. 
However, it would be strongly desirable if we were able to accurately investigate orders of 
magnitude more systems in a design study than we currently and to capture the effects of 
the dynamic evolution of the catalyst on catalytic performance. This will allow us to 
investigate reaction networks of a more realistic complexity, and in particular to carry out 
such an analysis over many (thousands to millions) of facet structures and material 
compositions in parallel. It will also open for the possibility of utilizing a range of more 
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advanced approaches for calculating free energy contributions to the surface reaction 
energetics. Such a big-data revolution will soon occur in the computational catalysis field, 
provided we establish the enabling technologies. This will require a transformation in the 
way we create and manage simulations, and in the way we featurize the simulations for 
machine learning purposes. It will transform the way we perform analysis of data and it 
will deepen the scientific questions that we can address based on simulations. In this Task 
we aim to lay a foundation for this future - radically more data-rich - computational 
heterogeneous catalysis and electrocatalysis approach.  
 
In FY2024, we have focused our efforts on model development and benchmarking for 
predictions on heterogeneous catalytic reactions energies and performance in general. We 
have developed machine learning models for the prediction of practical supported 
electrocatalyst performance based on an integration of computational and experimental 
catalysis data from our database catalysis-hub.org. In collaboration with efforts in 
fundamental electrocatalysis, new performant ORR catalysts suggested by the models were 
successfully tested. We extended our work on predicting O and OH adsorption energies on 
transition metal oxide interfaces from DFT-computed electronic and structural bulk oxide 
predictors improving predictions across transition metal oxidation states from +2 to +6. 
We have benchmarked advanced machine learning approaches for the performance on 
predicting reaction energies and bulk properties of transition metal catalysts. We have 
furthermore developed models for parasitic, polaron-mediated electron transport in solid-
state electrolytes. As contribution to research software for the catalysis community, we 
have published a new microkinetic modeling code with improved numerical stability and 
the resulting abilities to deal with more involved reactions models including those 
involving adsorbate-adsorbate interactions.  
 
Task 2: Fundamentals of Electrochemistry 
A combined theory and experiment approach is employed to investigate the fundamentals 
of electrocatalysis. Theory is aimed at understanding the key properties of electrocatalysts 
(e.g. electronic structure, geometric structure, etc.) that govern performance, e.g. activity, 
selectivity, and stability. Computational efforts are also focused on the electrolyte and how 
factors of the solid-liquid interface influence reactivity. Experimental efforts are focused 
on synthesis, characterization, and evaluations of catalysts, employing a range of 
electrolytes and reaction conditions, strongly coupled to the theoretical tasks. Fundamental 
studies identifying active site motifs and mechanisms and establishing kinetics are core to 
the program. In situ and operando investigations play a key role in understanding the 
structure and properties of the catalysts under operating conditions. Novel catalyst 
synthesis routes are also a key feature as is the use of spectroscopy and microscopy 
techniques for catalyst characterization. A tightly coupled theory-experiment feedback 
loop for catalyst discovery is one of the main defining features of the effort. 
 
A substantial number of studies in FY2024 were focused on carbon-based catalyst 
materials. Carbon offers a broad platform for catalyst design and development, both as a 
catalyst itself with tunable electronic structures by means of heteroatoms (e.g. boron, 
nitrogen, transition metals, etc.) as well as a high surface area support for transition metal-
based nanoparticle catalysts. In highly collaborative efforts, we have systematically 
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explored computationally and experimentally two-dimensional phthalocyanine dual-site 
metal-organic framework catalysts for the oxygen reduction reaction (ORR) as well as Ti-
based single atoms carbon-based catalysts (SAC MNCs) for Nitrate reduction (NOxRR) 
and ORR. By synthesizing and exploiting electronic structural changes in these materials 
by means of single site incorporation of transition metals, we demonstrated how the activity, 
selectivity, and durability of these catalysts can be tuned. In parallel, we have furthered the 
synthesis and development of related high-surface area carbon-based materials are 
presenting new opportunities in catalysis. We are also developing a unified theory of 
boding of SAC MNCs across the period table and as function of local bonding, metal spin, 
and local strain effects and its effect on activity and stability.  
 
In complementary fashion, we have also been working on more conventional transition 
metal alloy-based ORR catalysts: We have also been exploring new fabrication techniques 
based on physical vapor deposition (PVD) to achieve ultra-low loadings of reduced 
precious-metal systems for ORR cathodes in fuel cells, based on ionomerless designs. 
These fundamental studies have led to unprecedented performance in fuel cells and offer 
exciting opportunities to advance the technology further. Catalyzing water oxidation 
remains a major effort in fundamental electro catalysis. Studies have largely been directed 
towards non-precious metal systems, including biogenic catalysts based on manganese as 
well as high-entropy spinel oxides based on Fe-Ni-Co-Cr-Mn and related mixed metal 
oxides such as doped spinels. Computational efforts remain essential in the pursuit and 
understanding of such systems. We have also continued looking into oxidations of organic 
alternatives to water, e.g. alcohols, to understand the catalyst as a function of reaction under 
similar applied potentials. Importantly, we have recently integrated fundamental 
investigations focused on physical and chemical phenomena occurring at the device-level 
within water electrolyzers aimed at understanding transport processes and controlling the 
reaction microenvironment. Finally, we have simultaneously been developing advanced 
techniques and subsequently employing them to advance catalysis research. This includes 
collaborations with efforts in data science approaches in catalysis to combine theory and 
experiment to predict new materials, as well as for in-situ and operando investigations of 
catalysts, including ATR-FTIR, synchrotron-based techniques (e.g. GI-XRD), as well as 
neutron reflectometry to study key energy conversion reactions at interfaces, particularly 
involving nitrogen reduction to ammonia. Those insights are providing the important 
scientific foundations needed to approach the design and development of higher-
performance nitrogen-reducing systems ahead.    
 
Task 3: Fundamentals of Thermal Catalysis 
An understanding of the breaking and making of chemical bonds at a solid surface is the 
starting point for any fundamental description of reactions at the solid-gas or solid-liquid 
interface. It is particularly important to understand which properties of the surface 
determine its chemical activity. The description and understanding of activation energies 
for elementary surface reactions and how it depends on the evolution of the active site and 
its surroundings under operation conditions is a prime focus of this task. In addition to 
activity of catalysts we also focus our attention on the loss of active surface area through 
either strong metal-support interactions or sintering. The ability to prevent such side-
reactions from happening would greatly enhance catalyst lifetimes and increase the 
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activity/mass ratio significantly. This task is divided into three general areas: 1) Towards 
site-specific reactivity/selectivity trends, 2) Controlling the dynamic evolution of catalysts, 
3) Designing catalysts beyond the binding site.  
 
In FY2024 we have focused a significant effort on controlling activity beyond the local 
binding site on a Pt catalyst for propane dehydrogenation. This reaction is important in the 
efficient production of propylene and increasing its activity and selectivity requires detailed 
engineering of its active site. In this collaborative work between theory and experiment we 
studied the effect of alloying Pt and Cu using colloidal techniques, combined with 
characterization, testing, and density functional theory to study how Cu content enhances 
the activity for propane dehydrogenation at low temperatures. This work has helped further 
our understanding of the structure-activity relationship and improved knowledge in 
propane dehydrogenation catalyst development featuring reduced Pt loadings and notable 
thermal stability for propylene production. Ongoing work focuses on understanding ZrO2 
supported Cu catalysts and their inverted systems for the conversion of CO2 and H2. This 
study has provided great insight into the importance of active site mobility and how it can 
be manipulated by system inversion. In a purely theoretical work, we have examined the 
possibility of applying the spatial nature of the calculated electrostatic potential in DFT to 
describe reactions in heterogeneous catalysis. Because of its subatomic spatial resolution, 
we can analyze both directionality and confinement effects in surface adsorption. The use 
of the electrostatic potential when assessing the 3D nature of catalytic sites provides a new 
avenue in catalyst design.  
 
Task 4: The Consortium for Operando and Advanced Catalyst Characterization via 
Electronic Spectroscopy and Structure (Co-Access) 

Co-ACCESS’s goals are to i) facilitate catalysis science research at the Stanford 
Synchrotron Radiation Lightsource (SSRL) through collaboration with user groups across 
the United States and internationally, ii) to develop hardware and methodologies for 
performing in-situ/operando catalysis X-ray experiments, and iii) to use X-ray absorption 
theory simulations to help understand the complex spectral changes observed due to the 
dynamic nature of working catalysts. Through these goals the Co-ACCESS members can 
assist researchers perform in-situ/operando thermal and electro heterogeneous catalysis X-
ray absorption spectroscopy experiments. These collaborations can be as simple as 
supplying equipment to an established user group to helping a new experimentalist from 
obtaining beamtime, experimental design and data collection, to data analysis and 
manuscript preparation. Based upon the current performance of the Co-ACCESS program 
at SSRL, SSRL in collaboration with Co-ACCESS has begun the construction of a 
Catalysis-centric characterization beamline, 10-2ES2, to centralize the majority of in-
situ/operando catalyst characterization at SSRL.    

In FY24 we have participated in several novel beamtimes such as: liquid phase XAS 
characterization of peptide-chelated lanthanides for rare earth element recovery (Smerigan, 
Penn. State) vapor phase dosing of water (Cargnello, Stanford) or hydrocarbons (Roman, 
MIT), high pressure CO2 conversion (Li, ORNL), and our first collaboration in supporting 
in-situ small angle X-ray scattering measurements (Accelerate Innovations FWP, SLAC). 
To continue engagement with our user community we host monthly office hours for 
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guidance and assistance on XAS analysis beyond our one-on-one meetings with specific 
groups. There has been an increase in overall attendance with users seeking advice on 
modelling the data they have collected both at SSRL and other synchrotrons. Outreach will 
continue in late FY24 as we host our “XAS bootcamp” a hands-on XAS short course for 
up to 10 collaborators/students/postdocs. In FY24 Co-ACCESS hosted a visiting professor, 
Dr. Alper Uzun (Koc University) on his sabbatical, and an SCGSR student, David 
Thompson (Univ. Arkansas). 
 
Co-ACCESS released two pieces of software to the greater XAS community. CatMASS, a 
XAS sample mass calculator for complex (catalyst) samples, is available on GibHub. 
CatXAS, an XAS workflow for in-situ/operando measurements that allows for XAS data 
processing, XANES analysis, and correlation of XAS data to simultaneously measured 
process parameters (LabVIEW/Potentiostat) and product analysis (Mass Spectrometer) is 
also available on GitHub. Hoffman continues to add functionality and offers training 
sessions to those interested in applying it for analysis of transient data collected at the 
beamline. Co-ACCESS co-developed batch and flow-through electrochemical cells to 
meet the needs of our user community in collaboration with Adam Holewinski (CU 
Boulder) and Ezra Clark (Penn. State). Vila, using DFT and XANES simulations supported 
multiple user groups to provide an understanding of their experimental data. Rachita Rana, 
the graduate student at UC Davis supported by Co-ACCESS, graduated. She developed the 
automated EXAFS analysis protocol, QuantEXAFS. The Co-ACCESS group has designed 
the process gas handling system for beamline 10-2 ES2 while SSRL works on the 
beamlines optics upgrade to deliver a quick-scanning XAS beamline for time-resolved 
catalyst characterization. The quick-scanning capability will allow for XAS spectra to be 
collected as fast as 50 ms/spectrum. The last components of the optics hardware are 
planned for install late FY24 with commissioning in FY25.  
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Presentation Abstract 

Establishing energy correlations among different metals can accelerate the discovery of 
efficient and cost-effective catalysts for complex reactions. Using a recently introduced 
coordination-based model, we can predict site specific metal binding energies (∆EM) that 
can be used as a descriptor for chemical reactions. In this study, we have examined a range 
of transition metals and found linear correlations between ∆EM which can be predicted 
through a simple parametrization scheme and adsorption energies of catalytically relevant 
intermediates at various coordination environment for all the considered metals. 
Interestingly, all the metals correlate with one another under specific surface site 
coordination, indicating that different metals are interrelated in a particular coordination 
environment. Furthermore, we have tested and verified for PtPd and PtIr-based alloys that 
they follow a similar behavior. Moreover, we have expanded the metal space by taking 
some early transition metals along with few s-block metals and shown a cyclic behavior of 
the adsorbate binding energy (∆EA) versus ∆EM. Therefore, ∆ECH and ∆EO can be 
efficiently interpolated between metals, alloys and inter-metallics based on information 
related to one metal only. This simplifies the process of screening new metal catalyst 
formulations and their reaction energies. 

Grant or FWP Number: SUNCAT-FWP 

PI: Thomas F. Jaramillo 
Postdoc(s): Shyama C. Mandal, Joakim Halldin Stenlid, Shikha Saini, Anshuman 
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RECENT PROGRESS 

An understanding of the breaking and making of chemical bonds at a solid surface is the 
starting point for any fundamental description of reactions at the solid-gas or solid-liquid 
interface. It is particularly important to understand which properties of the surface 
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determine its chemical activity. The description and understanding of activation energies 
for elementary surface reactions and how it depends on the evolution of the active site and 
its surroundings under operation conditions is a prime focus of this task. In addition to 
activity of catalysts we also focus our attention on the loss of active surface area through 
either strong metal-support interactions or sintering. The ability to prevent such side-
reactions from happening would greatly enhance catalyst lifetimes and increase the 
activity/mass ratio significantly. The thermal catalysis research focus has three general 
areas: Towards site-specific reactivity/selectivity trends, Controlling the dynamic 
evolution of catalysts, and Designing catalysts beyond the binding site.  
 
 
Pt alloys for active and stable propane dehydrogenation catalysts  
 
 
We have focused a significant effort on controlling activity beyond the local binding site 
on a Pt catalyst for propane dehydrogenation. This reaction is important in the efficient 
production of propylene and increasing its activity and selectivity requires detailed 
engineering of its active site.  

 
In this collaborative work between theory and experiment we studied the effect of alloying 
Pt and Cu using colloidal techniques, combined with characterization, testing, and density 
functional theory to study how Cu content enhances the activity for propane 
dehydrogenation at low temperatures. This work has helped further our understanding of 
the structure-activity relationship and improved knowledge in propane dehydrogenation 

206



catalyst development featuring reduced Pt loadings and notable thermal stability for 
propylene production.1  
 
 
 
Ongoing work focuses on understanding ZrO2 supported Cu catalysts and their inverted 
systems for the conversion of CO2 and H2. This study has provided great insight into the 
importance of active site mobility and how it can be manipulated by system inversion. In 
a purely theoretical work.  
In addition, we have examined the possibility of applying the spatial nature of the 
calculated electrostatic potential in DFT to describe reactions in heterogeneous catalysis. 
Because of its subatomic spatial resolution, we can analyse both directionality and 
confinement effects in surface adsorption. The use of the electrostatic potential when 
assessing the 3D nature of catalytic sites provides a new avenue in catalyst design.4  
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Poster Abstract 
Computational and theoretical research are a crucial part of the BES Catalysis core 
program at PNNL, aiming to provide detailed atomic-level understanding and predictive 
capabilities for catalytic processes in close collaborations with experimental efforts. To 
design models that better represent realistic catalytic conditions, we apply a multi-level 
approach tailored to the complexity of the problem. Here, recent progress in several 
program areas is presented, highlighting the breadth of computational methods and 
chemical systems studied by the computational team. 1) We developed thermodynamic 
and kinetic descriptors for ketone hydrogenation using hydricity and H- self-exchange 
rates and show how linear free energy relationships provide accuracy within 2 kcal/mol 
of experimentally measured barriers. 2) We developed a methodology to qualitatively 
capture entropic and enthalpic contributions to the kinetics and thermodynamics of CuH 
dimerization where ligand-ligand and ligand-solvent interactions dominate. The 
methodology uses coupling quantum chemical/molecular mechanics (QM/MM) and 
classical (MM) molecular dynamics (MD) to bridge the different timescales of 
phenomena affecting the reaction coordinate. 3) We studied the role of solvents in 
confined spaces using ab initio MD (AIMD). We showed how solvents affect the 
interactions between cyclohexanol and the Brønsted acid site, leading to the protonation 
of the cyclohexanol in a polar solvent. 4) We used a combination of AIMD structural 
sapling and QM geometry optimizations to build a stable model of a reconstructed 
Fe3O4(001) surface. This model provided mechanistic insights into the decomposition of 
formic acid to CO and CO2 and the role of OH in the different pathways.  
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Presentation Abstract 

 
Direct electrochemical reduction of CO2 capture species, i.e. carbamate and 
(bi)carbonate, is promising for CO2 capture and conversion, where the energetically 
demanding stripping step is bypassed. We have recently demonstrated that atomically 
dispersed Ni deposited on various electrode surfaces directly converts captured CO2 to 
methane. A detailed study employing XPS and HAADF-STEM reveals that highly 
dispersed Ni atoms are uniquely active for converting capture species to methane, and the 
activity of single Ni atoms is further confirmed using a molecularly defined Ni 
phthalocyanine catalyst supported on carbon nanotubes. Comparing the kinetics of CO2 
capture solutions obtained from hydroxide, ammonia, primary, secondary, and tertiary 
amines confirm that carbamate, rather than (bi)carbonate or dissolved CO2, is primarily 
responsible for methane production. This conclusion is supported by 13C NMR 
spectroscopy as well as DFT calculations showing that single-atom Ni is more active for 
the reduction of carbamate compared to bulk Ni, producing methane as the primary 
product.  To extend these findings, the Baker group at Ohio State is working closely with 
the Murphy group at University of Illinois to explore the role of plasmon excitation on 
the activation of CO2 and CO2 capture species using ligand-coated, multimetallic 
nanorods as model catalysts. This collaboration brings together the synthesis and 
characterization of size, shape, composition, and ligand-controlled nanorod catalysts with 
electrokinetic studies and advanced spectroscopy to study the mechanism of plasmon-
enhanced CO2 activation. 
 
DE-SC0024157: Multimetallic Ligand-Coated Nanoparticles for Plasmon-Enhanced 
Electrochemical CO2 Reduction 
 
PI: L. Robert Baker 
Postdoc(s): Tomaz Neves-Garcia 
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RECENT PROGRESS 
 
Integrated CO2 Capture and Conversion to Methane on Single-Atom Nickel 

A significant challenge associated with CO2 utilization is the need to capture and 
sequester CO2 either from the air or source production.  One approach to improving the 
overall efficiency of CO2 capture and utilization is to integrate the capture and conversion 
processes via the direct electrochemical reduction of the capture solution.  Our group has 
recently discovered that single Ni atoms are highly selective for electrochemical 
reduction of CO2 capture species to methane. Figure 1 shows results of electrochemical 
reduction of various capture solutions using Ni atoms finely dispersed on a Au electrode.  
Kinetic are shown for three different capture solutions: 1) KOH (0.5 M), 2) NH3 (0.5 M), 
and the combination of KOH and NH3 (0.5 M each). Hydroxide as well as amines capture 
free CO2 yielding (bi)carbonate; additionally, amine solutions react with CO2 to produce 
carbamate.  Interestingly, Figure 1a shows that captured CO2 is converted to methane 
only in the third capture solution, containing both KOH and NH3. 

 
Figure 1 (a) Methane production vs time from three CO2 capture solutions using a Ni 
catalyst deposited on a Au electrode. (b) Comparison of methane production rate for 
four amine-based capture solutions as a function of carbamate mole fraction.   

These results indicate that carbamate represents the active species for methane 
production. Unlike (bi)carbonate, carbamate is only formed when an amine is present in 
the capture solution. However, during reaction the carbamate anion is separated from the 
negatively charged electrode surface by the large ammonium cation.  Sargent and co-
workers have shown that tailoring the electric double layer (EDL) by addition of small 
alkali metal cations is required to bring the carbamate closer to the surface to be reduced 
(Nat. Energy, 6, 46, 2021).  Therefore, these results are explained by the fact that 
carbamate is only formed when NH3 is present but can only be reduced at the negatively 
charged cathode when a small cation, such as K+, is present in the EDL.  This conclusion 
is supported by control experiments showing that similar methane yields are obtained 
when KOH is replaced with KCl or other alkali metal salts (not shown). 

To further confirm that carbamate plays a key role in methane production, the same 
reaction was carried out for an additional series of amine solutions: NH3, 
monoethylamine (MEA), diethylamine (DEA), and triethylamine (TEA), each containing 
KOH as a supporting electrolyte.  The carbamate mole fraction, defined as the 
equilibrium ratio of carbamate:(bi)carbonate concentrations, is quantified using 13C NMR 
(not shown).  Figure 1b shows the rate of methane production as a function of carbamate 
mole fraction confirming a direct correlation, further suggesting that methane production 
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results from the reduction of carbamate.  To confirm that Ni is the active species, similar 
results have been demonstrated for Ni deposited on Au, Cu, and C electrodes (not 
shown).  Highly dispersed Ni is significantly more active than bulk Ni.  To confirm the 
activity of single Ni atoms, the reaction has been performed using molecularly defined Ni 
phthalocyanine catalysts deposited on carbon nanotubes (not shown).   

To our knowledge, this is the first example of direct conversion of carbamate to a 
hydrocarbon product.  To understand the unique activity of Ni atoms for carbamate 
conversion, we collaborated with the group of Robert Warburton (Case Western) to 
perform DFT calculations. Figure 2 shows the free energy diagram and intermediate 
geometries for carbamate reduction on Ni@Au(211). Using the computational hydrogen 
electrode (CHE) model, the reaction pathways are calculated at 0 V and –0.83 V vs RHE 
(shown in black and red, respectively).  Overall, the theoretical predictions are consistent 
with experimental observation, which show that because the C-N bond is not cleaved 
until the final proton-coupled electron transfer step, other possible products such as CO, 
formate, or methanol are not observed.  Comparing the results for dispersed Ni atoms on 
Au with bulk Ni (not shown) indicates that carbamic acid adsorption on Ni (211) is 0.16 
eV less exothermic than Ni@Au(211). Moreover, the final step of the reaction on Ni 
(211) is uphill at –0.83 V vs. RHE, meaning that a larger overpotential is needed to 
produce NH3 and close the catalytic cycle, consistent with experiment.  These combined 
experimental and theoretical results are under review for publication in the Journal of the 
American Chemical Society. 

 
Figure 2 DFT free energy diagram and intermediate geometries for carbamate 
reduction on single-atom Ni sites on a Au(211) electrode. 

Multimetallic Ligand-Coated Nanorods for Plasmon Enhanced Catalysis 
Building on these findings, the Baker group at Ohio State is working with the Murphy 

group at University of Illinois to explore the role of plasmon excitation on the activation 
of CO2 and CO2 capture species using ligand-coated, multimetallic nanorods as model 
catalysts.  Au nanorods synthesized in the Murphy group, in which the aspect ratio is 
controlled by the addition of small amounts of impurity Ag ions, show tunable plasmon 
resonances in the visible and near-IR portions of the spectrum (Figure 3).  The 
cetrimonium bromide (CTAB) bilayer on the as-synthesized rods can be ligand-
exchanged to poly(ethylene glycol) monomethyl ether (mPEG) or dodecanethiol (DDT) 
for CO2R experiments. 

Measurements by the Baker group have focused on a kinetics of CO2R (i.e., no 
capture species) on Au nanoparticles with various surface ligands (Figure 4).  Results 
show that nanorods coated with a CTAB bilayer deactivate rapidly due to leaching of 
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these water-soluble particles into the aqueous electrolyte.  Exchanging for mPEG surface 
ligands stabilizes the nanorods but shows low selectivity for CO2R compared to H2 
evolution.  In contrast, Baker and Murphy have shown that DDT surface ligands act as a 
selectively permeable membrane that allows unhindered transport of CO2 while blocking 
water and metal ions that result in H2 production (Chem. Sci., 11, 12298, 2020).  These 
results indicate that DDT is a promising surface ligand for future studies of 
electrochemical reduction of CO2 and CO2 capture species under plasmon resonant 
excitation. 

 
Figure 4 Faradaic efficiency for CO (red) and H2 (black) vs time for Au nanoparticle 
catalysts containing CTAB (a), mPEG (b), and DDT (c) surface ligands. 
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Figure 3 Normalized extinction spectra of aqueous suspensions (left), and 
transmission electron micrographs (right) of standard gold nanorods.  Scale bars 
represent 100 nm. Colored lines and boxes connect the optical spectrum to the 
micrograph of four select samples. AR = aspect ratio. 
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Katherine Morrissey (Undergraduate Student) 
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Presentation Abstract 
 
In this past year, we have answered a key question about the mechanism of chloride ion 
oxidation: does the reaction proceed in an outer-sphere or inner-sphere fashion? We have 
answered this question on two platforms – on WO3 photoelectrodes in water on glassy 
carbon dark electrodes in ethanol. In both instances, our prior published work shows that a 
hypochlorite form (hypochlorous acid in water or ethyl hypochlorite in ethanol) product is 
formed. This product then carries out chemical oxidation of primary alcohols like ethanol 
to form acetaldehyde in water, which gets further oxidized to acetic acid; or 1,1-
diethoxyethane, the acetal protected form of acetaldehyde in ethanol. We find experimental 
evidence of inner sphere binding to the electrode on both platforms. On WO3, Cl K-edge 
(ligand-based) XANES shows Cl–W covalency on films measured after chloride oxidation 
in water. On glassy carbon, XPS shows signatures of oxidized chloride on the surface in a 
Volmer step. Moreover, Koutecký-Levich analysis of glassy carbon rotating ring disk 
electrodes then supports overall two-electron transfer to form ethyl hypochlorite as the 
reaction intermediate for generating 1,1-diethoxyethane. The inner-sphere nature of the 
chloride oxidation reaction gives insight for exploring other chloride-mediated reactions – 
specifically that low chloride concentration can be effective for mediating alcohol 
oxidation and that controlling the defect density of Lewis acidic sites (in the case of WO3) 
is an effective means for increasing reaction rate.  
 
DE-SC0006587: Tandem Electrocatalysis and Particle-based Catalysis as a Strategy 
for Mediated Alcohol Oxidation Reactions 
 

RECENT PROGRESS 
 
Tungsten Oxide Photoelectrodes with Greater Surface W5+ Ion Concentration Show 
Increased Photocurrent Densities for Oxidizing Covalently Bound Chloride Ion 
 
Tungsten oxide (WO3) is an n-type semiconductor due to oxygen vacancies (□O

••
 in Kroger-

Vink notation) or surface protonation as HxWO3. It is one of the few acid-stable oxides 
under large positive bias, which makes WO3 ideal for interrogating the mechanism of the 
electrocatalytic chloride oxidation reaction (COR) to yield hypochlorous acid, a chemical 
oxidant. The large, positive valence band edge of ~ 3 eV provides the overpotential 
necessary to carry out the COR, but the reaction competes with the oxygen-evolution 
reaction in water. The □O

•• defect density can be controlled by annealing temperature, so 
WO3 films were prepared by a spin-coating method from an ammonium metatungstate 
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precursor annealed at 500 ºC, 585 ºC, 
660 ºC, and 740 ºC. Additionally, 
annealing the films under an O2 
atmosphere hinders the formation of 
□O

••. We observe higher photocurrent 
densities (jph) in films annealed at 500 
ºC in air, compared to those annealed at 
500 ºC in O2 (0.31 mA/cm2 vs. 0.27 
mA/cm2 at 1.5 V vs. Ag/AgCl, pH 3; 
before the onset of a dark reaction). In 
a formal oxidation sense and in the 
absence of other defects, each □O

•• 

results in reduction of two W6+ ions to 
W5+.  In films displaying the highest jph, 
we measure a high surface W5+ 
concentration of 18.53 % by X-ray 
photoelectron spectroscopy (XPS). Finally, probing the Cl ligand K-edge by X-ray 
absorption near-edge spectroscopy (XANES) shows a Cl 1s → W 5d transition at 2824.5 
eV, lower energy than the ligand-centered Cl 1s → 4p transition, indicating the presence 
of W–Cl covalent bonds. This result stands in contrast to the commonly assumed 
mechanistic proposal invoking outer-sphere electron transfer to a physisorbed chloride ion. 
 
Insights into the Mechanism of Electrochemical Chloride Oxidation in Ethanol from 
Rotating Ring-Disk Electrodes and Quiescent Solution Voltammetry 
 
The wide availability of bio-
derived alcohols provides the 
impetus to develop processes 
that convert them to valuable 
chemicals. Chloride ion can 
mediate neat ethanol oxidation to 
1,1-diethoxyethane (1,1-DEE) 
through an ethyl hypochlorite 
intermediate on a glassy carbon 
(GC) electrode, and we have 
used several electrochemical 
methods to describe the 
mechanism. First, cyclic 
voltammetry in inert acetonitrile 
solvent establishes a Volmer 
step, where solution chloride ion 
adsorbs as chlorine(0) on GC. 
This result is corroborated by an 
ex-situ X-ray photoelectron 
spectroscopy (XPS) of the GC 
electrode after linear-sweep 

Figure 2. Proposed mechanism for chloride-mediated electro-
catalytic ethanol oxidation. Support for the Volmer step comes 
from XPS data, and rate constants are determined by Koutecký-
Levich analysis for RRDE data.  

Figure 1. Cl K-edge XANES showing Cl–W bonding as 
an elementary step of electrocatalytic chloride oxidation 
on WO3 in water. Having great □O

••
 defect concentration 

(measured as W5+ by XPS) yields greater photocurrent 
density. 
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voltammetry (LSV). This single-electron-transfer reaction also occurs in neat ethanol, 
evidenced by analyzing the peak current response; we propose that the second electron 
transfer occurs as a chemical step with ethanol solvent. Koutecký-Levich (K-L) analysis 
on a rotating ring disk electrode (RRDE) shows that the kinetic rate constant of the chloride 
oxidation reaction (COR) is on the order of 10–8 to 10–9, which is 4 – 5 orders of magnitude 
faster than the direct alcohol oxidation reaction in a kinetically limited regime. This 
hydrodynamic approach in understanding the electrochemistry of this non-aqueous system 
extends the possibilities for mediated electrocatalysis in neat alcohol solvents.  
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6. McDonald, K. D.; Bartlett, B. M.* Microwave synthesis of Spinel MgFe2O4 
Nanoparticles and the Effect of Annealing on Photocatalysis. Inorg. Chem. 
2021,  60, 8704-8709.  

7. DiMeglio, J. L.; Terry, B. D.; Breuhaus-Alvarez, A. G.; Whalen, M. J.; Bartlett, 
B. M.* Base-Assisted Nitrate Mediation as the Mechanism of Electrochemical 
Benzyl Alcohol Oxidation. J. Phys. Chem. C 2021, 125, 8148-8154. 
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Air Stable SPS Pincer Ligands for Catalytic CO2 Hydrogenation 
 

Wesley H. Bernskoetter and Nilay Hazari 
University of Missouri and Yale University  

 
 

Presentation Abstract 
 
Sustainable energy carriers are required to reduce our reliance on fossil fuels.  The 
synthesis of fuels and chemical feedstocks from carbon dioxide is attractive both for 
environmental reasons and because carbon dioxide is inexpensive, non-toxic, and abundant. 
However, the production of liquid fuels from carbon dioxide requires the development of 
robust catalysts with improved productivity.  One portion of this project undertakes the 
development of air and moisture tolerant pincer ligands for catalytic reversible 
hydrogenation of CO2.  Recent investigation of SPS pincer ligands on Fe and Ru have 
afforded new, highly active catalysts for CO2 reduction to formate and provided insights 
into relevant catalyst deactivation pathways.  These findings generate guidelines from 
which new catalyst are designed and elucidate productivity limiting events in the 
valorization of CO2 by sulfur containing pincer Ru and Fe catalysts.    
 
DE-SC0018222: Base Metal Catalysis with Relevance to Energy Storage 
Applications 
 
Postdoc(s): Alex Mondragon Diaz (Missouri); Justin Wedal (Yale) 
Student(s): Kyler Virtue (Missouri); Ayanava Ghosh (Missouri) 

 
RECENT PROGRESS 

 
Synthesis of Fe Complexes with Air Stable SPS and SNS Pincer Ligands 
Many studies have 
explored the effect of 
varying the phosphine 
substituents of RPNR’P 
ligands in order to 
understand their 
reactivity and generate 
improved catalysts. 
However, there are 
significantly fewer 
investigations which vary the donor atom identities in these pincer ligands. Our program 
has previously compared the coordination chemistry of PNP and SNS supported Ru 
catalysts in an effort to elucidate the steric and electronic influences of S atom 
incorporation into the primary ligand sphere. In addition, our program seeks to enhance the 
development of S-containing pincer ligands catalysts as a strategy to decrease the costs and 
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toxicity associated with ligands 
containing multiple alkyl phosphine 
groups. During this reporting period 
our program has extended our study 
of S-containing pincer ligands to the 
synthesis of new SNS and SPS Fe 
complexes. A series of tBuSNHS, 
tBuSNMeS and tBuSPMeS pincer ligands 
were prepared in good yields (Figure 
1) and their coordination chemistry 
on Fe explored. (tBuSNHS)FeX2 (X = 
Cl (1Cl), Br (1Br) and (tBuSNMeS)FeX2 
(X = Cl (2Cl), Br (2Br) were obtained 
via extended stirring of the ligands 
with anhydrous FeX2 in THF. 
Analysis of select complexes using x-
ray crystallography reveals a distorted 
trigonal bipyramidal geometry around 
Fe (Figure 2), and magnetic 
susceptibility measurements (Evans’ 
Method) within the range expected for 
high spin Fe(II) compounds (4.9 – 5.2 
μB). Conducting the analogous 
reaction with tBuSPMeS afforded 
coordination chemistry distinct from 
the SNS ligands (Figure 3). 
Metallation with FeCl2 initially 
produced a trimetallic complex, 
[(tBuSPMeS)Fe]2(μ-FeCl4) (3), in 
which one thioether group from each 
pincer ligand stabilizes the central Fe atom. Dissolving 3 in CH2Cl2 resulted in expulsion 
of the bridging “FeCl2” unit over several hours, affording the chloride bridged dimer 
[(tBuSPMeS)FeCl(μ2-Cl]2 (4). Monomeric dihalide Fe coordination complexes with 
tBuSPMeS were only obtained from FeBr2, and yielded the tetrahedral, four-coordinate 
species, (κ2-tBuSPMeS)FeBr2 (5). The coordination chemistry of the FeX2 complexes of the 
tBuSNHS, 

tBuSNMeS and tBuSPMeS pincer ligands exhibit marked differences from the PNP 
ligated analogues, which typically produce monomeric, five-coordinate iron dihalide 
species. We anticipate that these distinctions in coordination geometry and aggregation 
state will also produce unique elementary reaction pathways and catalytic activity in 
studies of CO2 reduction. Our immediate goal is to continue development of the synthetic 
chemistry required to convert these S-atom containing pincer iron dihalide complexes into 
(pre)catalyst targets bearing metal-hydride and/or stabilizing carbon monoxide ligands 
which will allowing direct comparison to the (PNP)Fe catalysts. 
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Synthesis of (SPS)Ru Complexes and CO2 Hydrogenation Catalysis 
Our prior studies of tBuSNHS 
and 

tBuSNMeS ligated Ru 
complexes reveal significant 
differences in the redox 
properties compared to the 
corresponding RPNP 
complexes, in some cases 
SNS ligated systems are ca 
300 mV more easily reduced. 
This dramatic redox shift was 
accompanied by numerous 
synthetic difficulties in 
isolating stable Ru(II) hydride 
(pre)catalysts for studying 
CO2 reduction. Our program 
hypothesized that 
coordinating the tBuSPMeS 
ligand to Ru (Figure 1) would 
result in complexes with 
electronic properties between tBuSNHS and RPNP and allow us to better explore the changes 
in the redox properties of pincer ligated complexes containing sulfur donors and identify 
ligand features for CO2 activation.  Starting from commercially available [Ru(PPh3)3]Cl2, 
the Ru dichloride complex (tBuSPMeS)Ru(PPh3)Cl2 (6) was prepared in nearly quantitative 
yield (Figure 4).  Treatment of 6 with NaBH4 in EtOH initially afforded a species 
tentatively identified as (tBuSPMeS)Ru(PPh3)(H)(BH4), but exposure to vacuum or NEt3 
results in isolation of the corresponding ruthenium dihydride complex 
(tBuSPMeS)Ru(PPh3)H2 (7) (Figure 4).  Complex 7 inserts CO2 rapidly under 1 atm to 
generate the formate species, (tBuSPMeS)Ru(PPh3)(H)(HCO2) (8), but extrudes the 
heterocumulene quickly upon exposure to vacuum.  Significantly, complex 7 has proven a 
highly active catalyst for CO2 hydrogenation to formate under basic conditions, achieving 
a turnover of nearly 16,000 in 1 hr (Figure 4).  This ranks 7 among the most active catalysts 
reported for this reaction, comparing favorably to many PNP congeners, as well as a rare 
example of a sulfur based pincer catalyst for CO2 hydrogenation.  Additionally, complex 7 
displays a robust tolerance to air, remaining unaffected in the solid state for more than 2 
days and for hours in solution.  Evidence for a possible catalyst activation route has been 
garnered in reactions between SPS and [RuH2(PPh3)3(CO)] which resulting in C-S bond 
cleavage of the thio substituent (Figure 4).  Current investigations are exploring ligand 
designs which may mitigate ligand activation and well as further catalytic applications of 
(tBuSPMeS)Ru(PPh3)H2. 
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Presentation Abstract 

 
The Berry lab has recently explored the capability of metal-metal bonded dinuclear 
coordination complexes to serve as electrocatalysts for the oxidation of ammonia to 
dinitrogen. We have found that the family of Ru2 catalysts supported by 6-X-2-pyridone 
ligands (X = F, Cl, CH3) oxidize ammonia at low overpotential. We present our in-depth 
studies of the electronic structure and mechanism of ammonia oxidation in order to 
understand their unique features. In particular, the comparison between mononuclear Ru 
catalysts and metal-metal bonded Ru2 catalysts will be described. Additional studies of 
next generation catalysts, including Os2 complexes, will be presented. 
 
Grant or FWP Number: Metal-Metal Bonded Catalysts for the Ammonia Oxidation 
Reaction: Critical Foundational Studies for a Nitrogen Economy; DE-SC0021021 
 
Student(s): Graduate students: Milton Acosta, Patricia Armenta, Catherine Getty, and 
Gaby Muñoz-Sánchez. Undergraduate students Ashley Jamison, Kaleb Andersen, and 
Max Beardsley 

 
RECENT PROGRESS 

 
Mechanistic Studies 
We are using a combination of synthesis, spectroscopy, and computations to elucidate the 
mechanism of N2 formation catalyzed by metal-metal bonded compounds. We recently 
published a major computational paper exploring several possible mechanistic routes. 
Currently, we are working on kinetic studies to help discriminate the possible 
mechanisms. 
New Catalyst Development 
We recently published two papers in which we used computational chemistry to predict 
redox potentials of ammonia-bound metal-metal bonded compounds, which could relate 
to their overpotential as electrocatalysts for ammonia oxidation. Currently we are 
synthesizing osmium complexes that are predicted to have very low overpotential for 
ammonia oxidation, and new ruthenium catalysts supported by easily-derivitizable 
ligands. 
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Presentation Abstract 

 
Liquid organic hydrogen carriers (LOHCs) offer a strategic alternative for hydrogen 
storage and transportation over long durations and distances, respectively. 
Electrochemical reactions provide a direct way to store and transport hydrogen via 
LOHCs by integrating the process with renewable electricity. Benzyl alcohol was hereby 
used as a hydrogen-rich LOHC model to investigate the selective electrochemical 
dehydrogenation (ECD) of a primary alcohol to an aldehyde. Under neutral conditions, 
the limited amount of OH- ions inhibit the undesirable further electrooxidation of 
benzaldehyde to form benzoic acid as observed mostly in alkaline electrolytes. 
Furthermore, neutral electrolytes enable more materials for catalysts and reactor design 
avoiding corrosion concerns. Investigations for ECD of benzyl alcohol were performed 
on as-prepared PdO electrocatalyst in 0.5 M sodium phosphate buffer (pH 7.2). 
Increasing the applied half-cell potential from 1.11 to 2.11V vs reversible hydrogen 
electrode (RHE) enhances the reaction rates but reduces the reaction efficiency due to the 
occurrence of the undesirable oxygen evolution reaction (OER). Optimal benzaldehyde 
selectivity of 99% was achieved at 1.61 V vs RHE. Understanding the kinetics of benzyl 
alcohol electrooxidation will allow proper tuning of catalysts and reaction conditions to 
better improve the efficiency and performance of the reaction under neutral conditions. 
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Bioproducts Institute, Pacific Northwest National Laboratory; 4Department of Chemical 
and Biological Engineering, University of Wisconsin-Madison. 
 

RECENT PROGRESS 
 
Investigating the kinetics of electrochemical dehydrogenation of benzyl alcohol under 
neutral conditions using PdO/C electrocatalyst 
 
Electrochemical dehydrogenation (ECD) of benzyl alcohol (BA) forms benzaldehyde 
(BzH) which can be further oxidized under aqueous alkaline conditions to produce 
benzoic acid (BzA). BzH can hydrate in aqueous solution to form a gemine-diol which is 
active towards further electrooxidation in the presence of OH- ions. Operating under 
neutral conditions reduces the OH- concentration which can inhibit further 
electrooxidation of benzaldehyde. Transition metal oxides (TMO) have been reported to 
be key in benzyl alcohol electrooxidation under alkaline conditions. Pd-based oxide 
catalysts have also demonstrated good performance towards electrooxidation of organic 
molecules. Under neutral conditions, the mechanism and kinetics of BA ECD have not 
been extensively studied. ECD of 20 mM BA was performed in 0.5M sodium phosphate 
buffer (pH 7.2) using 0.77 mg/cm2 of as-prepared 4 wt% PdO/C electrocatalyst to 
investigate the role of applied potential.  

 
Figure 1: The concentrations of BA, BzH and BzA as a function of reaction time. 
Conditions: 20mM BA in 0.5M sodium phosphate buffer (pH 7.2), constant potential of 
1.61V vs RHE and 4wt% PdO/C electrocatalyst. 

Batch electrolysis was performed to observe the reaction performance as a function of 
reaction time. BzH was obtained as the main product with selectivity over 80% during 
1.5 hr electrolysis at 1.61 V vs RHE.  BzA was also observed as a minor product with 
selectivity around 3%. BzH concentration increased with reaction time while BzA 
remained constant during 1.5 hr electrolysis as shown in Figure 1.  
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Flow electrolysis was conducted to investigate the effect of applied potential on reaction 
performance and catalyst activity. Cyclic voltammetry (CV) scans were collected to 
provide initial insights for BA ECD. In Figure 2a, an oxidation peak at 1.6 V vs RHE 
associated with the electrooxidation of Pd2+(PdO) to Pd4+ (PdO2) occurred right before 
the onset potential of OER. Interestingly, the addition of 20 mM BA shifted the Pd2+/Pd4+ 
oxidation peak 60 mV more positive. The OER current was also lowered, possibly due to 
fewer active sites for OER 
reactants and intermediates in the 
presence of the organic species.  
BA ECD was performed at 1.11, 
1.61, and 2.11 V vs RHE. Steady 
state conditions were monitored by 
the current response with time and 
at 15-20 mins the current was 
stable (Figure 2b).  BA conversion 
was negligible at 1.11 V vs RHE a 
(Figure 3a-d). Increasing applied 
potential to 1.61 V vs RHE showed 
an increase in conversion rate and 
production rate for BA and BzH, 
respectively (Figure 3a-b). At 1.61 
V RHE, the production rate of BzA 
was considerably lower with a 1% 
selectivity and 2% FE (Figure 3b-
d). Further increasing the applied 
potential to 2.11 V vs RHE resulted 
in higher BA conversion rates as 
seen in Figure 3b. The production 
rates of both BzH and BzA 
increased at 2.11 V vs RHE (Figure 
3b) and the selectivity of BzH 
lowered from 99% to 88% due to 
its further electrooxidation to form 
BzA (selectivity 8.4%). The FE 
towards BA electrooxidation 
dramatically decreased to 54% at 
2.11 V vs RHE. The decrease in FE 
is attributed to the presence of OER 
as a parasitic side reaction. FE towards BzA formation also increased to from 2% to 8.7% 
when the potential was increased from 1.61 to 2.11 V vs RHE. The mole balance of 
organics was consistently at 100% in both potentials suggesting that BzH and BzA were 
the only products formed during the reaction. 
 

 

Figure 2:(a) CV scans of 0.5M PBS without 
and with addition of 20mM BA. Scan rate= 
100mV/s (b) Normalized current change with 
time during 20mM BA ECD at different 
constant potentials in 0.5M sodium phosphate 
buffer. Experiments conducted in a continuous 
flow reactor and 4wt% PdO/C electrocatalyst 
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Figure 3: The role of applied potential on (a) Conversion and mole balance (b) BA 
conversion and BzH/BzA production rates (c)BzH and BzA selecitivity (d) BzH and BzA 
FE. Conditions: 20mM BA, 0.5M sodium phosphate buffer and 8mg of 4wt% Pd/O/C 

 
Herein, we studied how applied potential can be tuned to selectively enhance reaction 
rates of BA ECD. Currently, we are working to correlate the reaction rates with the 
binding energies of BA, BzH, and BzA on the catalyst surface, as obtained from density 
functional theory (DFT) calculations. The experimental conditions (i.e., applied potential 
and electrolyte pH) suggest that the catalyst is in PdO2 state during the electrochemical 
reaction based on the Pourbaix diagram. CV scans and initial surface characterization 
studies using X-ray photoelectron spectroscopy also indicate a PdO2 state under working 
conditions. Guided by these observations, we have chosen PdO2 for our atomistic 
modeling. Currently, we are evaluating the surface energy of different PdO2 facets to 
determine appropriate PdO2 surface models for representing the experimental catalyst. 
Once determined, we will investigate the energetics of BA ECD on these models and use 
the atomic-level insights gained to rationalize our experimental observations. 
 
 
 
Publications Acknowledging this Grant in 2021-2024 
 
 
None to date 
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Fanglin Che 
 

Interpretable Deep Learning for Advancing Field-Enhanced Catalysis 
Fanglin Che 

Department of Chemical Engineering, University of Massachusetts Lowell, USA, 01854 
Presentation Abstract 

Electric fields can greatly impact the adsorption of polarized species, enhancing 
reaction rates and selectivity. These processes offer a sustainable and energy-efficient way 
to store renewable electricity in chemical form. However, low efficiency, high 
computational costs, and reliance on human-supervised calculations for field-dipole 
interactions have led to a trial-and-error approach in field-driven experimental processes. 
Deep and active learning of field-dipole interactions represents a new approach to 
designing high-performance catalysts with large local fields, relevant to technologies like 
electrostatic, electrocatalysis, and plasma catalysis. Understanding these interactions will 
enhance energy efficiency for decarbonization while accelerating catalyst discovery.  

The aim of this presentation is to advance our understanding of field-dipole effects and 
promote electrostatic catalysis through a combination of multi-scale simulations, deep and 
active learning algorithms, and in situ experimental validation. We address the challenges 
and opportunities in field-enhanced heterogeneous catalysis, focusing on: (1) how machine 
learning approaches can quantify local electric fields (EF) and model the interactions 
between reactants and catalyst surfaces under EF conditions, (2) the role of advanced AI 
techniques, such as active learning and interpretable models, in guiding the design of future 
catalysts, (3) how field-dipole interactions can modify reaction mechanisms and lower 
activation energy barriers, and (4) the benefits of physics-informed machine learning in 
predicting reactant-surface interactions and capturing the activity of metal clusters across 
various surface sites, both with and without the influence of electric fields. 
Grant Number: DE-SC0024553 
Grant Title: Interpretable Deep Learning for Advancing Field-Enhanced Catalysis 
PI: Fanglin Che 
Postdoc: Qiang Li 
Students: Mingyu Wan, Jaime Notarangelo, Yuting Xu, Charles Milhans, Runze Zhao, 
Pragyansh Singh, Saleh AhmatIbrahim  

RECENT PROGRESS 
Physics-Informed Machine Learning for Field-Dependent Adsorption Prediction  

We developed a novel physics-informed machine learning (ML) framework to map 
local electric fields and predict field-dependent adsorption energies on catalyst 
nanoparticles (NPs), as schematically illustrated in Figure 1a. By combining density 
functional theory (DFT), CO vibrational Stark effect measurements, and ML techniques, 
we gained efficient insights into field-enhanced catalysis. Our gradient boosting model 
predicts local electric fields with a mean absolute error (MAE) of 0.03 V/Å, showing 
excellent agreement with density functional theory (DFT)-calculated values (Figure 1b).  
Key factors, such as generalized coordination number (GCN) and nanoparticle size (nm), 
were identified as influencing local electric field distribution, depicted in the 3D plots 
showing the electric field as functions of GCN and cluster size (Figure 1c). Using this 
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information, our ML model predicts field-dependent adsorption energies with an MAE of 
0.06 eV. By integrating physics-driven insights into a polynomial regression framework, 
we further reduced the MAE to 0.005 eV (Figure 1e). Figure 1f illustrate CO field-
dependent adsorption energies can be enhanced by having smaller cluster size and GCN. 
The manuscript titled "Physics-Driven Machine Learning Model for Field-Enhanced 
Catalysis" by Runze Zhao; Qiang Li; Cheng Zhu; and Fanglin Che.* was submitted on 
September 28, 2024, and is currently under review by JACS Au.  

 
Figure 1. Physics-driven ML framework for field-dependent adsorption prediction. (a) Schematic of the 
ML approach. (b) Predicted vs. DFT-calculated local electric fields. (c) Electric field as functions of GCN 
and cluster size. (d) Adsorption energies using the ML model. (e) Adsorption energies using the physical-
driven ML model. (f) Field-dependent adsorptions as functions of GCN and cluster size. 

Multi-Scale Guided Interpretable Machine Learning for Ammonia Decomposition 
This study presents a novel approach to designing sustainable catalytic materials for 

hydrogen production, combining multiscale modeling, ML, and experimental validation. 
Focusing on ammonia-to-hydrogen conversion for decarbonizing the shipping industry, it 

addresses the limitations of 
traditional methods that rely on rare 
catalysts and produce CO₂ 
emissions. By integrating DFT-
based microkinetic modeling with 
ML predictions, we identify 
optimal materials for ammonia 
decomposition. 

Our results show Ru is the most 
effective catalyst (Figure 2a), and 
nitrogen binding energy (EN) is a 
key factor influencing 
decomposition rates. The 
theoretical trend of catalytic 
performance on ammonia 
decomposition agrees well with 
experiment (Figure 2b).  After 
comparing different ML models, 

 
Figure 2. (a) and (b) Theoretical and experimental turnover 
frequency (TOF, s-1) as a function of N* adsorption energy (EN, 
eV). (c) DFT-calculated EN versus RF-predicted EN on 
bimetallic alloys. d) Interpretable explanation of feature 
importance through SHAP analysis.  
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the Random Forest (RF) model (Figure 2c) accurately predicts EN for bimetallic alloys, 
and SHAP analysis (Figure 2d) highlights the surface atom d-band filling's impact. Using 
d-band filling, we can identify optimal earth-abundant bimetallic catalysts for maximizing 
the TOF for ammonia decomposition. The manuscript titled "Interpretable Machine 
Learning Guided Plasma Catalysis for Hydrogen Economy," authored by Saleh Ahmat 
Ibrahim, Shengyan Meng, Charles Milhans, Magda H. Barecka, Yilang Liu, Qiang Li, Jiaqi 
Yang, Yabing Sha, Yanhui Yi, and Fanglin Che, was submitted to Nature Chemical 
Engineering on May 31, 2024. The paper is currently undergoing its first revision.   

Multi-Scale Simulation Guided Field-Enhanced Catalysis for Hydrogen Generation  

We investigated NH₃ decomposition for H₂ production on Ru(0001) and Ru(1013) 
surfaces, focusing on temperature and field effects. Our results (Figure 3a) show that the 
step-structured Ru(1013) surface, with its abundant B5 sites, significantly outperforms the 
flat (0001) surface, achieving full conversion at 1000 K compared to 1200 K for (0001) at 
zero field. The TOF increases with temperature (Figure 3b), reaching 0.97 s⁻¹ at 1000 K 
on Ru(1013), though it dips slightly near complete conversion due to reactant depletion. 

Field-enhanced analysis (Figure 3c) reveals that a negative electric field reduces the 
kinetic barrier for dehydrogenation steps, while a positive field lowers the barrier for bond-
forming steps like N₂ formation. The model shows that high TOF can be achieved by 
combining temperature with a negative electric field (Figure 3d). In the range of -0.5 to -
1 V/Å, the highest TOF (1.25 to 1.50 s⁻¹) is observed between 900 and 1000 K. Sensitivity 
analysis (Figure 3e) highlights NH₃ dehydrogenation as the rate-limiting step at higher 
temperatures and negative fields due to NH₃ diffusion limitations. 

Overall, the study demonstrates that combining electric fields with temperature can 
achieve high TOF efficiency under mild conditions, showing promise for enhancing 
catalytic performance and optimizing on-site H2 production from ammonia decomposition. 
The manuscript titled "Multi-scale Simulation Guided Field-Enhanced Catalysis for 
Hydrogen Generation," authored by Pragyansh Singh; Qiang Li; and Fanglin Che*, is 
currently in preparation and is expected to be submitted by October 30, 2024. 

 
Figure 3. (a) Conversion over Ru(0001) and Ru(1013) surface compared with thermodynamic limit. (b) TOF 
over Ru(1013) in the thermal range of 600 K to 1100 K. (c) BEP correlation after field introduction. (d) 
Electric field enhanced TOF. (e) Field induced mechanistic shift observed for NH3

* dehydrogenation step. 
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Physical-Informed Machine Learning for Field-Enhanced Catalysis over Cluster 
We developed a coordination number-based (CN-based) group additivity (GA) 

framework to predict interactions between species and metal clusters in NH₃ 
decomposition. In this framework (Figure 4a), each surface site is represented by a central 
atom and its neighboring atoms, each characterized by their CNs. These CNs are encoded 
into a text string to uniquely define each site. Bridge and hollow sites are described using 
combinations of these encoded sites, allowing a comprehensive representation of multi-
atom surface groups. By building a matrix of surface groups (G1, G2, G3) and their 
properties (e.g., binding energies), the model generalizes group contributions to predict 
species binding on similar sites across metal clusters of different sizes. 

Our results (Figures 4b and 4c) show that the CN-GA framework accurately predicts 
NH₃ physisorption and nitrogen adsorption with mean absolute errors of 0.026 and 0.048 
eV, respectively, from 100 iterations of 5-fold cross-validation. We are also extending this 
approach to predict species-cluster interactions under electric field (EF) conditions. Figure 
4d illustrates surface charge redistribution as the EF shifts from -1 to 1 V/Å, with edge and 
tip sites showing heightened sensitivity. For instance, under a 1 V/Å field, electron 
accumulation at edge sites strengthens nitrogen adsorption (Figure 4e), highlighting the 
importance of electrostatic effects in catalytic reactions. The manuscript titled "Influence 
of Cluster Sites and Electric Field on the NH3 Decomposition Activity of Ru Catalyst," 
authored by Qiang Li, Runze Zhao, and Fanglin Che*, is currently being prepared and is 
planned for submission by November 30, 2024. 

 
Figure 4. (a) Coordination number-based methodology to describe the local active sites of metal clusters via 
the Group Additivity concept. Performance of the CN-GA approach in predicting the (b) NH3 and (c) single 
N adsorption on Ru45 cluster. (d) Surface charge distribution under electric field conditions. (e) Effects of EF 
on the N adsorption at the hollow and edge sites of the Ru45 cluster. 
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Presentation Abstract 

 
Using solar energy to produce clean fuels like hydrogen represents one of the most 

sustainable strategies to meet society’s energy demands. Here photocatalytic and 
photoelectrocatalytic water splitting represents a promising technology, where 
semiconductor photocatalysts are used to harvest light to produce energetic charge carriers 
that react with water on their surfaces. Cocatalysts are often added onto the photocatalysts 
to modify the local energy levels of the semiconductor, promote charge separation, and/or 
provide distinct surface sites for reactant adsorption and catalytic transformation, to 
enhance the oxidation or reduction half reaction of the overall water splitting reaction. 
Many past studies have provided insights into the roles of cocatalysts; many knowledge 
gaps remain, however, including: how the overall performance changes are related to the 
local performance changes on a photocatalyst particle, especially relative to where the 
cocatalyst is or is not; how the overall performance change is related to the respective 
activity changes of holes and electrons on the surface, especially in a spatially resolved 
manner with regard to the location of the cocatalysts. Here we study cocatalyst-modified 
shaped BiVO4 particles as photoanodes for photoelectrochemical water oxidation. We 
spatially control the deposition of single cocatalyst particles on specific facets of single 
BiVO4 particles, exploring various combinations. We assess two types of oxidation 
cocatalysts: CoOx, which is one of the most common high-performance oxidation 
cocatalysts, and PtOx, which can undergo reversible transitions between semiconducting 
and metallic states under varying applied potentials where the semiconductor form 
functions as an oxidation cocatalyst and the metallic form as a reduction cocatalyst. We 
employ a multimodal operando imaging approach, combining sub/single-particle 
photoelectrochemical microscopy and super-resolution imaging of charge-carrier selective 
surface reactions before and after cocatalyst deposition.  
 
DE-SC0004911: Chemical Imaging of Single-Particle (Photo)(electro)catalysis  
 
Postdoc(s): Shasha Guo (partial), Jajung Koo (partial) 
Student(s): Zhiheng Zhao, AnQi Chen (partial) 

 
RECENT PROGRESS 

 
CoOx and PtOx cocatalyst modified BiVO4 crystals as photoanodes 
        

We chose model photocatalyst BiVO4 of truncated bipyramidal shapes, and CoOx 
and Pt/PtOx as model cocatalysts, which we were able to deposit in a spatially resolved 
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way on any facet of a single BiVO4 particle. In the previous report, we used sub-particle 
photoelectrochemical current mapping and charge-carrier reaction imaging to show local 
and remote effects of a single CoOx cocatalyst deposition on a single BiVO4 particle. Below 
we describe some of our progress in the last year. 
 
Electrochemical potential titration of sub-particle photoelectrochemical current to probe 
cocatalyst effects 
 

We observed a significant enhancement in the photoanodic current for water 
oxidation at the catalyst deposition site, particularly with CoOx on BiVO4. This 
enhancement was accompanied by a unique suppression effect on remote lateral facets, 
especially in the case of CoOx@basal — a first-of-its-kind observation. The modified 
Reichmann model was used to describe the photoanodic current, where the photocurrent is 
a function of parameters such as charge separation efficiency (η) and flat band potential 
(VFB). To better understand how the observed enhancements or suppressions relate to 
changes in η and VFB induced by cocatalyst deposition, a photocurrent applied potential 
titration was applied at both the deposition site and an adjacent remote facet without 
cocatalyst. 

 
In all four cocatalyst deposition cases studied (Figure 1A-D), either at the 

deposition site or the remote facet, the photocurrent was found to be small at more negative 
applied potential. With increasing applied potential, photocurrent increased with a clear 
onset, continuing to rise and finally saturated at a more positive applied potential. This 
behavior could be well described with a modified Reichmann model, which allowed us to 
obtain η and VFB values before and after cocatalyst deposition. At the cocatalyst deposition 
site, cocatalyst addition increased local charge separation efficiency, which was reflected 
by a larger photocurrent at very anodic applied potential. The enhancement of local charge 
efficiency was, on average, largest for particles with CoOx deposited on the lateral facet. 
VFB was negatively shifted as a result of cocatalyst depositions. The magnitude of the 
change was larger for CoOx than PtOx. The changes in η and VFB at the deposition site 
aligned with theoretical expectations, which is based on the type 2 heterojunction from the 
band alignment between the cocatalyst and the photocatalyst.  

 
In the case of CoOx on BiVO4, deposition on the basal or lateral facet caused larger 

band bending at the solid-electrolyte interface, leading to a more negative VFB. This band 
bending facilitated better charge separation, which contributed to the increased η. The 
heterojunction effect also improved charge separation between the cocatalyst and BiVO4, 
further enhancing the local η (Figure 1E, F). 

 
In contrast, for three of the four cases, no discernible changes in η or VFB were 

observed at remote facets without cocatalyst deposition, consistent with a lack of change 
in the photocurrent. However, at the remote lateral facet in the CoOx@basal case, there 
was a clear decrease in η, indicating a suppression of the photocurrent (Figure 1F). This 
remote facet suppression can be understood through the competition between the 
CoOx/BiVO4-basal junction and the intrinsic BiVO4 lateral/basal junction. The latter 
junction typically leads to h+ enrichment from basal to lateral facets, however, with CoOx 
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deposition on the basal facet, h+ enrichment shifted preferentially toward CoOx due to its 
higher valence band energy, which suppressed h+ enrichment on the lateral facets, thereby 
decreasing η but not affecting VFB. 

 
Figure 1. Charge separation and flat-band potential changes on local and remote facets. (A-D) Example data 
from photocurrent under different applied potential on particles from the four configurations. Inset 
transmission images are the corresponding particles. Yellow dashed lines indicating the boundary of {010} 
and {110} facets, blue and red dashed circle indicating the region illuminated by the focused laser beam 
during photocurrent measurements. All scale bars: 1μm. (E, F) Envisioned energy diagram demonstrating 
the interaction between introduced cocatalyst-photocatalyst junction on {110} facets (E) and that on {010} 
facets (F) and the intrinsic 2d junction between the two facets on a BiVO4 particle. 
 
CoOx cocatalyst XPS analysis 

 
According to the XPS data, the deposited CoOx cocatalysts are a mixture of Co(II) 

and Co(III). The composition of the two oxidation states also changes under different 
applied potential, however, all around 1:1 (Figure 2). 
 

 
Figure 2. XPS in Co Region. (A) Right after deposition. (B) After applying +0.5V vs. Ag/AgCl for 2 
hours. (C) After applying -0.5V vs. Ag/AgCl for 2 hours. 
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Presentation Abstract 
This project aims to advance the understanding and identification of single-atom 

catalysts (SACs), double-atom catalysts (DACs), and single-cluster catalysts (SCCs) for 
the electrochemical CO2 reduction reaction (CO2RR). We will combine theoretical (density 
functional theory, machine learning) and experimental (synthesis, electrochemical 
characterization) techniques to facilitate the development of viable CO2RR catalysts. 

Our goal is to show how these catalysts can selectively produce value-added 
chemicals like HCOOH, CO, CH3OH, CH3CH2OH, CH3CHO, and C2H4. Additionally, this 
project offers training and education in chemistry, catalysis, and applied science for 
CO2RR. 

In this reporting period (since September 2023), we have achieved the 
following: i) Computational design and screening of defective graphene-based SACs, 
highlighting the role of weak interactions in catalyst design; ii) Computational design of 
DACs with an inverse sandwich structure for CO2 reduction, especially the experimentally 
viable version: SACs with single atoms anchored on vacancy graphene loaded on Cu(111) 
surface; (iii) Computational design of a phosphotungstic acid-supported Os SAC for 
efficient purification of CH4 and H2 energy sources; (iv) Synthesis of Cu-based catalysts 
on defective carbon supports; and (v) significant progress in electrochemical analysis.  

Grant Number: DE-SC0023418 
Grant Title: Theory-guided Innovation of High-performance Electrocatalysts for 
CO2 Reduction 

PI: Zhongfang Chen (University of Puerto Rico, UPR); Co-PI: William E. Mustain 
(University of South Carolina, UofSC) 

Postdocs: UPR, Liangliang Xu; UofSC, Venkata Sai Sriram Mosali 
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UPR, Linguo Lu; UofSC, Ian Street 
Undergraduate students:  

UPR: Juan Velez Reyes, Adrian Diaz Diaz; UofSC: Valerie Heimer (summer intern 
from Virginia Tech) 

High school students:  
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RECENT PROGRESS 

Computational design and screening of defective graphene-based single-atom catalysts 
By density functional theory (DFT) 
computations, we investigated CO₂ 
reduction pathways of defective-
graphene-supported single-atom 
catalysts (SACs) with 3d transition 
metals (Sc-Zn) coordinated to three 
carbon atoms (3C-TM, Figure 1). We 
focused on the energetic impact of 
hydrogen/lone pair-π interactions 
between CO₂RR intermediates and 
these SACs, an aspect generally overlooked previously.  

Models incorporating weak interactions reveal configurations with much lower 
energies, reshaping the understanding of the CO₂RR process. We identified a linear 
relationship between *COOH and *CO, challenging assumptions of poor scaling in these 
SACs. A new comparison method with hydrogen evolution reaction (HER) was proposed, 
highlighting SACs for efficient CO and CH4 production. Our research introduces a 
modeling technique that accounts for weak interactions, enhancing large-scale screenings 
and ML applications and offering new insights into side reaction competition. These 
findings have been accepted for publication in ChemSusChem.  

Computational design of double-atom catalysts (DACs) with an inverse sandwich structure 
for CO2 reduction 
Using a combination of DFT and machine learning (ML), we investigated DACs with an 
inverse sandwich structure anchored on defective graphene (gra) (Figure 2) for CO2
reduction to C1 products. We examined 5 homonuclear (M = Co, Ni, Rh, Ir, Pt) and 127 
heteronuclear (M = Co, Ni, Rh, Ir, Pt; M′ = Sc ~ Au) DACs by DFT simulations. Rh⊥gra 
DAC excelled among its homonuclear counterparts and various Rh-based DACs. For 
heteronuclear DACs, 14 demonstrated 
strong catalytic potential. Our ML model 
identified 154 promising ones from 784 
options. This work (ACS Catal. 2023, 
13, 9616) has garnered significant 
attention, featured on the journal cover, 
highlighted in science news outlets like 
X-mol, Nanowerk, and Advances in 
Engineering, and been cited 44 times.  

Figure 1. (a) The top and side views of 3C-TM, in which 
the carbon and metal atoms are denoted by grey and 
orange, respectively. (b) The free energy diagram of 3C-
Co with the first 2 hydrogenation steps.  

     
Figure 2. Schematic illustrating the structures,
performance, and computational procedure for 
designing and screening of DACs, and the journal cover. 
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To facilitate the fabrication of inverse sandwich structures, we designed 
experimentally more feasible candidates: SACs with single atoms anchored on vacancy 
graphene loaded on Cu(111) surface, denoted as 
M1@gra+Cuslab (Figure 3). We investigated the 
stability, selectivity, and activity of 27 
M1@gra+Cuslab configurations (M = Sc, Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Ru, Rh, Pd, 
Ag, Cd, Hf, Ta, W, Re, Os, Ir, Pt, and Au), and 
confirmed that five (M = Co, Ni, Cu, Rh, and Pd) 
exhibit the desired properties for electrocatalyzing 
CO₂RR. This work (J. Phys. Chem. Lett. 2024, 15, 
8600) was featured as a journal cover. 

Computational design of SACs for high-efficiency purification of CH4 and H2 energy 
sources  
CH4 and H2 are promising low-carbon energy sources, but impurities like H2 and CO hinder 
their storage and use. To tackle this, we developed a purification protocol using catalytic 
conversion of impurities into CO2 and H2O. Through DFT computations, we evaluated 11 
phosphotungstic acid (PTA)-supported SACs, finding Os1/PTA SACs highly effective for 
sequential CO, H2, and CH4 oxidation. These SCAs excelled in purifying CH4 in solvents, 
such as water and MeOH, and demonstrated remarkable performance in purifying H2, 
selectively removing CO without H2 loss. This work has been published in J. Mater. Chem. 
A, 2023,11, 24698-24711. 

Synthesis of Cu based catalysts on defective carbon supports 
The novel Switch Solvent Synthesis (SwiSS) method, developed at UofSC as a 

variant of incipient wetness impregnation, was used to synthesize single Cu atoms on 
VXC-72. SwiSS employs excess wetting solvent to improve noble metal dispersion on 
defective carbon supports, extending to 
lighter transition metals like Cu by exploring 
different precursor ligands to prevent 
aggregation during reduction. Using 
tetraamminecopper sulfate (TACS), 
ammonium tetrachlorocuprate (ATCC), and 
copper sulfate (CuSO4), we found that 
ligands on Cu affect dispersion, with attached 
ligands decreasing it due to higher reduction 
energies. X-ray diffractograms (Figures 4A 
and 4B) showed dispersion variations among 
precursors. A stable, 100% single-atom Cu 
catalyst has yet to be synthesized, explained 
by DFT-computed positive free energies 
(Figure 4C) due to a lack of anchoring atoms.   

To stabilize Cu single atoms on 
defective carbon surfaces, we are using N-
functionalized graphitic planes as anchoring 

Figure 4. (a) XRD of TACS, ATCC, and CuSO4 
catalysts synthesized with SwiSS method, (b) 
STEM of CuSO4 catalyst, (c) DFT-computed free 
energy of transition metal single atoms on 
graphitic surface, (d) XRD of Cu-N-C synthesized 
from Cu-ZIF-8. 
  

Figure 3. Schematic illustrating the 
structures, performance, and computational 
procedure for designing and screening of 
DACs, and the journal cover  
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sites, facilitating direct comparison with prior results. We synthesized and carbonized 
copper-doped zeolite imidazole frameworks (Cu-ZIF-8), removing Zn to produce a N-
coordinated Cu single-atom catalyst. Post-carbonization XRD (Figure 4D) shows two 
broad peaks at ~25° and ~44° 2θ, indicating carbon planes with no crystalline Cu, 
confirming single-atom sites. In collaboration with Argonne National Laboratory, we will 
use STEM and XAS to further analyze their structure and coordination. 

Electrochemical Analysis. 
Extensive electrochemical testing of the 
synthesized catalysts involved Linear Sweep 
Voltammetry (LSV) in 1.0 M KHCO3, under 
both N2 and CO2-saturated conditions, to assess 
CO2 reduction activity. Catalyst performance 
was further evaluated using a three-electrode 
system in a CO2-fed flow cell (Figure 5A). Gas 
products were analyzed by GC/MS, and liquid 
products by NMR. Figures 5B and 5C compare 
product profiles of SwiSS nanoparticles with 
ligands and control SACs, showing that larger 
Cu particles favor hydrogen production, while 
smaller control particles exhibit better CO2 
reduction activity, though hydrogen remains 
dominant due to agglomeration on defective 
carbon. The Cu-N-C catalyst has been 
synthesized, with further characterization and 
single-atom Cu testing planned. 

Figure 5. (a) Schematic of three electrode flow 
cells used to test the performance of synthesized 
catalysts, (b) Product profile of Cu 
nanoparticles on VXC-72 carbon, and (c) 
Product profile of partial single atom catalyst on 
VXC-72 carbon. 
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Presentation Abstract 
 
The hydrogenolysis or hydrodeoxygenation of a carbonyl group, where the C=O group is 
converted to a CH2 group, is of significant interest in a variety of fields. A challenge in 
electrochemically achieving hydrogenolysis of a carbonyl group with high selectivity is 
that electrochemical hydrogenation of a carbonyl group, which converts the C=O group to 
an alcohol group (CH-OH), is demonstrated not to be the initial step of hydrogenolysis. 
Instead, hydrogenation and hydrogenolysis occur in parallel and they are competing 
reactions. This means that although both hydrogenolysis and hydrogenation require adding 
H atoms to the carbonyl group, they involve different intermediates formed on the electrode 
surface. Thus, revealing the difference in intermediates, transition states, and kinetic 
barriers for hydrogenolysis and hydrogenation pathways is the key to understanding and 
controlling hydrogenolysis/hydrogenation selectivity of carbonyl compounds. In this study, 
we aimed to identify features of reactant molecules that can affect their 
hydrogenolysis/hydrogenation selectivity on a Zn electrode that was previously shown to 
promote hydrogenolysis over hydrogenation. In particular, we examined the 
electrochemical reduction of para-substituted benzaldehyde compounds with substituent 
groups having different electron donating/withdrawing abilities. Our results show a 
strikingly systematic impact of the substituent group where a stronger electron-donating 
group promotes hydrogenolysis and a stronger electron-withdrawing group promotes 
hydrogenation. These experimental results are presented with computational results 
explaining the substituent effects on the thermodynamics and kinetics of electrochemical 
hydrogenolysis and hydrogenation pathways, which also provide critically needed 
information and insights for the transition states involved with these pathways.   
……………………………………………………………………………………………… 
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RECENT PROGRESS 
 
Selective Deoxygenation of Biomass-Derived Carbonyl Compounds on Zn via 
Electrochemical Clemmensen Reduction 
 
For reductive upgrading of lignocellulosic biomass intermediates containing carbonyl 
groups, deoxygenation is critical to increase the energy density and storage lifetime of bio-
oils. However, electrochemical reduction that cleaves the C=O bond by hydrogenolysis to 
form an alkane is extremely challenging because the C=O bond more readily undergoes 
hydrogenation to form an alcohol and the resulting alcohol C–O bond is more difficult to 
cleave by hydrogenolysis. Thus, hydrogenation is not an initial step of hydrogenolysis but 
rather a competing reaction to hydrogenolysis in electrochemical reduction of carbonyl 
groups (Fig. 1a). In traditional organic chemistry, the hydrogenolysis of aldehydes and 
ketones can be achieved by using zinc as a chemical reductant in strongly acidic media 
(e.g., concentrated HCl), which is 
known as the Clemmensen reduction 
(Fig. 1b). In this reaction, Zn is 
oxidized to Zn2+ to provide the 
electrons needed for reduction and 
selectively promotes hydrogenolysis 
over hydrogenation. This led us to 
consider the possibility of 
electrochemical Clemmensen 
reduction. An electrochemical 
Clemmensen reduction reaction 
would use Zn as an electrocatalytic 
cathode with carbonyl reduction at Zn 
paired with some oxidation reaction at 
the anode (e.g., water oxidation, 
oxidative upgrading of biomass) (Fig. 
1c). In contrast to the conventional 
Clemmensen reduction, the electrons 
used for carbonyl reduction would 
come from the oxidation reaction at 
the anode and not from oxidation of 
Zn, allowing the Zn electrode to be 
preserved via protection from the 
applied cathodic bias. If the Zn 
electrode in such an electrochemical 
cell still promotes hydrogenolysis 
over hydrogenation, the 
electrochemical Clemmensen 
reduction powered by electricity from 
renewable sources without 
continuously consuming Zn or other 
reductants can offer a sustainable 

 
 

Fig. 1. (a) Electrochemical hydrogenation and 
hydrogenolysis reactions (R’ = H for an aldehyde); 
(b) Conventional Clemmensen reduction; (c) A 
schematic illustration of the electrochemical 
Clemmensen reduction. The electrons gained by the 
oxidation reaction at the anode are used for the 
reduction of the carbonyl compounds at the Zn 
cathode, meaning Zn is not used as the electron 
source (reductant). The potential of the electrons 
gained at the anode becomes sufficiently negative 
for the carbonyl reduction by the electrical energy 
input. Water oxidation is used as an example anode 
reaction. (ηa: anodic overpotential, ηc: cathodic 
overpotential, Ecell: cell voltage, SHE: standard 
hydrogen electrode, and RHE: reversible hydrogen 
electrode) 
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route for selective hydrogenolysis. Furthermore, in the electrochemical Clemmensen 
reduction, we aimed to replace the strongly acidic condition used in the conventional 
Clemmensen reduction with the electric potential; if the concentrated acid used in the 
conventional Clemmensen reduction was only to increase the reaction rate (i.e., faster 
oxidation of Zn to Zn2+ to increase the hydrogenolysis rate), electrifying the Clemmensen 
reduction will allow us to increase the reaction rate simply by increasing the overpotential. 
Then, the electrochemical Clemmensen reduction can accomplish hydrogenolysis at a 
desirable rate under milder and safer conditions. 

During the current funding period, we successfully demonstrated electrochemical 
Clemmensen reduction of aldehydes and ketones on Zn, which resulted in remarkable 
hydrogenolysis selectivities compared with those attainable on Cu (Fig. 2). We also 
investigated the effects of applied potential and pH on the selectivity for hydrogenolysis of 
carbonyl compounds on Zn to evaluate the advantages of electrochemical Clemmensen 
reduction over conventional Clemmensen reduction. We also computationally examined 
the thermodynamics and kinetics of hydrogenolysis and hydrogenation pathways on Zn 
and Cu to elucidate why Zn is particularly good at hydrogenolysis. This study provided 
experimental and mechanistic foundations to establish electrochemical Clemmensen 
reduction as an effective and greener route to achieve selective hydrogenolysis. 

 

 
 

Fig. 2. Comparison of constant-potential reduction results for Cu and Zn at –0.8 V vs RHE in a pH 
4.5 buffered solution containing 10 mM 4-hydroxybenzaldehyde (4-HBAL) or 4-
hydroxyacetophenone (4-HAP). (a) Concentrations of hydrogenation, hydrogenolysis, and other 
products after passing an amount of charge equivalent to 2 e– per starting molecule. The white text 
gives the corresponding absolute selectivities (%). (b) Relative selectivities for the hydrogenation 
and hydrogenolysis products. (c) FEs for the hydrogenation and hydrogenolysis products. 
 
 
The Impact of Electron Donating and Withdrawing Groups on Electrochemical 
Hydrogenolysis and Hydrogenation of Carbonyl Compounds. 
 
Most previous studies of electrochemical carbonyl reduction focused on identifying 
external factors (e.g., electrode type, modification of the electrode surface, solution pH) 
that can affect the hydrogenolysis and hydrogenation of a given carbonyl reactant molecule. 
For this project, we aimed to identify features of the molecules themselves that can affect 
their hydrogenolysis/hydrogenation selectivity. If we identify a certain electronic or 
structural feature of the molecule that can affect the hydrogenolysis and hydrogenation 
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differently, it can give us an 
invaluable opportunity to understand 
the difference in the transition states 
involved with the key competing 
hydrogenolysis and hydrogenation 
steps.  
 For this purpose, we 
examined the electrochemical 
reduction of para-substituted 
benzaldehyde compounds with 
substituent groups having different 
electron donating/withdrawing 
abilities (Fig. 3) on a Zn cathode. 
Benzaldehyde was chosen for this 
study as it is the simplest aromatic 
aldehyde that can make both 
experimental and computational studies straightforward.  
 Our results show a strikingly systematic effect on the hydrogenolysis and 
hydrogenation selectivity; a stronger electron-donating group (EDG) promotes 
hydrogenolysis and a stronger electron-withdrawing group (EWG) promotes 
hydrogenation (Fig. 4). We combined these experimental results and results obtained from 
a computational investigation to provide an atomic-level understanding of how EDGs and 
EWGs can impact the hydrogenolysis and hydrogenation pathways on Zn.  
 

 

Fig. 4. Product distributions after passing 2 e- per reactant molecule via constant potential 
electrolysis at -1.46 V vs. Ag/AgCl (-0.93 V vs. RHE) in a MeCN/water (50% v/v) solution 
containing 0.5 M acetate buffer and 10 mM each aldehyde reactant. (a) Concentrations, (b) Faradaic 
efficiencies, and (c) relative selectivities. Other products in (a) are mainly composed of pinacol 
dimers.  
 
 
 
 
 
 
 
 

 
 

Fig. 3. Reactant scope with their electron 
donating/withdrawing ability represented by their 
Hammett constants.  
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Presentation Abstract 

Sterically frustrated Lewis pairs (FLPs) are composed of Lewis acids and bases containing 

bulky substituents that are unable to quench their respective acidities and basicities by 

forming acid-base adducts. As a result, FLP systems are able to induce the acute 

polarization and attendant activation of small molecule substrates. It was found that Zn2+ 

containing FLPs can heterolytically cleave C-H bonds, forming both alkyl or hydride 

ligands. These reactions are reversible and yield heavier hydrocarbon products. 
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RECENT PROGRESS 

Ambiphilic C-H Bond Activation 

In previous work, we found that a cationic zinc complex can form an FLP with a 

phosphine base. These FLPs preferentially activates weaker sp3 C-H bonds, which differs 

from many organometallic systems. Additionally, these systems ambiphilically cleave 

C-H bonds to yield H+/H- and R-/R+ fragments (R = alkyl or aryl). The generation of

these components can lead to the formation of various hydrocarbon fragments.
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Presentation Abstract 

 
This poster will show recent organometallic chemistry developed by our group that relates 
to how olefin metathesis intermediates form from olefin adducts. This may relate to some 
of the first olefin metathesis catalysts reported in the scientific literature, which contained 
molybdenum or tungsten carbonyls or oxides on alumina; compositions that lack the metal 
carbon multiple bond required for olefin metathesis reaction chemistry. We showed that 
reactions of tungstacyclopentanes, which decompose to form W(IV) ethylene adducts, 
photochemically ring-contract to form tungstacyclobutane complexes. Transient 
adsorption spectroscopy and radical trapping experiments suggest that W-C bond cleavage 
occurs under these conditions. Reactions of W(IV) ethylene adducts with cyclohexene 
form substituted tungstacyclopentanes that form cyclohexylidenes in a thermal process. 
This poster will also show new results from reactions of W(NR)2R’2 (R = 2,6-
diisopropylphenyl, adamantyl; R’ = cyclohexyl, ethyl) and perfluoro-tert-butanol. When 
R’=cyclohexyl this reaction forms tungsten cyclohexylidenes, when R=ethyl this reaction 
forms ethylene adducts that can be converted to a cyclohexylidene in the presence of 
cyclohexene.  
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Transient Adsorption Spectroscopy of a Substituted Tungstacyclopentane 
Irradiation of the square 
pyramidyl 
W(NCPh3)(OSiPh3)2(C7H12) 
(1)( at 450 nm in C6D6 results 
in the formation of the 
alkylidene shown in the 
Figure (a). Using 
femtosecond transient 
adsorption spectroscopy, we 
find that photoexcitation of 1 
results in a band centered at 
~500 nm appears and rapidly 
decays over the course of 9 ps 
as the major signal centered at 
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540 nm appears (b). This intermediate has a lifetime on at least the ns time regime (c). 
Neither the rate of formation of the W(V) intermediate nor the lifetime are affected by 
deuteration at the α-positions of the WC4. Kinetic isotope studies show that kH/kD = 1.3, 
indicating that H-abstraction is likely not rate limiting. Photolysis of 1 in the presence of 
5,5-Dimethyl-1-pyrroline-N-oxide (DMPO), a common radical trapping reagent, forms a 
species consistent with cleavage of a W–C bond. Taken together, these results suggest that 
the data in Figure are related to interconversion of the square pyramidal 1 to the trigonal 
bipyramid that undergoes rate limiting W–C bond cleavage, followed by fast H-abstraction 
to form the product alkylidene. 
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Presentation Abstract 

 
Catalytic methane pyrolysis is a promising approach toward hydrogen production without 
CO2 formation. Improving overall energy efficiency and potential of such systems 
requires improved fundamental understanding of mechanisms of methane activation, 
carbon flux, as well as catalyst stability. Regardless of the activity of the catalyst, if the 
active metal component separates from the support during reaction, often referred to as 
tip growth, the catalyst is not capable of separation and reuse. Here we study a highly 
promising family of catalyst exhibits each of these desired properties while also 
preserving base growth. We report through in-situ XPS, Raman, TEM, and XRD the 
evolution of the catalyst among various growth phases, leading to the exsolution of a 
carbide phase from the underlying support, and subsequent active metal particle 
exsolution from the carbide to create highly stable active centers. We further evaluate 
steady state kinetics coupled with DFT calculations to illustrate the critical role of carbon 
scavenging co-feeds that retain activity of the most active sites and profound impacts that 
result in terms of measured activation barriers. In addition, we show how sensitive both 
the particle evolution during initial carburization stages and deactivation at longer 
reaction times are to reaction conditions, which explains the wide range of reported 
activation barriers often reported in literature.  
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Evolution of Active Catalyst during growth stages 
 
Through a combination of in-situ XPS, XRD, Raman, and same spot TEM, we have 
studied the journey of a NiMoMgO catalyst, one we had previously identified as 
exhibiting base growth while showing remarkable catalyst stability when compared with 
other combinations. We first studied the impact of pre-reduction step on this chemistry, 
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revealing that a modest initial reduction leads to the creation of small Ni particles, with 
size controlled by the Ni loading and pre-reduction temperature as shown in Figure 1. 

 
Figure 1.) HAADF-STEM characterization of Ni particles. (a) 5% Ni-25% Mo/MgO, (b) 10% Ni-25% 
Mo/MgO, and (c) 20% Ni-25% Mo/MgO.(1) 
 
We then show that the absence of this pre-reduction step leads to remarkably lower 
methane conversion rates, which we presume is due to limited initial exsolution of the Ni 
particles that ultimately activate CH4 and promote carbide formation.  
 
XRD and XPS analysis reveals a mixed oxide of MgMoOx that partially decomposes 
after this pre-reduction step to form a NiMoO4 surface layer. Subsequent introduction of 
a carbon source reveals the formation of sheets of Mo2C with intercolated Ni which 
slowly exsolves along the Mo2C sheets as revealed both with Raman, XPS, and TEM 
images with elemental mapping. These Ni particles then nucleate carbon nanotubes and 
exhibit remarkable stability with time on stream which allows us to assess steady state 
kinetic behavior as will be discussed next. 
 
 
 
 
 
 
 
 
 
 
Scheme 1. Proposed catalyst evolution and CNTs growth: (i) fresh catalyst, (ii) reduced catalyst, (iii) 
catalyst carburization initial state (<5 min), and (iv) carbon nanotube growth.(1) 
 

i.   ii.   iii.   iv.   

(a) (b
) 

(c) 
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Reaction kinetics experiments were carried out 
at steady state to reveal activation barriers and 
learned several new intriguing things. First, we 
studied the kinetics of the reaction, revealing 
that the hydrogen generated in the reaction 
exhibits positive rate behavior. Given the fact 
that methane activation is often presumed as 
rate-controlling, this is intriguing. Replacing 
the carbon source with a more active phase, 
such as plasma activate methane, ethylene, or 
acetylene even at the same hydrogen to carbon 
ratios during in-situ XPS treatments reveal 

significantly different rates of carbon 
conversion with more readily activated 
species, implying that methane activation is a 
kinetically relevant step. This does not align 
well with the positive hydrogen order 

dependence as the activation should be inversely proportional to hydrogen partial 
pressure. We then carried out steady state kinetic runs to reveal profound impacts on 
observed activation barriers spanning well over 100kJ/mol even at very low conversions 
of methane (~1-3%). We hypothesized that this was due to a dynamic shift in the number 
of active sites present at steady state under reaction conditions, which is more 
pronounced at lower hydrogen pressures as the small pressures generated in-situ corrupt 
activation barriers if not properly accounted for. We then incorporated these into a kinetic 
model to explain the intriguing behavior as well as the important role of the underlying 
carbide, which can readily mobilize H and C species as well, leading to apparent 
reversible deactivation behavior at different conditions. We believe these findings help to 
explain some of the contrasting behavior in the literature regarding intrinsic reported 
activation energies while also providing clear pathways to markedly enhance reaction 
rates. 
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Figure 2. H2 production rates as a function 
of Mo loading over Ni-Mo/MgO (b) H2 
production rates as a function of Ni loading 
over Ni-Mo/MgO (1) 
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Lisandro F. Cunci 
 

Catalysts Research in Oxygen Reduction and Oxidation Reactions to Increase 
Representation in Energy Science in Puerto Rico 

 
Dr. Lisandro Cunci  

Department of Chemistry, School of Natural Sciences, University of Puerto Rico – Rio 
Piedras Campus 

 
Presentation Abstract 

Dr. Cunci’s lab works in the development and understanding of non-platinum group metal 
(non-PGM) and non-metal catalysts for the oxygen reduction reaction (ORR) and oxygen 
evolution reaction (OER), which are essential for the mass production and use of alkaline 
membrane fuel cell and green hydrogen production.  
Catalysts for the ORR: Despite advancements in fuel cell technologies for power 
production, there is still limited insight into the characteristics of bimetallic transition metal 
catalysts that enhance energy conversion processes. These catalytic materials have not been 
extensively investigated to identify the factors influencing reaction mechanisms and 
efficiency. Highly controlled electrodeposition methods can control the size and shape of 
nanoparticles, enabling detailed structural and morphological analysis. Graduate student 
Laura Cruz is dedicated to synthesizing Fe and Co nanoparticles using controlled 
techniques to maintain a uniform composition during particle growth. Atomic force 
microscopy is used to observe catalyst degradation.  
Catalysts for the OER: Graduate student Ambar Maldonado aims to understand how the 
structural template of nickel and iron layered double hydroxides (NiFe-LDH) is enhanced 
for the OER under an alkaline environment. To conceptualize this enhancement, catalyst 
electronic structures and physicochemical properties by heteroatom doping with high-
valence transition metals will be correlated. 
Dr. Cunci is the Lead PI of the BES RENEW project titled “Partnership to Increase 
Representation in Energy Research in Puerto Rico”. Three graduate student and 14 
undergraduate students were recruited from underrepresented populations and 59% are 
women. We just had the second co-organized Electrochemistry Hands-On (ECHO) 
Workshop at the National Renewable Energy Laboratory with Dr. Bryan Pivovar following 
by the second Summer Internship for 10 weeks. 
 
DE-SC0023686: Partnership to Increase Representation in Energy Research in 
Puerto Rico 
 
PI: Dr. Lisandro F Cunci 
Co-PIs: Dr. Jorge Colon, Dr. Lymari Fuentes Claudio, Dr. Mitk’El Santiago, Dr. Miguel 
Goenaga, and Dr. Juan Santana. 
Student(s): Ambar Maldonado Santos (Graduate Student); Alannisse Santos, Daniella 
Gibson Colon, Hector Gonzalez Velez, Alejandra Rodriguez Nazario, Kevin Torres, and 
Yaneiska Ruiz Torres (Undergraduate Students). 
Affiliations(s): University of Puerto Rico – Rio Piedras, Humacao, and Cayey Campus; 
Universidad Ana G. Mendez – Cupey and Gurabo Campus. 
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RECENT PROGRESS 

 
Summer Electrochemistry Hands-On Workshop (ECHO) at the National Renewable 
Energy Laboratory (NREL) 
Our project Partnership to 
Increase Representation in 
Energy Research in Puerto Rico 
(PIRES-PR) is dedicated to 
increase the number of Hispanic 
students working in basic energy 
research. We were able to recruit 
three (3) graduate students and 
fourteen (14) undergraduate 
students with 59% of them women 
starting in the right direction toward 
one of our main objectives of 
increase the number of women in 
energy science in Puerto Rico. 
During the Summer Internship 2024 
at NREL, the graduate student and 
three undergraduate students (100% 
women!) did research under the 
mentorship of four researchers and 
under the supervision of Dr. Bryan 
Pivovar (Co-PI of PIRES-PR) and 
Dr. Shaun Alia, two experts in 
hydrogen research. Figure 1 shows a picture of the final poster presentation at NREL on 
2023 and Figure 2 in 2024 (this year). 
 
Oregano biomass as a support for the 
biosynthesis of non-precious metal catalysts 
(Dr. Lymari Fuentes-Claudio, Universidad Ana 
G Mendez – Cupey) 
Titania particles were synthesized using the 
biotemplation method. Oregano biomass was used 
as a biotemplate to control particle growth and 
enhance metal doping. The titania network was 
doped with different non-precious metals, 
including iron, copper, and cobalt. X-ray 
Photoemission Spectroscopy spectra show 
characteristic peaks of calcium and magnesium 
that are though to be a contribution of the 
biotemplate. Doping of the samples was confirmed 
by Diffuse reflectance spectroscopy where 
characteristic bands of the metals are observed.  

 
Figure 1 – Final presentation in 1st Sumer Internship at 

NREL (2023). 

 
Figure 2 – Final presentation in 2nd Sumer Internship at 

NREL (2024). 

 
Figure 3 – a) XPS of BioTiO2 Fe. b) 

Dynamic light scattering shows different 
size intensities for biotemplated and non-

biotemplated sample. 
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OER Catalysts Supported on Zirconium Phosphate Nanomaterials 
(Dr. Jorge Colón, University of Puerto Rico, Rio Piedras) 
CoFe OER electrocatalyst supported on 
layered zirconium phosphate (ZrP) 
nanomaterials show slightly higher activity 
in an anion exchange membrane electrolyzer 
(AEMEL) compared to a commercial Co 
catalyst. Commercial NiFe oxide OER 
catalysts have higher activity and stability 
than a commercial NiO catalyst. CoFe@ZrP 
catalysts performed better that the 
commercial Co catalyst with lower kinetic 
losses despite of lower anode loading (0.04-
0.18 mg/cm2 vs 3 mg/cm2). Lessons learn in 
stability studies of commercial NiFe 
catalysts will be used for optimizing 
NiFe@ZrP catalysts. 
 
 
Process of coating the electrodes with catalytic material 
(Dr. Miguel Goenaga, Universidad Ana G Mendez – Gurabo) 
The gun and the servomotor were 
assembled on the head of the 3D printer. A 
base for the magnetic stirrer device was 
created. The code was developed in Python 
for the gun's movement, in G-code for the 
gun's operation, and in C++ for the 
activation of the servo. The students 
developed the ability to communicate and 
collaborate effectively with others. They 
gained skills in computer-aided design and 
in modifying 3D printers. They acquired 
experience in programming and process 
automation, essential skills in the industrial sector. They learned to face challenges and 
find creative solutions to technical problems in the project. 
 
 
Synergistic Activities between Energy-based Research Efforts in Puerto Rico 
We have devised a training program during the academic year for the students to take 
advantage of synergistic activities with other energy research projects in Puerto Rico. We 
have joined four research efforts together supported by DOE and NSF in energy materials. 
The students that are part of these three research efforts in energy meet every other Friday 
to participate of research seminars, professional development workshops, presentation 
practice, and networking with other researchers in Energy Science.  
 
 

 
Figure 4 – A. Schematic of intercalated ZrP; B. 

Polarization curves for CoFe@ZrP and 
commercial Co OER electrocatalyst in AEMEL; 

C. Activity comparison of NiFe and NiO 
catalysts; D. % Metal loss of NiFe and NiO 

catalysts after various experiments. 

 
Figure 5 – First prototype of automated coating 

sprayer. 
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Abhaya K. Datye 
 

Sub Nanometer Sized Clusters for Heterogeneous Catalysis 
 

Abhaya Datye1 and Yong Wang2 

1University of New Mexico and 2Washington State University 
 

Presentation Abstract 
 
The size regime from isolated metal atoms to clusters containing about 30 atoms (~1 nm) is of 
great interest since most of the metal atoms are at the surface, hence accessible for catalytic 
reactions.  A major challenge in the industrial application of these sub-nm catalysts is that atoms 
are mobile and can cause changes in the catalyst structure, often leading to a loss of reactivity 
and selectivity.  The objective of this project is to develop a fundamental understanding of the 
stability of single atoms, and to use this understanding to improve the thermal stability of sub-nm 
clusters.  Our goal is to design catalysts that can continue to catalyze reactions over extended 
time periods.  We bring to bear the method of atom trapping, where we learnt how to stabilize 
individual atoms on an oxide support, preventing their agglomeration to form large particles.  We 
make use of such strongly bound atoms to control the nucleation and growth of clusters that are 
deposited on such strongly bound atoms.  This helps elucidate the roles of surface sites on 
generating stable sub-nm clusters.  While trapping atoms allows us to prevent growth of large 
particles, the strongly bound atoms may not be as catalytically active as nanoclusters.  Hence, we 
also explore a novel approach to generate self-healing catalysts, where mobile atoms are trapped 
and restored to active nanoparticles, generating a thermodynamically stable structure.  Single 
atoms on oxides are not static.  One of the aims of this research is to investigate the dynamics of 
single atoms, and understand on how they can be tuned to achieve the highest catalytic reactivity.  
Since most industrial catalysts use rare and expensive metals (platinum group metals) as 
catalysts, there is a need to investigate whether earth abundant metals (EAMs) could perform 
similar chemistry.  This will address looming shortages in critical materials needed for the 
chemical industry.  We will therefore extend the learning from generating self-healing catalysts 
and mechanistic insight on the dynamics of single atoms mentioned above to control the 
reactivity and stability of EAM based catalysts, for reactions of interest to the DOE mission.   
 

DOE grant # DE-FG02-05ER15712 
Sub Nanometer Sized Clusters for Heterogeneous Catalysis 

 
Post-docs: Andrew DeLaRiva (UNM) and Junming Sun, Dong Jiang and Hao Xu (WSU) 
Graduate Students: Stephen Porter and Brandon Burnside (UNM), Carlos Eduardo Garcia-

Vargas, Jianghao Zhang and Zhiyu Qi (WSU) 
 

RECENT PROGRESS 
 
Controlling the nucleation and growth of sub-nm clusters 
 
The underlying hypothesis of this project is that the proper design of trapping sites will allow us 
to control the nucleation and growth of sub-nm clusters.  These trapping sites may be on the 
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surface of oxide supports, as in the case of step edge sites on ceria, which allow trapping of 
transition metals such as Pt, Pd or Rh, or they may involve incorporation of the single atoms into 
substitutional sites such as in the case of Ni doped into ceria.  The study of Pd/CeO2 best 
illustrates how we can control the formation of sub-nm clusters and their transformation back 
into single atoms (Jiang et al., Nature Catalysis, 2023). In this work, we reported the reaction-
environment-modulated transformations of subnanometer-sized Pd on CeO2 for efficient 
methane removal, leveraging the reaction environments at different stages of automotive exhaust 
aftertreatment. During the cold start of vehicles, inactive Pd1 single atoms are readily 
transformed into PdOx subnanometer clusters by CO even at room temperature with excess O2, 
resulting in boosted low-temperature CH4 oxidation. At elevated temperatures, dispersion of 
PdOx cluster into Pd1 against metal sintering renders outstanding hydrothermal stability to the 
catalyst, to be activated during the next vehicle start. Combined experimental and computational 
studies elucidate the dynamically evolved Pd speciation on CeO2 at an atomic level. Modulating 
the reversible nature of supported metals helps overcome the long-existing trade-off between 
low-temperature activity and high-temperature stability, also providing a new paradigm for 
designing intelligent catalysts that brings single-atom/cluster catalysts closer to real applications. 
This work was also submitted as a highlight to the DOE Catalysis Science program. 
 

 
 
Developing the science of self-healing catalysts 
 
Catalyst regeneration is well developed in industrial practice, for example, in reforming reactions 
where the use of halides and oxidative treatments allow restoration of the initial dispersion of Pt 
and Ir catalysts. To achieve similar results without halides, we need suitable supports that 
provide sites for trapping atoms.  Our previous work focused on CeO2 supports, where we can 
stabilize high metal loadings of single atom species (3wt% Pt).  Reduction of the single atom 
Pt/CeO2 catalyst transforms it into nanoparticles yielding excellent low temperature CO 
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oxidation reactivity. Therefore, CeO2 represents a prototypical regenerable catalyst where the 
mobile atoms emitted from a nanoparticle can be trapped on the ceria support, regenerating the 
Pt single atom catalyst.  But regeneration of the single atom sites is only possible with an 
oxidizing environment, and a subsequent reduction step is needed to form nanoparticles which 
may be the active sites for certain reactions.  Our concept of a self-healing catalyst is one that 
heals itself and continues to operate without the need for periodic regeneration. As described in 
this work (Porter et al., ACS Catal, 2023) we consider the Pt-Pd catalyst as a protypical self-
healing catalyst. The addition of Pd to Pt-based diesel oxidation catalysts is known to enhance 
performance and restrict the anomalous growth of Pt nanoparticles when subjected to aging at 
high temperatures in oxidative environments.  Our study of this catalyst illustrates some of the 
key principles involved in a self-healing catalyst.  We learned that the PdO helps to trap mobile 
PtO2, impeding the transport of Pt to the vapor phase and preventing the growth of abnormally 
large particles.  Besides lowering the vapor pressure of Pt oxides, we learned that Pt allows Pd to 
remain metallic, making it possible to retain both metal and oxide functionality for catalysis.  
The regeneration of deactivated catalysts in industrial practice typically requires an external 
input, such as a change in the working environment from reducing to oxidizing, or vice-versa.  
Here we find that the mobile species which are primary contributors to catalyst sintering are 
effectively returned to the active site, hence our use of the term ‘self-healing’.  Detailed insights 
into the inner workings of the Pt-Pd diesel oxidation catalysts can help provide clues to the 
design of robust and durable heterogeneous catalysts. This work was submitted as a highlight to 
the BES Catalysis Science program. 
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Unraveling the dynamics of single atom catalysts  
 
Pt single atom catalysts prepared by atom trapping have been extensively studied in CO 
oxidation where we see a positive reaction rate dependence on CO partial pressure.  However, 
we also found negative reaction order on CO depending on the initial partial pressure of CO and 
partial pressure ratio of CO/O2. These findings suggest single atoms are dynamic under reaction 
conditions, depending on reactant adsorbent and coordination environment.  Single atoms of 
platinum group metals on CeO2 represent a potential approach to lower precious metal 
requirements for automobile exhaust treatment catalysts. In this work we demonstrated the 
dynamic evolution of two types of single-atom Pt (Pt1) on CeO2, i.e., adsorbed Pt1 in Pt/CeO2 
and square planar Pt1 in PtATCeO2, fabricated respectively at 500 °C and by the atom-trapping 
method at 800 °C. Adsorbed Pt1 in Pt/CeO2 is mobile with the in-situ formation of few-atom Pt 
clusters during CO oxidation, contributing to high reactivity with near-zero reaction order in CO. 
In contrast, square planar Pt1 in PtATCeO2 is strongly anchored to the support during CO 
oxidation leading to relatively low reactivity with a positive reaction order in CO. Reduction of 
both Pt/CeO2 and PtATCeO2 in CO transforms Pt1 to Pt nanoparticles. However, both catalysts 
retain the memory of their initial Pt1 state after subsequent oxidative treatments, which illustrates 
the importance of the initial single-atom structure in practical applications. This work was 
published in Nature Communications, 2023. 
 
Tuning the reactivity of earth abundant metals (EAMs) 
 
Metallic Ni is a well-known catalyst for reactions such as dry reforming, or hydrogenation, but 
not for reactions such as CO oxidation, methane oxidation or for selective hydrogenation of 
acetylene.  Also, Ni catalysts are known to suffer from challenges such as coke formation, which 
leads to formation of carbon filaments and plugging of the reactor, or from difficulties in 
handling reduced Ni catalysts due to their pyrophoric nature. In our preliminary work, we have 
found that when Ni is present in the cerium oxide lattice, the single atom Ni catalysts are active 
for a broad range of reactions such as hydrogenation as well as oxidation. Over the past year, we 
have focused on a study of Ni catalysts in ceria focusing on the role of dopants in the ceria 
lattice.  In this work we have developed single atom Ni catalysts that perform a range of 
reactions, under oxidizing and reducing conditions, without needing any activation.  By 
stabilizing Ni in ceria, we can generate Ni in ionic form that is not pyrophoric and can perform 
reduction and oxidation reactions without the need for any activation.  We have used XAS, TEM 
and other characterization methods to ensure that the catalyst contains exclusively single atom Ni 
species, and the reactivity can be attributed to the ionic form of Ni.  The results are surprising, in 
view of the expectation that it is metallic Ni that is active as a catalyst, and not ionic, single atom 
Ni.  These catalysts have been tested for selective acetylene hydrogenation, for CO and CH4 
oxidation and for dry reforming of methane. This work is being written up for publication and 
will demonstrate how the reactivity of earth abundant metals can be tuned by stabilizing the 
single atoms in suitable supports. 
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Presentation Abstract 

 
This poster will describe our efforts using quantum-mechanical calculations and 
experiments to develop and understand alkane and arene C-H activation and 
functionalization reactions with main-group metal complexes. This poster will also 
describe new software tools and computational approaches that aid in the prediction of 
new catalysts. 
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RECENT PROGRESS 

 
Mechanism and Reactivity of SbV C-H Activation and Functionalization 

Direct and selective oxidative functionalization of unactivated aromatic sp2 C-H 
bonds to ester (or alcohol) functional groups is a surprisingly difficult transformation. 
There are only a few examples where this transformation is promoted by transition metal 
complexes, such as Pd and Cu. In most of these reactions it was proposed that Pd and Cu 
induce functionalization through a two-step reaction mechanism that first involves C-H 
activation/metalation to generate an organometallic metal-aryl intermediate and a second 
step that involves reductive functionalization to generate the new C-O bond. 

Because of the lack of transition metal-based complexes that directly induce 
oxidative functionalization of aromatic C-H bonds we examined if p-block main-group 
metals might be an advantageous alternative for this type of transformation. The major 
results are: 1) Experimental and theoretical studies that show that at lower temperatures 
(~60 °C) SbV induces innersphere metal-mediated chemoselective para C-H activation of 
toluene followed by disproportionation to give a para bis-tolyl SbV intermediate without 
functionalization. 2) Experiments at elevated temperatures (170 °C for 3 hours) generated 
the aryl esters with good yields and with selectivity switched to ortho-substituted and 
meta-substituted esters. 3) Our calculations indicate that the para to ortho/meta 
selectivity change occurs because at the higher temperatures there is a Curtin-Hammet 
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type equilibrium with rate limiting functionalization from the more electron deficient 
mono-tolyl SbV intermediate. 
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Mechanism and Selectivity of Model Bi(V)-Aryl Oxy-Functionalization in 
Trifluoroacetic Acid Solvent 

Previous examination of main-group metal reactions indicates that while C-H 
metalation can be kinetically fast it is generally kinetically slow to generate oxy-
functionalization products. Kinetically slow functionalization is a potential problem if 
functionalization is carried out in relatively strong acid where protonation has the potential 
to outcompete and prevent oxy-functionalization. Therefore, we examined model main-
group metal aryl complexes that would be especially susceptible to protonation and 
determine if oxy-functionalization is possible. 

We decided to experimentally and computationally analyze the oxy-
functionalization reaction of BiV-aryl complexes in strong trifluoroacetic acid (TFAH) 
solvent. BiV-aryl complexes were selected because they are both a model for a metal-aryl 
intermediate that could be potentially generated from Bi C-H activation (or C-H activation 
at a lower oxidation followed by oxidation) and Bi-C bonds are generally highly polar and 
susceptible to protonation. We were encouraged by the previous work of Mukaiyama, 
Barton, Ball, and Cornella who have shown some functionalization of Bi-aryl complexes 
in non-acid solvent. 
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We first synthesized the (Ph)3BiV(TFA)2 (TFA = trifluoroacetate) complex and 
examined its reactivity in trifluoroacetic acid (TFAH) solvent, which gave clean formation 
of a single oxy-functionalization product phenyl trifluoroacetate (PhTFA) and two 
equivalents of benzene. We also used DFT calculations with explicit/continuum solvent to 
extensively examine possible oxy-functionalization reaction mechanisms and selectivity 
versus protonation, which revealed that oxy-functionalization occurs through a direct 
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intramolecular reductive functionalization pathway rather than ion pair or radical pair 
pathways. Surprisingly this reductive functionalization pathway is kinetically faster than 
protonation. We also experimentally synthesized and examined the oxy-functionalization 
of Bi-Ph with biphenyl and biphenyl sulfone ligands. 
 
Mechanism and Selectivity of Main-Group Metal Oxides for Methane C-H 
Functionalization 

With evidence that BiV has the potential for oxy-functionalization reactions and 
preliminary calculations that show low barriers for C-H activation with BiV, we 
experimentally examined Bi oxide in sulfuric acid for reaction with methane. Perhaps 
surprisingly, NaBiO3 dissolved in sulfuric acid provides nearly quantitative conversion of 
methane to methyl bisulfate when reacted with methane at 180 °C. Background 
experiments show very little methyl bisulfate formed without Bi, which indicates oleum-
based reactivity is not occurring. However, test experiments showed that at lower 
temperatures (e.g. <90 °C) methane sulfonic acid is first formed, which is then converted 
to methyl bisulfate. This result is significant because normally it is assumed that methane 
sulfonic acid is formed from radical initiators and provides a mixture of several products. 
Therefore, we have undertaken a general experimental and computational study to 
examine possible C-H activation versus solvent oxidation/radical reaction mechanisms 
for the series of main-group metals (MG) and solvents (H2SO4, TfOH, TFAH, and 
AcOH). 
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Software, Ligand Libraries, and Machine Learning for Catalyst Design 

The key to successful computational homogeneous catalyst design is identification 
of a specific ligand framework mounted on a transition metal that will result in the desired 
reaction reactivity and/or selectivity. Our approach to computationally design catalysts is 
to directly evaluate reactivity and selectivity of possible catalyst ligands through 
optimization of transition-state structures and intermediates. This can now be done in a 
semi-automated manner using programs such as the AARON toolkit, Kulik’s molSimplify, 
or our Mason program (https://github.com/DanielEss-lab/Mason).  

However, a major limitation of this catalyst design approach is the lack of ligand 
libraries that would be ideal to begin searching chemical space and that would directly 
translate to a plausible experimental system that can be straightforwardly synthesized. 
Therefore, we developed an experimentally based library of >30,000 monodentate, 
bidentate (didentate), tridentate, and larger ligands cultivated by dismantling 
experimentally reported crystal structures. The library is called ReaLigands 
(https://github.com/DanielEss-lab/ReaLigands). Individual ligands from mononuclear 
crystal structures were identified using a modified depth-first search algorithm and charge 
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was assigned using a machine learning model based on quantum-chemical calculated 
features. In the library ligands were sorted based on direct ligand-to-metal atomic 
connections and on denticity. Representative principal component analysis (PCA) and 
uniform manifold approximation and projection (UMAP) analyses were used to analyze 
several tridentate ligand categories, which revealed both the diversity of ligands and 
connections between ligand categories. We also demonstrated the utility of this library by 
implementing it with our building and optimization tools, which resulted in the very rapid 
generation of barriers for 750 bidentate ligands for Rh-hydride ethylene migratory insertion. 
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Presentation Abstract 
 

The global nitrogen cycle represents a variety of pathways for the conversion of 
nitrogen containing substrates.  This study presents advancements in the selective reduction 
of nitrogen-containing oxyanions. Building on previous work that demonstrated the 
reduction of NO3

- to NO using the [N(afaCy)3Fe]OTf2 complex, we have developed a new 
ligand framework to look for intermediates in the reaction. A new ttrapodal ligand on iron 
has allowed us to now see intermediates in the reaction for the conversion of nitrate to 
nitric oxide, including the formation of a nitrite-bound iron species and a reactive iron(III)-
hydroxide. This reduction to NO from nitrate or nitrite relies on a bimetallic mechanism to 
form an iron-nitrosyl species and water.   

We have also been targeting the reduction of NO to NH3 or N2. The conversion of 
NO to NH3 is achieved with a 29% yield, confirmed via 15N labeling studies. 
Hydroxylamine (NH2OH) is identified as a key intermediate in this process, supported by 
computational and experimental findings. Additionally, an alternative reduction pathway 
of NO2

- to N2 is proposed, where NO generated from NO2
- is converted to N2O by PPh3, 

and subsequently reduced to N2 by the iron complex. These mechanisms provide insights 
into natural enzymatic processes that reduce nitrogen-containing oxyanions. 

Finally, the versatile binding behavior of a tetrapodal ligand framework with nickel 
is explored. The ligand fluxionality enables interconversion between octahedral and square 
planar geometries, influenced by solvent coordination. UV-vis and NMR kinetic studies 
suggest that solvent binding initiates dynamic changes, shedding light on how water 
binding  could  drive  coordination  mode  changes  in  metalloenzymes.  A reverse-dative  
Ni → Ag interaction, triggered by the addition of silver triflate, provides further insight 
into altering nickel geometry. These findings advance the understanding of dynamic 
processes in metalloenzymes and metal-ligand systems. 
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Presentation Abstract 

 
Pentavalent antimony compounds have been extensively explored as Lewis acids.  Because 
the trivalent state of this heavy group 15 element is also readily accessible, these 
compounds can engage in two-electron chemistry, offering unique opportunities in the area 
of small molecule activation and catalysis. This presentation will cover the recent progress 
that we have made while exploring such concepts.  We will begin by describing our results 
on the synthesis of transition metal catalysts whose reactivity is modulated by a 
neighboring antimony center.  In the second part of this presentation, we will discuss 
unpublished results concerning the interaction of SbCl3 and o-chloranil, which results in 
the formation of pentavalent antimony species when in the presence of a Lewis basic or 
electron-rich substrate.  Our results show that access to such pentavalent antimony species 
can be exploited for the activation of strong bonds, including C-F bonds, for the 
polymerization of cyclic ethers, and for the cis-functionalization of olefins. 
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RECENT PROGRESS 
 
Transition metal catalyst containing antimony-based ligands 
Our interest in the design of ambiphilic ligands and their coordination to late transition 
metals has led us to synthesize several complexes featuring a donor functionality such as a 
phosphine and an N-heterocyclic carbene positioned next with an antimony functionality.  
These efforts have allowed us to isolate three examples of transition metal complexes 
featuring such ligands.  These include an indazol-3-ylidene gold chloride complex 
functionalized at the 4-position of the indazole backbone by a stibine functionality which 
cleanly reacts with o-chloranil to afford the corresponding stiborane derivative 1. Structural 
analysis indicates that the stiborane coordination environment is best described as a 
distorted square pyramid whose open face is oriented toward the gold center, allowing for 
the formation of a long donor–acceptor, or pnictogen, Au → Sb bonding interaction. The 
presence of this interaction, which has been probed computationally, is also manifested in 
the enhanced catalytic activity of this complex in the cyclization of N-propargyl-4-
fluorobenzamide.  The other two examples are also gold chloride complexes in which a 
phosphine gold-chloride unit is connected to a stiborane by a dimethylxanthene (2) or 
ferrocene (3) backbone.  Evaluation of these systems in propargyl amide cyclization 
reactions reveals two important aspects.  The first one pertains to the rigidity and of the 
backbone which needs to be sufficient to old the two functionalities next to each other as a 
prerequisite for catalysis.  Indeed, the dimethylxanthene system is significantly more active 
than its ferrocene counterpart, a difference that we assign to the rotational flexibility of the 
ferrocene backbone.  The second important outcome of this work is the finding that the 
antimony must be in the pentavalent state in order to enhance the reactivity of the adjacent 
phosphine gold-chloride uinit, a process which we propose based on compoatui result for 
the formation of an Au–Cl → Sb(v) interaction which leave the gold exposed to the reaction 
substrates 
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Transition metal catalyst containing antimony-based ligands 
Our efforts to diversify the type of donor functionalities that we include in such systems 
have led us to consider the incorporation of nitrogen donors instead of phosphines or 
carbenes.  This approach has led us to prepare tris(8-quinolyl)stibine and tris(6-methyl-8-
quinolyl)stibine which could be easily obtained from the lithiated ligands and SbCl3.  The 
coordination behavior of these new ligands has been tested using rhodium as a metal.  We 
found that both ligands react with (MeCN)3RhCl3. The resulting complexes 4 and 5 feature 
an unusual [RhSb]VI core and show the migration of one of the chloride ligands to the 

273



antimony center, which shows it valence increased by two.   Computational analysis using 
density functional theory reveals that the resulting Rh–Sb σ bond is polarized toward the 
Rh atom, suggesting a description of this linkage as a Rh →  Sb Z-type interaction.  
Evaluation of the complexes as catalysts are ongoing. 
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Redox chemistry of the SbCl3 and o-chloranil system 
We have been intrigued by the possibility of accessing Lewis acidic antimony(V) 
derivatives starting for SbCl3 and ortho-quinones.  To begin this investigation, we first 
computed the structure of SbCl3(cat) (cat2- = [o-C6Cl4O2]2-), the target Lewis acid. The 
structure of this derivative was optimized and found to adopt a square pyramidal geometry 
about the Sb center. A thermodynamic analysis indicated the formation of SbCl3(cat) from 
SbCl3 and o-chloranil is endergonic by 3.0 kcal/mol. This prediction is consistent with our 
observation that SbCl3 and o-chloranil do not react with one another.  However, this 
situation can be altered by addition of a base such as triphenylphosphine oxide which traps 
the pentavalent complex in the form of the ocathedral complex Ph3PO→SbCl3(cat).  
Access to pentavalent SbCl3(cat) from SbCl3 and o-chloranil can also be used to activate 
the C-F bond of fluoroalkanes, leading to the generation of carbocations readily trapped by 
Friedel-Crafts reactions.  We also found that SbCl3 catalyzes the addition of o-chloranil to 
olefins, a process that we also speculate involves the intermediacy of SbCl3(cat).  These 
results will soon be submitted for publication. 
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Presentation Abstract 

First-row transition metal complexes supported by pincer ligands of the type 

R'N(CH2CH2PR2)2 (
RPNR'P) are highly active catalysts for a range of hydrogenation and 

dehydrogenation reactions but are prone to catalyst deactivation. Here, we describe the 

synthesis of the ligands (ECH2CH2)N(CH2CH2P
iPr2)2 (E = OMe, iPrPNOMeP; & NMe2) and 

(OMeCH2CH2CH2)N(CH2CH2P
iPr2)2, which are RPNR'P-type ligands containing a pendant 

hemilabile ether or amine donor. We describe the preparation and characterization of a 

series of iron and manganese complexes supported by these ligands and assess their 

performance for catalytic CO2 hydrogenation to formate. It is demonstrated that iron 

hydride species supported by iPrPNOMeP give comparable turnover numbers for catalytic 

CO2 hydrogenation to formate as the state-of-the-art iron system ligated by 

MeN(CH2CH2P
iPr2)2 (

iPrPNMeP). Further, iPrPNOMeP ligated iron catalysts show improved 

catalytic lifetimes compared to iPrPNMeP supported systems, albeit with lower turnover 

frequencies. Experimental and theoretical studies indicate that the pendant hemilabile ether 

donor aids in stabilizing the catalyst by binding to the iron center but impedes catalytic 

turnover by forming an off-cycle cationic complex, which is the catalyst resting state. 

Overall, this work provides rare examples of pincer ligands with additional hemilabile 

donors and demonstrates that the incorporation of an additional donor is a viable strategy 

for optimizing the catalytic performance of systems supported by RPNR'P ligands. 

Grant or FWP Number: DE-SC0018222 - Base Metal Catalysis with Relevance to 

Energy Storage Applications 

PI: Wesley H. Bernskoetter & Nilay Hazari 
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RECENT PROGRESS 

Synthesis of PNP Ligands with an Additional Hemilabile Donor 

In previous DOE funded work, we demonstrated that the presence of exogenous phosphine 

ligands, such as PM e3, can improve the catalytic performance of iPrPNR'P-ligated iron 

catalysts in formic acid dehydrogenation (Figure 1a). We propose that this is because 

reversible coordination of PMe3 slows bimolecular catalyst decomposition, while still 

providing access to the coordinatively unsaturated species required for productive catalysis. 

Although intermolecular stabilization of the active species provides evidence that catalytic 

performance improves when another coordinating ligand is present, we hypothesized that 

introducing an intramolecular hemilabile pendant group, such as an ether, on the iPrPNR'P 

275



pincer scaffold is a better 

method to impart enhanced 

stability to the resulting 

iron complexes. We also 

proposed that we could 

extend this strategy to 

stabilize catalysts based on 

other first-row transition 

metal catalysts. 

Over the last year, we 

synthesized a family 

of iPrPNRP ligands 

with pendant amine, 

ether, phosphine, and 

thiol donors (A-E) 

(Figure 1b). For 

brevity, only the 

synthesis of A is 

described (Figure 2). 

The three-step 

synthesis starts with 

an SN2 reaction 

between two inexpensive commercially available reagents, diethanolamine and 1-chloro-

2-methoxyethane, to generate intermediate i. Treatment of i with SOCl2 generates the salt

ii, which can be treated with nBuLi and then two equivalents of LiPiPr2 to generate A.

Although the yield of step one is low (~10%), the subsequent two steps proceed in good

yield (59 & 80%, respectively) and it is possible to synthesize A on a gram scale. Using

similar procedures, we have synthesized ligands B-E.

Iron Complexes Supported by iPrPNR'P Ligands with an Additional Hemilabile Donor 

We initially targeted the 

synthesis of iron 

catalysts ligated by A-D 

to test our hypothesis 

that the pendant arm 

would lead to more 

stable catalysts. Our 

goal was to access an 

iron hydride that could 

be used as a precatalyst 

for formic acid 

dehydrogenation and/or 

CO2 hydrogenation. To 

access the iron hydrides, 

we first coordinated the 

free ligand to FeCl2, as 

Figure 2: Synthesis of ligand A.

Figure 1: a) Structure of iPrPNR'P-ligated iron catalysts that are highly 

active for dehydrogenation and hydrogenation reactions. b) Pincer 

ligands with pendant donors synthesized as part of this work. 
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Figure 3: a) Synthesis of iron complexes 1-3 and b) solid-state structures 

of 1 & 2. 
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shown in 

Figure 3 for 

A. This

generated a

tetrahedral

Fe(II)

complex 1, 

where

neither the tertiary amine of the pincer ligand or the pendant methoxy arm were bound.

Subsequent treatment of 1 with NaBH4 generated the diamagnetic octahedral compound 2,

containing a 2-BH4 ligand. Exposure of 2 to 1 atm of CO formed compound 3, which has

a 1-BH4 ligand. Compounds 1 and 2 were characterized by x-ray crystallography.

Attempts to coordinate ligands B-D to FeCl2 were successful and resulted in the formation

of analogues of 1. However, treatment of the resulting complexes with NaBH4 generated

complexes in which the pendant ligand arm was bound to BH3.

The reaction of 3 with NEt3 generates the dihydride 4, which upon exposure to CO2 forms 

the formate complex 5 (Figure 4). Interestingly, exposure of 5 to LiPF6 results in the loss 

of the formate ligand and the generation of complex 6, in which the pendant OMe group is 

coordinated to the Fe center. This validates our hypothesis that the pendant OMe group can 

coordinate to the metal center. It is also possible to convert 6 back to 4 through a reaction 

with H2 in the presence of DBU. This is important because it demonstrates that starting 

from 4 it is possible to perform all the elementary steps that are proposed in CO2 

hydrogenation using iPrPNMeP -ligated Fe catalysts. Complexes 4 and 6 were characterized 

by x-ray crystallography. 

CO2 Hydrogenation with iPrPNOMeP Ligated Iron Complexes 

We evaluated the catalytic activity of 3, 4, and 6 for CO2 hydrogenation using conditions 

we had previously developed (Table 1). They are all active for CO2 hydrogenation and give 

approximately the same number of TONs, which is consistent with each operating through 

the same catalytic cycle. Their overall productivity is comparable to the state-of-the-art 

iron catalyst ligated by iPrPNMeP. However, the TOFs are consistently lower by 

approximately a factor of 2 compared with iPrPNMeP ligated systems. We interpret this 

difference as indicating that complexes with a pendant methoxy donor are more stable but 

less active catalysts. This is likely because the pendant methoxy donor can coordinate to 

the iron center 

and create an 

off-cycle 

species that is 

stable but less 

catalytically 

active. 

Theoretical 

calculations 

support that 

displacement 

of the pendant 

Figure 4: Reactions of iron complexes ligated by A relevant to CO2 hydrogenation.

Table 1: Catalytic performance of complexes 3, 4, and 6 in CO2 hydrogenation.

Entry [Fe] Loading TOF (1 h) TON (time) Yield (%) 

1 3 0.3 μmol 9800 ± 1500 39,000 ± 3800 (24 h) 49 

2 3 0.3 μmol 37,000 ± 2000 (72 h) 46 

3 4 0.3 μmol 34,500 ± 2500 (24 h) 43 

4 6 0.3 μmol 10,700 ± 300 37,000 ± 3400 (24 h) 46 

5 3 0.6 μmol 27,000 ± 4000 68 

Reaction conditions: 500 psi CO2, 500 psi H2, [Fe], 24 mmol DBU, 3.2 mmol LiOTf, 

10 mL THF, 80 °C. 
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arm in 6 with H2 is thermodynamically uphill. Overall, these results demonstrate that the 

incorporation of an additional donor is a viable strategy for optimizing the catalytic 

performance of systems supported by RPNR'P ligands. However, due to the limited range 

of iron hydride complexes we could synthesize, we were unable to evaluate the catalytic 

performance of all the new ligands we had prepared. 

Manganese Complexes Supported by iPrPN R'P Ligands with an Additional Hemilabile 

Donor 

In previous work, we 

demonstrated that 

manganese complexes of 

the form 

(iPrPNMeP)Mn(CO)2H are 

active for CO2 

hydrogenation to formate, 

albeit with lower activity 

and stability than related 

iron complexes. To assess 

the catalytic activity of 

our full series of ligands 

(Figure 1), we 

coordinated them to 

manganese (Figure 5). 

Initially, the free ligands, 

A-C and E, were heated with Mn(CO)5Br in toluene. This generated complexes of the type

(iPrPNR'P)Mn(CO)2(Br), which were fully characterized, including by x-ray crystallography.

Subsequent treatment of (iPrPNR'P)Mn(CO)2(Br) with a hydride source generated the

corresponding manganese hydrides. Different hydride sources, for example NaBH4 vs

LiEt3BH, were required to ensure that BH3 did not coordinate to the pendant group on the

pincer ligand. Additionally, in some cases when BH3 was coordinated to the pendant group

it was possible to use an amine, such as NEt3, to remove the BH3.

The synthesis of manganese hydrides with four different ligands has positioned us to 

perform studies that correlate the performance of the different catalysts for CO2 

hydrogenation with the binding constant for the coordination of the pendant arm. We will 

establish the binding constant for the pendant arm using both theoretical methods and 

equilibrium exchange reactions with ligands, such as PMe3 and MeCN. We expect that if 

the pendant donor binds too tightly, the catalyst will be highly stable but give low activity 

for CO2 hydrogenation, whereas if the pendant donor binds weakly, the catalyst will be 

unstable but give high activity. We hypothesize that in a similar fashion to a heterogeneous 

volcano plot, there will be an optimal binding constant that gives good activity and stability. 

Future Work 

We will focus on three areas: (i) evaluating the new complexes we have already prepared 

in different catalytic reactions, for example methanol dehydrogenation, amide 

hydrogenation, and amine formylation with CO2 and H2, (ii) coordinating the iPrPNR'P 

ligands we have already prepared to metals, such as ruthenium and cobalt, and (iii) 

synthesizing pincer ligands with new hemilabile donors with specific binding strengths.  

Mn1

P1

P2N1

O1
O2

O3

Br1

Mn1

P1

P2

N1

O3

O1

O2

Figure 5: a) a) Synthesis of manganese complexes supported by ligands 

A-C and E and b) solid-state structures of PNOMeP-ligated complexes.
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Presentation Abstract 
 
The objectives of this research program are to develop and validate a hierarchy of multi-
scale methods for computing reaction and activation free energies of elementary processes 
occurring at metal surface-liquid and porous media-liquid interfaces and to apply these 
methods to the rational design of novel heterogeneous catalysts with exceptional activity, 
selectivity, and stability for the liquid-phase conversion of lignocellulosic biomass into 
transportation fuels or commodity and specialty chemicals. An overarching theme of our 
method developments is rapid applicability. We aim to limit the computational cost of our 
novel methods for computing free energies of elementary processes at solid-liquid 
interfaces to a cost of only two orders of magnitude higher than that of similar calculations 
at solid-gas interfaces. To achieve at the same time high accuracy in our free energy 
calculations, we rely on adapting and optimizing previously developed computational tools 
in the enzyme and homogeneous catalysis communities, such as hybrid quantum 
mechanical and molecular mechanical (QM/MM) methods. By adapting already 
parameterized and validated methods and force fields from these communities, we reap the 
benefits of the experience of many decades of computational studies in liquid-phase 
environments. Specifically, in this presentation, we will report recent progress on the 
development of a hybrid quantum mechanical, molecular mechanical, and machine 
learning potential for computing aqueous-phase adsorption free energies on metal surfaces 
and its application to the carbonyl group hydrogenation over Ru and Pt catalysts. Also, we 
report on an extension of our QM/MM explicit solvation method to porous zeolite systems 
and butane cracking in the presence of condensed water. 
 
DE-SC0007167: Theoretical Investigation of Heterogeneous Catalysis at the Solid-
Liquid Interface for the Conversion of Lignocellulosic Biomass Model Molecules 
 
Postdoc(s): Dr. Mehdi Zare, Dr. Dia Sahsah, Dr. Wenqiang Yang 
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RECENT PROGRESS 

 
Liquid phase effects on adsorption processes in heterogeneous catalysis 
Performing reliable computer simulations of elementary processes occurring at metal–
water interfaces is pivotal for novel catalyst design in sustainable energy applications. 
Computational catalyst design hinges on the ability to reliably and efficiently compute the 
potential energy surface (PES) of the system. Due to the large system sizes needed for 
studying processes at liquid water–metal interfaces, these systems can currently not be 
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described using density functional theory (DFT). In this work, we used a hybrid quantum 
mechanical, molecular mechanical, and machine learning potential for studying the 
adsorption behavior of phenol, atomic hydrogen, 2-butanol, and 2-butanone on the (0001) 
facet of Ru under reducing conditions when Ru is not oxidized. Specifically, we describe 
the adsorbate and the surrounding metal atoms at the DFT level of theory. Here, we also 
considered the electrostatic field effect of the water molecules on adsorbate–metal 
interactions. Next, for the water–water and water–adsorbate interactions, we used 
established classical force fields. Finally, for the water–Ru surface interaction, for which 
no reliable force fields have been published, we used Behler–Parrinello high-dimensional 
neural network potentials (HDNNPs). Employing this setup, we used our explicit solvation 
for metal surface (eSMS) approach to compute the aqueous-phase effect on the low-
coverage adsorption of selected molecules and atoms on the (0001) facet of Ru. In 
agreement with previous experimental and computational studies of oxygenated molecules 
over transition metal facets, we found that liquid water destabilizes the tested adsorbates 
on Ru(0001). Interestingly, our findings indicate that adsorbates on Ru are less affected by 
the presence of an aqueous phase than on other transition metals (e.g., Pt), highlighting the 
necessity of experimental investigations of Ru-based catalytic systems in liquid water. 
 
Machine learning accelerated first-principles studies of biomass model molecules 
The complex reaction network of catalytic biomass conversions often involves hundreds 
of surface intermediates and thousands of reaction steps, greatly hindering the rational 
design of metal catalysts for these conversions. Here, we present a framework of machine 
learning (ML)-accelerated first-principles studies for the hydrodeoxygenation (HDO) of 
propanoic acid over transition metal surfaces. The microkinetic model (MKM) is initially 
parametrized by ML-predicted energies and iteratively improved by identifying the rate-
determining species and steps (RDS), computing their energies by density functional 
theory (DFT), and reparameterizing the MKM until all the RDS are computed by DFT. 
The Gaussian process (GP) model performs significantly better than the linear ridge 
regression model for predicting both the adsorption free energies and transition state free 
energies. Parameterized with energies from the GP model, only 5–20% of the full reaction 
network has to be computed by DFT for the MKM to possess DFT-level accuracy for the 
TOF and dominant reaction pathway. While the linear ridge regression model performs 
worse than the GP model, its performance is greatly improved when only transition states 
are predicted by the regression model and adsorption energies are computed by DFT. 
Overall, we find that a high accuracy in adsorption free energies is more important for a 
reliable MKM than a high accuracy in TS free energies. Finally, based on the GP model 
with GOH and GCHCHCO as catalyst descriptors, we build two-dimensional volcano plots in 
activity and selectivity that can help design promising alloy catalysts for HDO reactions of 
organic acids. 
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Presentation Abstract 

 
A challenging frontier in cross-coupling is to couple abundant molecules like hydrocarbons 
and atmospheric N2 which have strong bonds. We have discovered a low-coordinate iron 
system that mediates the one-pot conversion of petroleum-derived arenes and N2 into 
aniline derivatives, a net formation of C–N bonds from hydrocarbons and N2. The reaction 
uses a mixture of sodium powder, crown ether, and trimethylsilyl bromide, and silylated 
anilines are isolated. Numerous iron complexes along the cyclic reaction pathway have 
been isolated and crystallographically characterized, and their stoichiometric reactivity 
outlines a mechanism for sequential C–H activation and N2 functionalization. This 
presentation will describe new insights on several of these steps. In the C–H activation step, 
there is a marked dependence of the equilibrium constant and the rate upon the presence 
and choice of alkali metal, and a system without crown can activate the C–H bond much 
more rapidly. In the next step, "hydride deletion" from the phenyl hydride complex, silyl 
halides can play an important facilitating role. Next is the reduction of the phenyl complex, 
which we have begun to study electrochemically. Finally, N2 silylation has yielded isolable 
disilylhydrazido complexes that are formally iron(IV) but are dominated by an iron(II)-
nitrene resonance structure. This makes them electrophilic enough at N to enable migration 
of the phenyl group to form the N–C bond. The N–C bond formation occurs rapidly with 
small alkyl substituents as well, but not with large alkyls or with alkynyls. The mechanistic 
detail on these various steps helps to elucidate the requirements for a catalytic reaction that 
incorporates abundant atmospheric N2 into organic molecules.  
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RECENT PROGRESS 
Introduction 
This project aims at mechanistic understanding of the following transformation: 

 
The cyclic mechanism shown in the illustration below is based on isolable iron compounds 
A through H. Starting from the lower left, it begins with binding of benzene (green) and 
C–H bond activation to form a phenyl fragment along the top. After N2 binding, silylation 
gives a disilylhydrazido species, and the phenyl group migrates to it to form a C–N bond 
in silylated aniline products along the bottom. Our mechanistic efforts have focused on the 
distinctive steps of the reaction, namely (1) C–H activation (C to D), (2) deposition of H 
(D to E), and (3) migration of a hydrocarbyl group from Fe to N2 (G to H). 

 
 
Alkali-metal dependence on C–H activation 
We collaborated with Hui Chen, an expert on coupled-cluster calculations, for an 
experimental/computational paper that is nearing completion. We probed the C–H 
activation, which involves a spin state crossover from C (S = 1) to D (S = 2). The lowest-
energy transition state for the concerted oxidative addition is on the S = 1 surface. The 
equilibrium constant is 
calculated to be >1 for the 
Na system, but <1 for K, 
Rb, and Cs, in agreement 
with experiments. The 
energetics derive from a 
balance of alkali-metal 
binding to the arene in C 
and the hydride in D.  
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Removal of alkali metal can speed C–H activation 
In an effort to disentangle the effects of the alkali metal choice and the crown ether, we 
have now reduced B with K/Rb/Cs in the absence of crown ether. Surprisingly, even at low 
temperature, the products have oxidatively added the C–H bonds with each alkali metal. 
The phenyl hydride complexes [LFe(Ph)(H)(AM)]2 (AM = K, Rb, Cs) dimerize through 
cation-π interactions as shown by X-ray crystallography (illustration shows the complex 
with AM = Cs).  
 

 

 
 

This has two important implications: (1) C–H activation can be much more rapid than 
previously thought. Therefore, if conditions can be controlled appropriately, C–H 
activation should not be the turnover-limiting step. (2) the presence of the crown ether has 
a large effect on the equilibrium constant for C–H activation, as K and Rb favor the iron(0) 
arene complex in the presence of 18-crown-6 but the iron(II) phenyl hydride without crown. 
We are varying the choice of solvent to further explore the possibilities for controlling the 
rate of C–H activation. 
 
 
Hydride deletion by delivery to silane 
In our initial paper (Nature 2020), we assumed that the hydrogen atom that is lost from D 
to E ended up as (insoluble) sodium hydride, because this balances the reaction. However, 
the low solubility of sodium hydride hindered our ability to determine whether it is actually 
present. We have developed several tests for NaH, which show that it is not present. In 
order to provide an alternative explanation, we added Et3SiX (X = OTf or Br) to D, and it 
forms E (plus Et3SiH byproduct) in >60% yield. In the cyclic reaction sequence, this 
hydride deletion can explain the formation of the iron-phenyl complex which ultimately 
migrates to the silylated N2 ligand. As a result, we now have a complete cycle with 
verification of each stoichiometric step. In addition, this discovery leads us into the future 
by providing a method for hydride deletion through capture by silyl groups. 
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Electrochemical conditions for reduction 
Elemental alkali metal reductants are 
inconvenient, because they are harsh and have 
variable surface area that limits reproducibility. 
The most energy-efficient alternative would be 
electrochemical reduction. However, this is 
challenging due to the need for a compatible 
solvent and electrolyte under the strongly 
reducing conditions. We have now discovered 
that dimethoxyethane/NBu4PF6 is a suitable medium for cyclic voltammetry of LFePh, and 
reproducibly observe a reversible wave at –2.5 V vs. Fc+/0. We are currently testing the 
effect of alkali metal additives on this and other reduction waves, which should yield 
mechanistic information about the role of alkali metal cations, as well as practical guidance 
on how to achieve electrochemical N–C bond formation from arenes and N2. 
 
Scope of N–C bond formation from migration to disilylhydrazido ligands 
The coupling of an organoiron complex with a silylhydrazido ligand (derived from N2) is 
a new fundamental reaction in organometallic chemistry, and we explored the scope of this 
reaction. Aryl migration seems to be general, as phenyl, tolyl, and mesityl groups all 
migrate smoothly and rapidly. Kinetic studies and DFT studies have shown the nature of 
the transition state. Alkynyl migration is not observed, despite the accessibility of the 
formally iron(IV) disilylhydrazido analogue of G. Alkyl migration is observed in some 
cases, namely with a methyl group. However, larger alkyl groups suffer a number of side 
reactions: with trimethylsilylmethyl, no migration of the alkyl ligand is observed; with 
benzyl, the Fe–C bond homolyzes to give a three-coordinate hydrazido(2−) complex, 
which is likely due to the greater stability of a benzyl radical. 
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Presentation Abstract 
Proposed cycles for methanol-to-olefins catalysis consist of complex multistep reactions 
around the long-lived intermediates known as hydrocarbon pool, making it difficult to 
extract adsorption and rate constants for each step. Our approach is to focus on specific 
transformations, by adsorbing and reacting suitable test molecules and measuring heats of 
adsorption and activation energies. We report on ring contraction, which appears in the 
proposed cycles, and on cyclization, which is required to form the hydrocarbon pool. UV-
vis and IR spectra were recorded to observe the kinetics of cation transformations in the 
pores. Ring contraction of tetramethylcyclohexenyl cations produces two types of cyclo-
pentenyl cations in a network of parallel and sequential reactions. Cyclization of 
dimethyloctatrienyl cations occurs more easily in large pores (MOR) than in medium 
pores (MFI). Among metal cations as origin of acid sites in MFI, a clear distinction 
emerges among Al, Ga and B in heats of base adsorption and cyclization barriers, while 
Fe is difficult to place.  
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RECENT PROGRESS 

Brief description of scientific problem, objectives, prior findings and current thrusts 
Methanol-to-hydrocarbons (MTH) conversion is emerging as a sustainable route to small 
olefins (MTO) such as the monomers ethene and propene, and to jet fuel (MTJ). Catalysts 
in use for MTO conversion are microporous solid acids, that is, zeolites and zeotypes, 
with HZSM-5 and SAPO-34 as the key materials. While the MTO process is 
commercialized, selectivity control is limited, and deactivation by carbonaceous deposits 
is a problem. At the core of these issues is the unique mechanism, which requires long-
lived species (“hydrocarbon pool”) inside the catalyst pores that cyclically grow and 
cleave to give the products. The objective of this project is to better understand this 
mechanism and its dependency on catalyst properties, and to use the gained knowledge to 
improve catalyst and process. 
In the first phase of this project, we established correlations between the nature of surface 
species and their spectroscopic signatures (UV-vis, IR), which allows us to distinguish 
cyclic and acyclic enylic cations as well as determine their size with an accuracy of +/- 
one carbon and their degree of unsaturation. Further, we observed reaction sequences of 
individual species such as cyclization, rearrangement, cleavage, and aromatization.  
With the transformations qualitatively established, we are now measuring surface kinetics 
and surface thermochemistry, focusing on specific steps and adsorbates. In parallel, we 
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are expanding the catalysts that we investigate to isomorphously substituted MFI and 
BEA frameworks (B, Ga, Fe instead of Al) and to SAPO-34. Varying the framework 
metal cation that creates the Brønsted site alters the acid strength of the site. The large-
pore materials allow us to adsorb precursors that would not fit into the MFI or CHA 
framework of HZSM-5 and SAPO-34. 
 
Kinetics of MTO-relevant steps: Approach 
To deconstruct the complex 
multistep cycles proposed for 
methanol-to-olefins conversion, 
we monitor the transformations of 
individual species. Further, we 
first create a surface species, viz. 
a carbocation, and then track its 
chemical reaction inside the 
zeolite pore spectroscopically.  
Both reactant and product states are therefore 
adsorbates, which avoids obfuscation by transport 
limitations or by adsorption and protonation 
equilibria, as illustrated in Figure 1. Measurements at 
different temperature and Arrhenius analysis then 
deliver true activation energies (rather than apparent 
ones that are altered by the heat of adsorption).   
 
Kinetics results I: Ring contraction 
Prompted by reports and own observations of five-
membered and six-membered rings in zeolite pores 
during methanol conversion, the ring contraction of a 
cyclohexenyl species was investigated. The precursor 
diene can only be adsorbed into zeolites characterized 
by large pores, restricting the frameworks that could 
be used. The MOR framework was found to be best 
for kinetics, as it permitted far fewer side reactions 
than the FAU or BEA framework with their spacious 
cavities, in which oligomerizations occurred. Diffuse 
reflectance IR spectroscopy was used to monitor the 
kinetics (Figure 2, top), and after transformation into 
the Kubelka-Munk function, the band height was 
analyzed. Fit of overlapping bands and use of the 
areas confirmed the results while not improving 
precision. At low temperatures (80 °C to 110 °C), the 
ring contraction reaction network in MOR could be 
reasonably described by parallel reactions to two 
cyclopentenyl species, which were distinguished by 
the substitution pattern at their allylic system (1,2- or 
1,2,3-substitution). At higher temperatures, 

 
Figure 1: Approach to kinetics analysis 
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Figure 2: Time-resolved IR spectra 
of the ring contraction of the tetra-

methylcyclohexenyl cation (top), 
example kinetics (middle), and 

network with associated activation 
energies in MOR in kJ/mol (bottom).  
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isomerization of the 1,2-substituted allylic system to the 1,2,3- substituted allylic system 
had to be included (Figure 2, middle). Formation of this bulky ion was associated with a 
more than 20 kJ/mol higher activation energy than formation of an 1,3-substituted system 
(Figure 2, bottom). 
 
Kinetics results II: Cyclization 

The second investigated transformation was 
a cyclization, which is a necessary step en 
route from methanol to any cyclic 
hydrocarbon pool species. The reactant was 
2,6-dimethyl-2,4,6-octatriene. This molecule 
can be adsorbed into the medium-pore MFI 
framework, which is the basis for one of the 
commercial MTO catalysts. 
In MFI, the 2,6-dimethyl-2,4,6-octadienyl 
cation (OCT+ in Table 2) cyclized to an 1,3-
substituted cyclopentenyl cation (HCP+). We 
tested Si/Al contents ranging from 15 to 140, 
but there was no influence of the Si/Al ratio 
on the activation energy for the cyclization 
within the precision of the measurement. 
However, gallium substitution (instead of 
aluminum) resulted in a significantly higher 
activation energy (Table 1). Experiments 
with boron and iron substitution in MFI were 
not conclusive, for lack of protonation and 
slow reaction. 
In the large-pore MOR framework, the 
cyclization produced a 1,2,3-substituted 
species (Figure 3) at an activation energy of 
only 47 kJ/mol. 

 
Establishing calorimetry for measurement of heats of adsorption 
Our ultimate objective of the calorimetry experiments is to measure the enthalpies of 
adsorption of MTO-relevant hydrocarbon species, to complement our measurements of 
activation energies for surface steps in the MTO cycle and construct energy profiles for 
various intermediates and their adsorption, protonation and transformation on MTO 
catalysts. 
To first establish the method in our laboratory, we started with the adsorption of nitrogen 
bases. Some literature data are available for the heats of adsorption of pyridine or amines 
on zeolites. We note that values reported by different groups do not necessarily agree.  
The methodology is illustrated in Figure 4 (left). An inert gas stream is used to carry a 
pulse of the sorptive vapor to the activated sample. For each adsorption step, the weight 
gain and the evolved heat are measured by gravimetry and differential scanning 
calorimetry, respectively. Coverage and total adsorbed amount are determined through 
cumulative weight gain and total weight gain at saturation. After achieving consistency 

Table 1: Activation energies for cyclization 
in MFI framework 

Zeolites (Si/E) OCT+ to HCP+ / kJ mol-1 
Al-MFI (15) 68 ± 5 
Al-MFI (40) 58 ± 6 

Al-MFI (140) 61 ± 5 
Ga-MFI (50) 87 ± 6 
Ga-MFI (100) 88 ± 8 
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Figure 3: Time-resolved diffuse reflectance 

UV-vis spectra of the cyclization of the 
dimethyloctadienyl cation at a temperature 
of 100 °C in the pores of zeolite MOR with 

Si/Al= 10. 
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with the literature for pyridine adsorption on HZSM-5, we embarked on characterizing 
isomorphously substituted MFI samples obtained from our collaborator Dr. Nataliya 
Shcherban. Adsorption calorimetry provides the site distribution, that is, the number of 
each type of site and their strength. Boron substitution did not elicit very strong sites, and 
the heat of adsorption was lower than seen for the other samples. Aluminum substitution 
produced the strongest sites, followed by gallium and iron. The acid strength sequence Al 
> Ga > B is consistent with the trend observed in the activation energies for cyclization. 
Calorimety suggests that iron substitution in the MFI framework also produces strong 
acid sites, and we will continue to collect kinetics data to rank the performance of these 
sites in hydrocarbon transformations. 

 
Characterization of isomorphously substituted zeotypes by catalytic behavior 
Acid-catalyzed aldol reactions present an 
interesting route to olefins, with the best-
known example perhaps the production of 
isobutylene from acetone. With suitable 
substrates and catalysts, the fission of the 
intermediate aldol (in competition to the 
dehydration to the normal aldol condensation 
product) can become the dominant pathway. 
Since we found zeolites to be excellent fission 
catalysts, this catalytic chemistry presents an 
opportunity to probe the acid strength of 
isomorphously substituted frameworks while 
exploring the role of acid strength for the fission rate. We normalized first order rate 
constants to the number of acid sites as determined thermogravimetrically through amine 
adsorption and found a clear ranking of the fission activity in the order of Al > Ga >> Fe, 
B (Table 2). Except for Fe, this ranking is expected from reported deprotonation energies.  
 
Ongoing work 
We have received a family of SAPO-34 samples prepared with the help of different 
organic structure-directing agents from our collaborator Dr. Nataliya Scherban and are in 
the process of testing them in methanol-to-olefins conversion.   

  
Figure 4: Measurement of enthalpies of adsorption by pulse chemisorption in a thermobalance with 

differential scanning calorimetry. Illustration of thermogravimetric and differential scanning 
calorimetry data (left) and heats of adsorption of isopropylamine on MFI samples with different 

metal cations (right). 

Table 2: Comparison of catalysts in aldol-
fission reaction of benzaldehyde and  

3-pentanone at a temperature of 140 °C 

O

HO

O
O

+ +

 
Sample (Si/E) Site-normalized fission 

first-order rate constant / 
mol-1 s-1 

B-BEA (200) n.d. 
Fe-BEA (200) n.d. 
Ga-BEA (200) 42±10 
Al-BEA (150) 80±6 
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Catalytic Activation of C-H and O-H Bonds for the Upgrading of Alcohols 
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Presentation Abstract 

 
This project is directed towards fundamental investigations of the reactions of 
homogeneous transition metal complexes with C-H and O-H bonds for the upgrading of 
alcohols via the Guerbet reaction. The Guerbet reaction combines two alcohols to produce 
a larger alcohol plus water. Our studies will provide fundamental information about the 
mechanisms and energetics of reactions of metal complexes with alcohols and related 
substrates in the aldol reaction. We will also examine new tandem catalyst systems for the 
upgrading of alcohols to higher products. We have synthesized several bulky 
trispyrazolylborate complexes of first row metal hydroxides and are examining these for 
aldol condensation catalysis. Another goal of our proposed work relates to our discovery 
of new bis-fused oxazolidine (FOX) ligands and their complexation to first row transition 
metals. One copper-FOX complex has been found to be a catalyst for alcohol dehydration, 
converting phenylethanol into styrene plus water. A rhenium-FOX complex has been 
prepared and examined for electrochemical CO2 reduction. A series of complexes (Mn, Fe, 
Co, Ni Cu) has been prepared with a quinoline-substituted FOX ligand and these have been 
explored for alcohol dehydration. Further exploration of catalysis with these complexes is 
planned. We are also continuing a collaboration with a theory group at UTRGV (with Prof. 
Tulay Atesin) and an experimental group at the Free University of Berlin (with Prof. 
Christian Müller) looking at DFT calculations of aryl-CN cleavage and the effects of ortho-
fluorine and related substituents.  
 
DE-SC0020230: Catalytic Activation of C-H and O-H Bonds for the Upgrading of 
Alcohols 
Student(s): Aurodeep Panda (G), Ryan Pohorenec (G), Ruilin Zhang (UG), Caz Wood 
(UG)+ 
Affiliations(s): +SUNY New Paltz (REU) 

 
RECENT PROGRESS 

Accomplishments During Year One. 
We targeted these specific areas: (1) the evaluation of transition metal complexes that 

have been found to have high reactivity for alcohol dehydration in aqueous solution, (2) 
the synthesis of new catalysts with geometrically constrained bis-fused oxazolidine (FOX) 
ligands that can be used for the dehydration/hydration catalysis, (3) the synthesis of bulky 
tris-pyrazolylborate metal hydroxide complexes for aldol condensation, and (4) DFT 
studies of the effect of ortho substituents on the C-CN cleavage of benzonitriles.  
The specific accomplishments of the current grant period include: 

(1) We have co-published an article describing the conversion of ethanol to butanol using 
a ruthenium catalyst in air.9 
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(2) We have synthesized a rhenium-FOX complex and deprotonated the hydroxymethyl 
group. This compound was electrochemically active for CO2 reduction to CO.11 

(3) We have investigated reactions of FOX transition metal complexes of copper and 
zinc as bases for the dehydration of phenylethanol.14 

(4) We have synthesized a series of new quinoline-FOX complexes with Mn, Fe, Co, Ni, 
and Zn. This ligand affords a very constrained geometry to the metal center, which we are 
systematically investigating for alcohol dehydration. 

(5) We have synthesized a series of bulky tris-pyrazolylborate transition metal complexes 
(Mn, Fe, Co, Ni, Zu, Zn) and made several metal hydroxide derivatives. These are being 
examined for aldol condensation chemistry. The nickel hydroxide catalyzes the formation 
of crotonaldehyde from acetaldehyde. 

(6) Through a collaboration sponsored by the Alexander von Humboldt Foundation the 
PI has collaborated with Prof. Christian Müller at the Free University of Berlin on C-CP 
bond cleavage.6,13 

(7) Through a collaboration with Prof. Tulay Atesin at U. Texas Rio Grande Valley the 
PI has used DFT to examine substituent effects on C-CN and C-CP cleavage.10,12,13 
1. Synthesis of fused-Bisoxazolidine Ligands and Metal Complexes 

We have developed methodology to synthesize specifically the meso-FOX isomer (eq 
1) which can act as a tetradentate toward metals. As we reported previously, AlCl3 is the 
best catalyst for conversion of the rac to the meso isomer.5 
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HO OH
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HO

O
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O

HO

N N

O
N

O

NN

HO

NEt3 0.1 eq. AlCl3 N
OO

NN

OH

80%

+

 

(1)

 
Aurodeep Panda has made complexes of the meso-FOX ligand with other MCl2 

where M = Mn, Fe, Co, Ni, and Cu. Further reaction with AgOTf allows for isolation of 
the (FOX)M(OTf)2 complexes. X-ray structures have been obtained for most of these 
compounds. They all feature an intact OH group. Specifically, the Mn triflate has been 
isolated as the κ4-FOX bis-triflate, the aquo-triflate, and the bromo-triflate complexes. The 
cobalt complex is obtained as a bis-µ-Br complex with external triflate. The nickel triflate 
has been isolated as the κ4-FOX acetonitrile-triflate and bis-aquo complexes. The 
copper(II) complexes were isolated as the κ4-FOX acetonitrile, κ4-FOX aquo-triflate and 
κ4-FOX bromo complex (Fig. 1). 

   
Fig. 1. X-ray structures of Mn(FOX)(OTf)2, [Ni(FOX)(CH3CN)(OTf)]+[OTf]–, & [Cu(FOX)(CH3CN)]2+[OTf]–

2 
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A summer REU student, Caz Wood, synthesized a series of zinc-FOX complexes for 
comparison. They prepared the κ3-FOX dichloride and dibromides (with dangling CH2OH), 
a κ4-FOX monochloride cation, and a κ4-FOX aquo-triflate complex. They also prepared 
derivatives with ortho-Me and MeO groups on the FOX pyridine ligand. Notice that the 
parent FOX dichloride is square pyramidal, whereas the MeFOX dibromide is a trigonal 
bipyramid, showing the steric influence of the pyridyl methyl groups. We have also 
synthesized several derivatives with a quinoline group replacing the pyridine group in the 
FOX ligand (QFOX) (undergraduate Ruilin Zhang). The goal was to produce catalysts that 
have a steric pocket surrounding the metal center. 
2. Dehydration of Phenylethanol using fused-Bisoxazolidine Metal Complexes 

With all of these complexes in hand, we have initiated studies of their reactivity as 
alcohol dehydration catalysts. The CuII complexes proved particularly active, and there 
were peculiarities noticed about the reaction. Using Cu(FOX)(CH3CN)]+[OTf]– as catalyst, 
it was observed that dehydration of phenylethanol proceeded to give styrene in >95% yield 
if toluene was used as solvent (eq 2).14 The reaction was much slower (or didn’t go at all) 
in other solvents. In addition, it was noted that the catalyst did not dissolve in toluene, but 
that the solution became cloudy once it was heated. At the end of the reaction, there was a 
small droplet of water that was bright blue, indicating the catalyst was dissolved in the 
water. It appears that as the reaction proceeds and water is produced, the water separates 
from solution and drives the reaction to completion. Since the catalyst partitions into the 
water phase, the dehydration either occurs in the aqueous phase, or perhaps at the interface 
of the water and the toluene solvent.  

N
OO

CuN N
O LH

OTf2

2+

OH

+ H2O
toluene, 120 °C, 5 h 95%

1%

L = CH
3CN  

(2)

 
The rate of the reaction was observed to be variable, perhaps due to the 

heterogeneous nature of the system. We just recently discovered that water content is a 
crucial variable. If both solvent and substrate are rigorously dried (<5 ppm H2O), the 
reaction does not proceed at all. However, if water is introduced into dry phenylethanol at 
a level of 300 ppm (3 µL/10mL), the reaction proceeds quickly (t1/2 = 1.5 h). Large amounts 
of water inhibit the reaction. We are currently trying to find conditions to make the reaction 
homogeneous, whereby greater control might be obtained.  
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Presentation Abstract 
 
Sustainable production of fuels/chemicals using renewable energy is essential to reduce the 
energy dependence on fossil fuels and to mitigate the negative environmental impacts of 
greenhouse gas emissions. Ambient electrochemical processes that convert 
wastes/pollutants to valuable chemicals using the electricity generated from renewable 
sources are ideal in this regard.  Ammonia, one of the widely used chemicals in agriculture 
and industries, is currently produced via the energy- and carbon-intensive Haber-Bosch 
process, while the increasing use of nitrogen fertilizers has caused nitrate contamination of 
water resources. Therefore, the electrochemical nitrate (NO3) reduction (NO3RR) to 
ammonia presents an attractive approach for a low-carbon and convergent ammonia 
manufacturing technology that concurrently remediates nitrate-polluted water systems. 
Here we have carried out density functional theory (DFT) calculations and experimental 
electrochemical measurements to obtain a mechanistic understanding of NO3RR on Fe-Nx 
single-atom catalysts supported on graphene. Our combined DFT and experimental results 
have identified the active sites and energetically most favorable pathways of the NO3RR. 
The results show that Fe-N4 atomic sites embedded in a graphene plane are 
thermodynamically stable and selectively promote the NO3RR to ammonia with greater 
than 80% Faradic efficiency in acidic, neutral, and alkaline media.  
 
Grant or FWP Number: DE-SC0024485 
Grant Title: Electrochemical nitrate reduction to ammonia on single-atom alloy catalysts 
 
Postdoc(s): Adyasa Priyadarsini 
Student(s): Zhen Meng, Debit Subedi* 
Affiliations(s): *Department of Physics, Florida A&M University, Tallahassee, FL 32307 

 
RECENT PROGRESS 

 
Theoretical study of NO3RR on Fe single-atom catalyst 
Density functional theory (DFT) calculations were performed to compute the free energy 
diagrams using the optimized binding energies/geometries of the reaction intermediates to 
gain a deeper insight into the structure-activity-selectivity relationship of nitrate reduction 
reaction (NO3RR) to ammonia on Fe single atom catalysts modeled as Fe-N4 sites 
embedded in graphene. Two other competing reactions to NO3RR, are nitrite (NO2

-) 
desorption and hydrogen evolution reaction (HER). The free energy diagrams of NO3RR 
along all possible pathways are shown in Figure 1. 
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Figure 1. The free energy diagrams of NO3RR along the 6 different pathways mediated by 
(a) NHO* and (b) NOH* formation at pH = 0.  

The free energy change of the reaction involving NO2
- is calculated using the reaction 

NO2* + H+ + e- → HNO2
*. NO2* to NO* formation can involve a deoxygenation step or 

two protonation steps. Independent of protonation or deoxygenation pathway, NO3* to 
NO* formation steps remain the same for all six pathways as listed in Figure 1. The next 
proton-coupled electron transfer step after the formation of NO* splits into two major 
pathways, namely NOH* through protonation at O* of *NO and NHO* through 
protonation at N of *NO. The stepwise reaction free energy values calculated for NHO*-
mediated pathways are depicted in Figure 1a and NOH*-mediated pathways are depicted 
in Figure 1b. Considering the NHO*-mediated pathways, there are again two distinct ways 
for (H+ +e-) transfer to NHO* leading to the formation of NHOH* or NH2O*. The final 
product NH3* formation and its desorption from NH2O* proceeds through O* formation, 
which makes the NO3RR_NHO_1 pathway a unique case. If the reduction proceeds 
through NHOH* formation, then the reaction again splits into two channels, i.e., NH2OH* 
formation by protonation, along the NO3RR_NHO_2 pathway, or NH* formation by 
deoxygenation, along the NO3RR_NHO_3 pathway. Similarly for NOH-mediated 
pathways, the reaction channel initially splits into two, leading to the formation of N* 
through deoxygenation and the formation of NHOH* through protonation, named 
NO3RR_NOH_1 and NO3RR_NOH_2 pathways, respectively. The next (H+ +e-) transfer 
to NHOH* again leads to two pathways, namely NO3RR_NOH_2, via NH2OH* 
intermediate and NO3RR_NOH_3, NH* via deoxygenation step.  

The DFT calculated free energy diagrams (Figure 1) show that the NHO* formation 
is more favorable than the NOH* formation by 0.54 eV on the Fe-N4 sites. Therefore, the 
subsequent discussion is focused on the NHO* facilitated pathways (Figure 1(a)). Along 
the NHO*-mediated pathways, it is observed that NH2O* formation is more energy-
demanding than the NHOH* formation by 0.32 eV. Hence, NHOH* is the intermediate 
that will likely form due to NHO* protonation. Next, NHOH* decomposition to form 
NH*+ H2O is not only exothermic but also energetically more favorable than the formation 
of NH2OH*, which is an endothermic process. Thus, our free energy diagrams show that 
the NO3RR_NHO_3 pathway is the most favorable pathway of NO3RR to NH3.  
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Figure 2. The pH-dependent free energy barrier of the PDS of HER and NO3RR mediated 
by (a) NO3RR_NHO_1, (b) NO3RR_NHO_2/ NO3RR_NHO_3, and (c) NO3RR_NOH_1/ 
NO3RR_NOH_2/ NO3RR_NOH_3 pathways. NO3RR_NHO_3 is the most favorable 
pathway and the crossing point of the pH-dependent PDS of NO3RR and HER is depicted 
by a vertical dotted line. NO3RR is favorable in the acidic media, i.e. till pH = 4.5, after 
which the NO3RR pathway becomes more energy-demanding, and the catalyst favors HER.                   

To gain further insight into the pH dependence of HER and NO3RR, we have plotted 
the free energy change of the endothermic steps of NO3RR and HER in Figure 2. 
Depending upon the potential determining step (PDS), we have segregated the pH-
dependence of NO3RR pathways into 3 sections, pictorially depicted in Figures 2a-c. From 
Figures 2a and 2c, it is evident that NO3RR is not favorable since the PDS of NO3RR is 
more endothermic compared to that of HER throughout the pH range. For HER step 1, 
H2O* formation, and step 3, H2* formation, are endothermic at pH = 0. Along the 
NO3RR_NHO_3 pathway, step 1, i.e., the NO3* formation, and step 7, i.e., the NHOH* 
formation are the most energy demanding elementary steps. As the pH value changes from 
acidic to alkaline H2O* barrier remains the same and is more endothermic than the PDS of 
NO3RR, i.e., NO3* formation.  

 
Experimental study of NO3RR on Fe single-atom catalyst 
Experimentally, we first synthesized and characterized Fe-Nx single-atom catalysts, and 
then investigated them for the NO3RR under different conditions. The Fe-Nx catalysts were 
prepared as follows: Zn(NO3)2.6H2O and Fe(acac)2 were dispersed in methanol, and 
another solution with 2-methylimidazole dispersed in methanol was added to the solution. 
After sufficient stirring and reaction, the mixed solution was washed and dried to derive 
the MOF precursor, which was subsequently transferred to a tube furnace and pyrolyzed at 
950 °C for 2 h in Ar/H2 gas flow. The leaching of possible Fe particles was further carried 
out using HCl solution. Typical characterizations were performed to examine the prepared 
sample. The transmission electron microscopy (TEM) image and X-ray diffraction (XRD) 
pattern of the sample did not show the presence of Fe nanoparticles, indicating that the Fe 
species should be mainly in the isolated atom state. The single-atom structure of the Fe-
Nx-C sample was verified using X-ray absorption spectroscopy (XAS) at the Beamline 9-
3 of the Stanford Synchrotron Radiation Lightsource with a modified H-cell and a 
Germanium detector. X-ray absorption near edge structure (XANES) and Fourier-
transformed extended X-ray absorption fine structure (FT-EXAFS) spectra of the Fe K-
edge were collected for the Fe-Nx sample, while the dominant Fe−N peak and the absence 
of Fe−Fe peak in the FT-EXAFS confirmed the single-atom structure of Fe in the sample. 
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The Fe-Nx catalyst was deposited on a carbon substrate to form an electrode, which 
was then assembled into a two-compartment electrochemical cell (H-cell) for the NO3RR 
tests. Two products, NH3 and NO2

−, were quantified by the indophenol blue method and 
the Griess method, respectively. The quantification of NH3 production was further verified 
by 1H nuclear magnetic resonance (NMR) spectroscopy, and the N source of the detected 
ammonia was confirmed to be nitrate using 15N isotope labeling experiment. Linear sweep 
voltammetry (LSV) was first performed to evaluate the electrocatalytic activity, and bulk 
electrolysis was carried out at selected potentials to quantify the activity (current density) 
and selectivity (Faradaic efficiency) of NO3RR. We thus evaluated the Fe-Nx catalyst for 
NO3RR in three electrolytes containing 0.1 M NO3

− but different pH values (pH = 2, 7, and 
14), respectively, which showed excellent stability under different conditions such as acidic 
or alkaline electrolytes as compared to other metal catalysts. As shown in Figure 3, the Fe-
Nx catalyst achieved a great performance for the NO3RR with >80% Faradaic efficiency 
for NH3 production in the electrolytes, making it a stable and versatile electrocatalyst for 
the conversion of NO3

− to NH3 under various conditions. The experimental results have 
verified the above computational results to elucidate the NO3RR mechanism on the single-
atom catalyst as well as the competition between the HER and NO3RR. 

 
Figure 3. Electrocatalytic performance of Fe-N-C catalysts for NO3RR in different media, 
showing the current density and Faradaic efficiency (FE) for the NO3RR in the electrolytes 
with 0.1 M NO3

− but different pH values (pH = 2, 7, and 14), respectively. 
 
Publications Acknowledging this Grant in 2021-2024 
Two manuscripts are under preparation for submission. 
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Presentation Abstract 

 

Literature indicates that adding Fe in oxidic or metallic form as a separate phase to 

Mo/ZSM-5 catalysts can improve benzene selectivity in the methane dehydroaromatization 

reaction (MDA), but only when added in a small quantity. The low Fe loadings make it 

difficult to properly characterize the state of Fe in the catalyst to understand the possible 

role of Fe-Mo interactions on the catalytic properties. Here, we present a systematic 

approach where we aim to control the relative location of the Mo and Fe species in the pre-

catalysts in order to explore how the nature of the Mo-Fe interactions influence catalytic 

activity in MDA. We have tested catalysts where both Mo and Fe are located on the 

external surface of the zeolite and contrasted the behavior of the metal sites to ones where 

both Mo and Fe are located within the zeolite channels. Our results indicate that Fe tends 

to trap Mo sites and that the nature of the Mo-Fe interaction in the precatalyst plays a 

crucial role on how the two metals evolve during reaction, impacting the rate of formation 

of benzene. 

 

 

PI: Sheima J. Khatib 

Student(s): Md Sifat Hossain, Emanuele J. Hiennadi 

 

RECENT PROGRESS 

 

How the location of metals in the precatalysts affects the structural evolution and the 

catalytic activity in methane dehydroaromatization.  

 

We are currently establishing a systematic study where we are prepare model catalysts 

where we control the relative location of Mo and Fe in the starting catalysts in their oxidic 

form. In particular, we are targeting starting catalysts where Mo and Fe are (1) both located 

on the external surface of the zeolite, (2) both located within the zeolite channels, (3) Mo 

located within the zeolite channels, and Fe in the external surface (Figure 1). 

 

 

 

 

 

 
 

 
Figure 1. Schematic of the three model catalysts with controlled location of metal sites. 
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For the first case, where both Mo and Fe start on the external surface of the zeolite, we 

prepared a catalyst consisting of Fe2(MoO4)3 physically mixed with H-ZSM-5, and we 

determined that during catalyst pretreatment the Fe2(MoO4)3 phase segregates to form 

Fe2O3 species that remain on the external surface of the zeolite, while MoOx species 

migrate into the ZSM-5 channels conferring the catalyst with the ability to selectively form 

benzene in MDA. A similar speciation is observed with a starting catalyst consisting of a 

physical mixture of MoO3 and Fe2O3 with H-ZSM-5, however, DFT calculations and 

activity results indicate that the presence of pre-existing Fe2O3 phases tend to trap MoOx 

species reducing their likelihood of anchoring inside the zeolite channels and thus reducing 

selectivity to benzene formation. Concurrent segregation of Fe2O3 and MoOx in a 

preexisiting Fe2(MoO4)3 phase increases likelihood of MoOx to avoid entrapment by Fe2O3 

and anchor within the channels to a greater extent, leading to a more stable and selective 

catalyst. 

 

Recently we prepared model catalysts where both Mo and Fe are located within the zeolite 

channels. This was achieved by employing lower metal loadings and employing the 

incipient wetness impregnation technique. Activity data (Figure 2) indicate that 

coexistence of Mo and Fe leads to higher rates of formation of benzene compared to a 

monometallic Mo catalyst containing the same Mo loading.  

 

 
 

 

 

 

 

 

Figure 2. Activity as a function of time on stream over 2Mo/ZSM-5, and 2Mo-
2Fe/ZSM-5 catalysts. (a) methane conversion over time on stream, (b) benzene 
formation rate over time on stream, (c) benzene selectivity over time on stream, 
(d) ethylene formation rate over time on stream. 

(a) (b) 

(c) (d) 
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The higher benzene selectivity could be indicative of a synergistic relation between Mo 

and Fe when they are co-located within the zeolite channels. We performed structural 

characterization of the catalysts to better understand the Mo-Fe interactions. In particular 

we have performed temperature programmed reduction (TPR) measurements (Figure 3 (a)), 

Raman (Figure 3 (b)) and UV-Vis spectroscopy (Figure 3 (c)), XPS, and XRD. 

Interpretation of the structural characterization data is currently under progress, but so far, 

we can confirm via XRD, Raman and UV-Vis spectroscopy that in both Mo and Mo-Fe 

catalysts, both metal species are well dispersed and do not form crystalline phases, 

reinforcing that they both co-exist within the zeolite channels. TPR profiles point to an 

unusual reduction peak when both metals coexist that could be suggesting that Mo affects 

the reducibility of Fe, indicating that the two metals are probably in close proximity to each 

other. Further analysis of the results and additional characterization by X-Ray absorption 

are planned for future work. 
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Mo/ZSM-5 catalysts in non-oxidative methane dehydroaromatization, CEJ, 
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(2) Hossain, M.S.; Hiennadi, E.J.; Liu, L.; Xin, H.; Khatib*, S.J. Investigating 

Methane Activation on Mo-Fe/ZSM-5: Insights into Bimetallic Active Sites 
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(a) (b) (c) 

Figure 3. (a) TPR profiles; (b) Raman spectra; (c) UV-Vis spectra of bimetallic and monometallic catalysts.  
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Poster Abstract 

Zeolites are crystalline microporous aluminosilicates with well-defined Brønsted acid sites (BAS) 

and Lewis acid sites (LAS), resulting from the substitution of Si4+ by Al3+ at tetrahedral positions in 

the framework. Tailoring the molecular environment and catalytically active sites in zeolite 

micropores enhances the catalytic reactivity. In the presented work, we modulate transition metal 

sulfide clusters in NaY for hydrogen activation and quantitatively describe the impact of the 

molecular environment in the presence of water on C-O elimination.  

 

We synthesized MoxSy clusters encapsulated in faujasite-type NaY zeolite with precisely defined 

nuclearity, geometry, and atomic connectivity. The thermal treatment in sulfiding and reducing 

atmosphere stabilized two different molecular cluster structures of dimeric Mo2S4 and Mo4S4. Those 

catalysts exhibited remarkable stability and reactivity for ethene hydrogenation compared to classic, 

layered MoS2 catalysts.  

 

Controlling the molecular environment of zeolite micropores, where the reacting molecules interact 

in liquid solvents, has been a formidable challenge. The environment in the micropores of acidic 

zeolites is determined by the ordering and partitioning of the solvents and the reactive substrates in 

the zeolite pores. In addition, the interactions with the substrates involve hydrogen bonding or 

interactions with surface functionalities. Water in zeolite micropores forms hydronium ions. 

Hydronium ions and a negatively charged zeolite framework create a high local ionic strength. The 

work presented here demonstrates how the ionic environment in the zeolite pore (de)stabilizes the 

initial and transition states for C-O elimination, leading to two orders of magnitude higher reaction 

rates compared to an unconfined aqueous acid solution.  
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Presentation Abstract 

This project leverages the Lancaster group’s expertise in physical inorganic chemistry 
and coordination/organometallic synthesis to unravel how bonding between main group 
and transition metals contributes to and tunes catalysis. Central to the studies is a 
versatile ligand platform that can not only accommodate a large range of transition 
metals, but also can support main group metals through a range of bonding 
configurations. Initial studies are focused on the reactivity of low-valent Sn(II) centers 
whose electronics are tuned by interactions with transition metals X-ray spectroscopic 
methods will be developed to facilitate electronic structure investigations. Kinetics 
studies will be undertaken to reveal how Sn electronics influence elementary steps of 
hydroboration catalysis. Synthesis campaigns are being pursued towards expanding the 
library of Sn(II)-TM heterobimetallics to obtain systems that can leverage the 
cooperativity between Sn-hydride catalysis and transition metal redox reactivity. Insights 
gleaned are expected to be generally applicable to tetrylene catalysis. 
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Postdoc(s): Dr. Richard Y. Kong, Dr. Benyu Zhou 
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RECENT PROGRESS 

 
Accelerating σ-bond Metathesis at Sn(II) Centers 
Using the binucleating scaffold 
CarbPy2

iPr2P2 (Figure 1), we synthesized a 
series of formally SnII–Ni0 heterobimetallic 
complexes differentiated by monodentate 
ligands L = CO, PMe3, PPh3, PnBu3, 
CNTripp (CNTripp = bis-2,6-[2,4,6-tri-
isopropylphenyl]phenylisocyanide), and 
IMe4 (IMe4 = 1,3,4,5-tetramethylimidazol-2-
ylidene). These complexes are generated by 
the formal insertion of Ni0 (delivered as 
Ni(COD)2) into a SnII–Cl bond to yield the 
corresponding Sn–NiCl species, which can 
then be converted to the SnCl–NiL species 

Figure 1. CO2 hydroboration catalysis 
effected by CarbPy2

iPr2P2-supported 
SnII–Ni0 complexes. 
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following treatment with L. Substitution of Cl for tert-butoxide furnishes a precursor to 
SnH–NiL species that are competent for selective hydroboration of CO2 to 
monopinacolboratoformate. Catalysis rates are modulated by the nature of the ligand 
coordinated to the formal Ni0 center. Fastest rates are obtained when L is a strong σ-
donor, while the most sluggish catalysis occurs when L is a π-acceptor. This is due to the 
Ni center acting as an electron donor to Sn; Sn electronic structure was probed using Sn 
L1 X-ray absorption spectroscopy, which showed that strong σ-donation to Ni was 
communicated to Sn via the Sn–Ni bond. This lowers the barrier to product (formate) 
release, accelerating the overall σ-bond metathesis catalysis. Additional acceleration can 
be obtained via dispersion interactions stabilizing the incoming pinacolborane. This 
work, which was published in J. Am. Chem. Soc., was largely carried out by a former 
postdoc (Richard Kong, now at U. Edinburgh) and a current undergraduate, Guy Anello.  
 
Catalytic Hydroboration of Aryl and Alkyl Nitro 
Groups 
Undergraduate Guy Anello, working with postdoc 
Benyu Zhou, has extended the substrate scope of 
hydroboration by the SnII–Ni0 platform to include 
both aryl and alkyl nitro functional groups. This 
includes a convenient hydroboration of 
nitromethane to the corresponding borylated 
methylamine. Mr. Anello has carried out 
optimization studies including NMR kinetics. A 
preliminary substrate table including NMR yields is 
given in Figure 2. Catalysis is quite efficient, with 
many substrates consumed in under 2 hours with 
low (1%) catalyst loadings at room temperature.A 
manuscript describing this work is nearing 
completion for submission to Organometallics.  
 
Expanding the Library of Sn–TM Heterobimetallics 
A principal goal of the current funding period is to extend our library of Sn–TM 
heterobimetallics to include transition metals that can participate in substrate activation 
and thus enable cooperative two-site catalysis. Postdoc Dr. Benyu Zhou has targeted 
SnII–Fe0, SnII–Co0, and SnII–CoI complexes. Thus far, we have been unable to 
unambiguously characterize the products of Fe0 metalations, which have been carried out 
using a number of different Fe starting materials. Similarly, Co metalations either lead to 
intractable product mixtures or to ligand decomposition via P–C bond activation leading 
to bridging phosphide complexes. 
 
Dr. Zhou has successfully synthesized SnII–RhI and SnII–PdII heterobimetallics. We have 
been using the SnII–RhI species as a platform to assess the viability of H2 activation at the 
transition metal center for subsequent transfer to Sn for Sn–H catalysis (Figure 3). We 
acknowledge that RhI centers by themselves form the basis for excellent hydrogenation 
catalysts–– this work has been entirely a proof-of-concept study carried out in parallel 
with attempts to synthesize the 3d metal containing heterobimetallics. Thus far, we have 

Figure 2. Substrate scope and 
NMR yields for nitro group 
hydroboration by CarbPy2

iPr2P2-
supported SnII–Ni0 complexes. 
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demonstrated that, unsurprisingly, H2 
is readily activated at the Rh centers to 
generate a σ-complex between SnII 
and the Rh–H. A similar motif is 
encountered when the tert-butoxy-Sn-
Rh species is treated with HBpin, 
indicating that oxidative addition of 
Sn–H to the Rh center is favored over 
H– migration to Sn. This work is 
currently being compiled into a 
manuscript. 
 
Electronic Structure of Sn(II)–TM Hydroboration 
Catalysts 
In our initial paper reporting the SnII–Ni0 complexes 
and their use in catalysis, we quantified electron 
density at Sn using Sn L1-edge XAS calibrated to 
119Sn Mössbauer data. To elaborate on this work, we 
have obtained additional Sn XAS data as well as Ni 
L2,3-edge XAS. The latter data report on the degree of 
vacancy in the Ni 3d orbitals, providing 
complementary information correlating Sn electron 
density to Sn–Ni bonding. These data thus far show 
substantial d-vacancy in the Ni 3d orbitals, indicating 
that the oxidation state at Ni physically is closer to 
NiI. To complement these studies, we are obtaining 
additional Sn XAS and TM XAS data for the large 
array of Sn–TM heterobimetallics that we have 
accessed. Our aim here is to quantify the limits to 
which a TM center can donate electron density to Sn 
and thus to understand the limits to which a TM 
center can enhance the reactivity of Sn in 
hydrogenation catalysis. 
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Figure 3. Summary of reactions carried out 
using CarbPy2

iPr2P2-supported SnII–RhI. 

Figure 4. Ni L2,3-edge XAS of 
CarbPy2

iPr2P2-supported SnII–Ni0L 
complexes where L = CO and PPh3. 
The more intense features of the CO 
species show a greater degree of 
vacancy in Ni 3d relative to the PPh3, 
but in both cases substantial 3d 
vacancy is present indicating that the 
Ni centers are better described as 
physically NiI. In the case of the PPh3, 
this depletion is principally due to 
donation from Ni to Sn. 
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Presentation Abstract 

 
Heterogeneous catalysts are in general solid nanostructures (nanoparticles or zeolite 
frameworks) that are often richly promoted with various additives. These additives 
(promoters) are usually introduced in very small amounts (mmol per gram of catalyst) 
covering a fraction of the catalytically active surface. While these chemical promoters have 
a dramatic impact on the performance of many solid catalysts, in terms of enhancing rates 
of reactions or improving the selectivity towards the desired products, our understanding 
of the underlying mechanisms of promotion is rather limited. The central objective of this 
project is to investigate the role of chemical promoters in catalytic reactions on metal 
surfaces. We will focus on ethylene epoxidation on promoted silver (Ag) nanoparticle 
catalysts, one of the largest commercial catalytic processes, as a case study. This process 
employs Ag nanoparticle catalysts supported on alumina and promoted with Cesium (Cs), 
Rhenium (Re), Chlorine (Cl) and Molybdenum (Mo). The addition of these promoters 
significantly enhances the selectivity of the process towards the desired products. In the 
absence of promoters, ethylene oxide (EO) selectivity is limited to ~50% (with CO2 being 
the unselective product). With chlorine, alkali (e.g., Cs, K), and other promoters, 90% 
selectivity is achievable. Despite widespread adoption of these promoters, the exact 
mechanism by which these promoters work is still unknown.  
 
In this work, we deployed a range of experimental (SERS, IR and XPS spectroscopies 
along with state-of-the-art microscopy and kinetic measurements) and modeling 
techniques (density functional theory (DFT) calculations, microkinetic and ab-initio 
thermodynamic modelling) to analyze the mechanisms behind chemical promotion in 
heterogeneous ethylene epoxidation over Ag/Al2O3 catalysts. Based on these studies we 
concluded that: (i) The structural (atomistic organization), physical and chemical 
properties of the promoted metal surfaces are fundamentally different than those of an 
unpromoted surface under a given set of external reaction conditions (i.e. temperature and 
pressure), (ii) The presence of promoters enhances the surface concentration (and the rate 
of formation) of particular surface intermediates that are critical for the selective outcome 
of a reaction. In the case of ethylene epoxidation reaction, this surface intermediate is a 
special kind of “selective” oxygen surface species that has a specific electronic structure 
and that exists in a specific geometric arrangement on the metal surface. We measure the 
concentration of this intermediate using SERS and correlate it to the product selectivity. 
 
DE-SC0021008: Experimental and modeling studies of the role of chemical promoters in 
heterogeneous catalysis 
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RECENT PROGRESS 
 
Computational studies of ethylene epoxidation on unpromoted and promoted Ag surface 
We developed an approach based on first-principles density functional theory (DFT) 
augmented with Machine Learnt Artificial Neural Network Potential (ANNP) coupled with 
Grand Canonical Monte Carlo (GCMC) simulations approach to study the process of 
oxygen adsorption on promoted and unpromoted Ag surfaces with first principles Density 
Functional Theory (DFT) accuracy. We note that the adsorption and activation of oxygen 
is a critical elementary process involved in various reactions on metal surfaces, including 
the epoxidation of ethylene on Ag. The GCMC approach employs trained neural network 
potentials that allow for rapid evaluation of the energy of various surface structures. The 
main conclusions of these studies are that under ethylene epoxidation reaction conditions, 
there are multiple Ag-Ox structures (surface motifs) that are sufficiently 
thermodynamically stable to be present and relevant, i.e., it is likely that chemical 
transformations are taking place on all these sites. This was published in ACS Catalysis 
journal in 2023.3 
In addition, we used DFT calculations to study the kinetics of the elementary steps that 
govern the selectivity in ethylene epoxidation of Ag on these different Ag-Ox surfaces that 
were identified as stable in the GCMC simulations. These studies have led to a compete 
mapping of different reaction pathways by which ethylene and oxygen react to form 
ethylene oxide. The main conclusions were that, surprisingly, there are different molecular 
pathways by which the reaction can proceed under reaction conditions. For example, at 
low oxygen surface coverages, the main pathway includes a surface oxametallacycle, while 
at higher coverages (Ag surface oxide) additional pathways that include a direct attachment 
of gas-phase ethylene to atomic oxygen also became viable. The results point to a 
complexity of chemistry that governs the reaction outcome. It is our view that this level of 
complexity is not an exception 
but rather a rule in catalysis on 
metals.. This work was 
included in the publications in 
ACS Catalysis journal in 
2023.3 
We performed similar GCMC 
DFT studies for Cs-promoted 
Ag surfaces. These efforts 
suggested that there were 
some very significant 
differences in the behavior of 
unpromoted and Cs-promoted 
surfaces with oxygen surface 
concentration being 
dramatically impacted by the presence of and Cs-promoted Ag surfaces at industrially 
relevant temperatures and pressures (see Figure 1). The data revealed that Cs-promoted 

Figure 1. (a) Phase diagram of AgOx structures in equilibrium 
with gas phase O2 for an unpromoted Ag surface. Gibbs formation 
energies of AgOx structures searched by GCMC-ANNP 
simulations at different temperatures and pressures are shown by 
dots and stars, respectively. (b) Phase diagram for Cs-promoted 
AgOx structures.    
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surface is generally more oxidized than an 
unpromoted Ag surface at the same set of 
external conditions and that it is kinetically 
easier to activate O2 on the Cs-promoted 
surface.  
 
Experimental studies of ethylene epoxidation 
on unpromoted and promoted Ag surface 
On the experimental front, we have 
established experimental procedures for the 
synthesis of Ag/Al2O3 catalysts that are 
promoted by various additives. The synthesis 
procedure was inspired by patent literature, so 
that our catalysts are mimicking the 
commercially used materials as much as possible. In general, our results are consistent with 
the previous literature reports in 
terms of the measured reaction rates 
values and the conversion/selectivity 
curves for promoted and unpromoted 
catalysts. In addition, we find that Cs 
enhances the rates of reaction and 
impacts the EO selectivity in a way 
that is very dependent on the 
reactions conditions (see Figure 2). 
On the other hand, we found that Cl 
suppresses the reaction rate and 
dramatically enhances the EO 
selectivity (see Figure 3).  
Spectroscopic studies of ethylene 
epoxidation over unpromoted Ag/α-Al2O3  
We also sought to spectroscopically characterize the factors driving EO selectivity over 
unpromoted and promoted Ag/Al2O3 catalysts using Surface Enhanced Raman 
Spectroscopy (SERS). In one of these efforts, we used SERS to simultaneously measure 
surface oxygen intermediates at various conditions and correlate these with the EO 
selectivity (one of the data sets is shown in Figure 4). Our measurements revealed that, 
under reaction conditions, the Ag surface contains a complex mixture of atomic (with 
Raman fingerprints in the 300 – 600 cm-1 range), molecular oxygens (800 – 1200 cm-1) and 
surface oxides (600 – 800 cm-1). By systematically varying reaction conditions, we built a 

Figure 2. Heatmap showing the difference in 
EO selectivity between 1000 ppm Cs-
promoted and unpromoted Ag/Al₂O₃ catalysts. 
Reaction temperature: 180°C. 

Figure 3. EO selectivity and overall activity (ethylene 
consumption rate) between Ag/Al2O3 catalysts with 
different Cs loading amounts as a function of Z*. Reaction 
condition: 0.3 atm C2H4, 0.1 atm O2, cofed with C2H6 and 
EtCl. Z* is a proportional to the Cl coverage and it is 
calculated using:  

𝑍𝑍∗  =
𝐶𝐶2𝐻𝐻5𝐶𝐶𝐶𝐶 (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)

0.01 ∗ 𝐶𝐶2𝐻𝐻4 (𝑝𝑝𝑚𝑚𝐶𝐶%) + 𝐶𝐶2𝐻𝐻6 (𝑝𝑝𝑚𝑚𝐶𝐶%) 
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structure-selectivity database that correlates the oxygen species SERS signals and the EO 
selectivity for a wide range of 
conditions.  
 
An analysis of this data showed 
that  on unpromoted Ag surfaces 
most oxygen species that we 
measured experimentally 
correlate negatively with EO 
selectivity, i.e., a higher 
concentration of these oxygen 
species is linked to lower EO selectivity. We are currently examining how promotion 
impacts the surface concentration of the oxygen species.  
 
Microkinetic Modeling Analysis of Cs Promoter Effects in Ethylene Epoxidation over 
Ag Catalysts 
 
Since the above-described studies generated a large amount of data related to conversion 
and selectivity to different reaction conditions for different levels of promotion by Cs and 
Cl, we used this data in parallel to develop an experimentally informed (i.e., using 
experiments to fit kinetic parameters) microkinetic model for ethylene epoxidation. In 
combination with the above-described spectroscopic studies, the microkinetic mode is 
helping us understand how reaction 
conditions and chemical promotion 
impact catalyst performance. For 
example, the model showed that Cs 
acts to increase the reaction rate by 
decreasing the activation barrier for 
the O2 dissociation which is the 
kinetically controlling elementary 
step. This also results in a Cs-induced 
increase in the concentration of atomic 
oxygen species on Ag, with a side 
effect of a slightly lower EO 
selectivity (Figure 5).   
  
 
Publications Acknowledging this Grant in 2021-2024 
 
The publications intellectually driven by this DOE award are: 

1. Almallahi, R.; Wortman, J.; Linic, S. Overcoming limitations in propane 
dehydrogenation by codesigning catalyst-membrane systems. Science, 2024. 383, 
1325-1331. https://doi.org/10.1126/science.adh3712  

2. Wortman, J.; Igenegbai, V. O.; Almallahi, R.; Motagamwala, A. H.; Linic, S. 
Optimizing hierarchical membrane/catalyst systems for oxidative coupling of 

Figure 5. Microkinetic modeling simulated results of 
(left) comparison of oxygen dissociation activation energy 
as a function of Cs concentration over Ag/Al2O3 catalysts 
and (right) surface coverage comparison between 
highlighted surface intermediates between catalysts. 
Reaction condition: 500K, 0.1 atm O2, 0.5 atm C2H4. 

Figure 4: SERS spectra under EO reaction conditions 
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Ping Liu 
 

Catalyst Optimization Driven by Insights into Catalytic Behavior under Reaction 
Conditions 

 
Ping Liu, Hong Zhang, Erwei Huang and Josè A. Rodriguez  

Chemistry Division, Brookhaven National Laboratory 
 

Presentation Abstract 
 
           Capturing catalytic behaviors under operational conditions is pivotal to gain 
mechanistic understanding and promoting the design of robust catalysts. The challenge 
lies in the difficulty of monitoring real-time surface dynamics driven by catalyst-
environment interaction. This poster introduces a framework based on density functional 
calculations and kinetic modeling [1]. This framework significantly improves the 
accuracy of theoretical models in description of experimental observations by quantifying 
environmental impacts on surface phases, active sites and catalytic activity and 
selectivity. It not only deepens the comprehension of dynamics of active sites under 
active chemical conditions but also effectively promotes establishment of structure-
catalytic performance relationship and optimization of catalysts. Here, carbon dioxide 
reduction over palladium-based catalysts and methane partial oxidation over Cu-based 
catalysts were presented as showcase [1-3].  
  
References: 
[1] H. Zhang, P. Liu, “Fine-tuning catalytic selectivity by modulating catalyst-
environment interaction: CO2 hydrogenation over Pd-based catalysts”, Chem Catalysis, 
accepted. 
[2] E. Huang, P. Liu, “Screening of Cu-based catalysts for selective methane to methanol 
conversion”, Journal of Physical Chemistry C 128 (2024) 7876–7883. 
[3] A. Islam, E. Huang, Y. Tian, P. J. Ramírez, P. R. Kasala, H. Lim, N. White, A. Hunt, 
I. Waluyo, P. Liu, J. A. Rodriguez, “Low temperature activation and coupling of methane 
on MgO nanostructures embedded in Cu2O/Cu(111)”, ACS Nano 18 (2024) 28371-
28381.  
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Electrocatalytic epoxidation via water activation 

 

Karthish Manthiram 

California Institute of Technology, Division of Chemistry and Chemical Engineering 

 

Oxygen-atom functionalization of chemical intermediates to generate epoxides is critical 

for the production of diverse textiles, plastics, and pharmaceuticals. The wet chemical and 

thermochemical routes used today suffer from large carbon dioxide footprints, 

stoichiometric waste products, and hazardous reagents. In this poster, we will present 

methods by which water can be used as the oxygen source in functionalization reactions, 

such as epoxidation, with tailored metal and metal oxide nanoparticle anodic 

electrocatalysts. At the cathode, hydrogen is selectively generated, reflecting that this 

reaction can be thought of as a derivative of water splitting, in which the oxidizing 

equivalents go towards generating a valuable product rather than generating molecular 

oxygen. Our group has demonstrated that oxidized palladium platinum catalysts are 

effective for oxygen atom transfer, with high rates and Faradaic efficiencies for converting 

olefins into epoxides. We have developed mechanistic understanding of how water is 

activated, providing means by which the selectivity for oxygen-atom functionalization can 

be rationally improved. In recent work, we have understood how catalyst oxidation and 

supporting electrolyte identity impact the mechanism of epoxidation. This understanding 

has provided means of stabilizing the catalyst for long-term operation, further facilitating 

mechanistic studies of the catalyst.  

 

DE- SC0023207: Electrocatalytic alkene epoxidation at disrupted metal ensembles in 

blended electrolytes 

 

Postdoc(s): Jason Adams, Kalipada Koner 
 

RECENT PROGRESS 
 

Our recent research activities investigated the relationship between the structure of PdPtOx 

and its performance and stability during electrochemical epoxidation reactions in organic-

aqueous mixtures and purely aqueous electrolyte solvents. Additional work has also 

focused on operating these systems in flow and for extended periods while identifying the 

causes of deactivation in this 

material.  
 

Catalytic performance and 

mechanism of propylene 

epoxidation on PdPtOx 
 

Electrochemical kinetic studies 

were conducted on PdPtOx by 

chronoamperometry, in which 

10 C of charge was typically 

passed, and the resulting 

products were analyzed by 1H 

 
Figure 1. Faradaic efficiencies and propylene epoxidation rates with 

different Pd and Pt compositions in (A) water-acetonitrile blended 

electrolyte and (B) aqueous electrolyte. Potentials in this figure were 

100% iR-compensated (i, current; R, resistance). The error bars show 

standard deviations from the mean of multiple replicate measurements 

(n = 3) of the same condition and material.   
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NMR. The PdPtOx (1:1 Pd to Pt) shows the 

highest rates and Faradaic efficiency of 

electrochemical propylene epoxidation compared 

to other alloy compositions (i.e., 3:1 or 1:3 Pd to 

Pt) or pure PdOx and PtOx nanoparticle catalysts 

in both organic and aqueous electrolytes (Figure 

1). Moreover, PdPtOx annealed at 500°C also 

showed the highest rates and Faradaic efficiency 

of electrochemical propylene epoxidation 

compared to other annealing temperatures 

(Figure 2), consistent with it having the greatest 

extent of Pt-O coordination and the highest 

concentration of Pt2+ species. Thus, we 

hypothesize that oxygen species on Pt2+ surface 

sites are likely responsible for propylene 

epoxidation. 
 

With this understanding of the active site, we 

sought to understand the reaction mechanism by measuring partial current densities at 

varying potentials and substrate concentrations and fitting these data to analytical models. 

These data show a measured Tafel slope of 119 ± 5 mV decade-1 (Figure 3A), consistent 

with a rate-limiting step involving a 

single electron transfer step and no 

pre-equilibrated electron transfer 

steps occurring between the most 

abundant reactive intermediate and 

kinetically relevant step. The rate 

also shows an approximately 2nd-

order dependence on the 

concentration of water that 

approaches a near 1st-order 

dependence at higher water 

concentrations (Figure 3B). By 

comparison, the rate shows a nearly 

linear dependence on the pressure 

of propylene that approaches 0th-

order behaviors at the greatest 

pressures of propylene (Figure 

3C), consistent with significant 

changes in the coverage of water 

and propylene-derived species on 

the surface of PdPtOx. Kinetic 

modeling of these data combined 

with kinetic isotope effect 

measurements (kH/kD = 1.8) are 

most consistent with a rate-limiting 

step involving the formation of 

 
Figure 2. Faradaic efficiencies and partial 

current densities of propylene epoxidation 

with different Pd and Pt annealing 

temperatures within the water-acetonitrile 

blended electrolyte. Potentials in this figure 

were 100% iR-compensated (i, current; R, 

resistance). The error bars show standard 

deviations from the mean of multiple 

replicate measurements (n = 3) of the same 

condition and material.  

 

 
Figure 3. Dependence of anodic partial current densities of the 

combined formation of propylene oxide (PO) and propylene glycol 

(PG) as a function of (A) applied potential at 0.1-1.0 atm of 

propylene with 10 M water (B) water mole fraction at 0.1-1.0 atm 

of propylene at 1.1 V vs. Fc/Fc+ (C) propylene partial pressure at 2-

10 M water at 1.1 V vs. Fc/Fc+. All measurements were conducted 

using a solution of 0.4 M tetrabutylammonium tetrafluoroborate 

(TBABF4) in acetonitrile, in which the reported potentials were 

100% iR-compensated (i, current; R, resistance). These data were 

used to postulate (D) a putative reaction mechanism for direct 

epoxidation of propylene and evolution of oxygen on the anodic 

catalyst surface. These proposed elementary steps were used to 

develop an analytical model fit to these data to (E) simulate the 

propylene partial-pressure dependences of intermediate species 

coverage at 10 M water and 1.1 V versus Fc/Fc+. Vertical error bars 

represent standard deviations from the mean of multiple replicates 

(n = 3) of the same experiment. 
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hydroperoxy species (OOH*) from monoatomic oxygen (O*) and H2O (Figure 3D). Still, 

the kinetic modeling and measurements using stilbene suggest that the selectivity of 

epoxide formation likely depends on the relative rate of reacting OO* species with 

propylene versus the rate that OO* desorbs from the surface as molecular oxygen (O2). 

With this plausible mechanism, these data also provide predictions for the coverage of 

reactive surface species as a function of reactant concentrations (Figure 3E). Ultimately, 

this mechanistic understanding provides a basis for designing more effective epoxidation 

catalysts by tuning the electrophilic character of oxygen ligands formed upon mixed metal 

oxide surfaces.  

 
 

Role of electrolyte composition on catalytic performance and stability 
 

With the development of highly selective catalysts with industrially relevant current 

densities, we next sought to understand the role of the electrolyte on the performance and 

long-term stability of PdPtOx, particularly within aqueous electrolytes. First, we 

investigated the role of the supporting electrolyte in aqueous media, in which we found 

that the greatest faradaic efficiency to epoxidation and glycol formation (~55% ± 2%) was 

achieved during chronopotentiometry measurements (50 mA) at neutral pH conditions (5-

8) using electrolyte solutions buffered by phosphate salts (i.e., NaH2PO4, Na2HPO4). 

Notably, the dependence of Faradaic efficiency on pH was weak between values of 1-12. 

Still, highly acidic conditions (pH < 4) led to significant propylene glycol formation from 

acid-catalyzed hydrolysis of the epoxide. We also screened 13 different supporting 

electrolytes, including halides (NaCl, NaBr, NaI, NaF) and inorganic salts (NaxHyPO4, 

NaSO4, NaNO3, NaClO4, NaOH, etc.). Generally, the use of halides led to the in situ 

generation of halogen compounds that were sometimes beneficial for epoxidation (e.g., Cl2, 

Br2). For the inorganic salts, the highest performance of epoxidation was achieved using 

phosphate buffers (NaxHyPO4) and perchlorate (NaClO4) at neutral pH conditions at an 

ionic strength of 1.2 M.  
 

Next, we considered the long-term stability of PdPtOx in blended and aqueous electrolyte 

media to maintain performance for extended reaction periods. First, we constructed a 

recirculating batch reactor to measure the continuous accumulation of propylene oxide 

(Figure 4A) over 3 hours within a blended electrolyte (Figure 4B) during 

chronopotentiometry measurements (50 mA). The rate and Faradaic efficiency remained 

mostly constant during chronopotentiometry measurements. By comparison, the aqueous 

electrolyte systems deactivate far more rapidly, in which Faradaic efficiency declines from 

~55% to <10% during the first hour of operation during chronopotentiometry 

measurements (50 mA). This loss of reactivity can result from physical changes in the 

system (e.g., flooding, degradation of electrodes), but further development of the electrode 

architectures now suggests that catalyst restructuring is the primary means of deactivation 

within the aqueous electrolyte media. Overall, our preliminary findings show that blended 

electrolytes may inhibit the restructuring of PdPtOx, which is greatly accelerated within 
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aqueous electrolyte solutions with high concentrations of salt (>1.2 M) at high current 

densities (50 mA). Furthermore, 

these efforts to understand and 

eliminate the deactivation of the 

PdPtOx in aqueous media will 

enable the use of more 

economical and environmentally 

benign solvents for later 

commercial applications of this 

technology.  

 
 

Key Outcomes 
 

In summary, we synthesized 

PdPtOx materials and studied 

their electronic and geometric structures for the electrochemical epoxidation of propylene 

using XPS and operando XAS. The 1:1 Pd to Pt alloy prepared at 500°C showed the 

greatest rates and selectivities of propylene epoxidation. We also determined the 

mechanism of epoxidation on this material, providing evidence that Pt2+ species stabilize 

highly reactive OO* species that are highly electrophilic and implicated in the selective 

and reactive formation of propylene oxide. We then investigated the role of the electrolyte 

on catalytic performance and stability, in which neutral pH conditions with phosphate and 

perchlorate salts show the highest faradaic efficiencies of epoxidation in aqueous solutions 

but lead to much greater rates of deactivation compared to blended electrolytes. Overall, 

our findings highlight the design of materials that achieve industrially relevant current 

densities and selectivities for producing hydrogen and epoxides.   

 

Publications Acknowledging this Grant in 2021-2024 

 

(I) Intellectually led by this grant: 

 

1. Chung, M.; Jin, K.; Zeng, J. S.; Ton, T.; Manthiram, K. Tuning single atom 

dopants on manganese oxide for selective electrocatalytic cyclooctene 

epoxidation. Journal of the American Chemical Society 2022, 144, 17416-17422. 

2. Chung, M.; Maalouf, J. H.; Adams, J. S.; Jiang, C.; Román-Leshkov, Y.; K. 

Manthiram. Direct propylene epoxidation via water activation over Pd-Pt 

electrocatalysts. Science 2024, 383, 49-55.  

 

 

 

 
Figure 4. (A) A process flow diagram for a recirculating batch 

reactor, in which propylene is sparged through a gas diffusion 

electrode with flowing electrolyte that pumps from a reservoir. (B) 

Accumulation of propylene oxide within the electrolyte reservoir 

during recirculating batch measurements over 3 hours within an 

electrolyte of 0.4 M TBABF4 and 10 M water in acetonitrile at a 

constant current density of 50 mA/cm2. 
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Well-Defined Molecule-Based Heterogeneous Catalysts for Challenging Reactions                                         

Tobin Marks and Michael Bedzyk 

Northwestern University 

Presentation Abstract 
The goal of this hypothesis-driven effort is to create, understand, and intelligently implement the molecule-

support complex as a unique catalytic entity. We focus on two closely related SSHC (Single Site 

Heterogeneous Catalyst) systems having in common: earth-abundant high oxidation state transition metals 

tightly bound to earth-abundant supports, unusual reactivity patterns, shared catalyst evaluation 

methodologies, high percentages of catalytically significant sites, characterization conventional and emerging 

physical techniques, and closely interfaced theorical analysis of both systems.  The goal is to understand 

catalyst-support structure-function-mechanism relationships in systems lying between homogeneous and 

heterogeneous catalysis. These are: 

• Electrophilic early transition metal alkyl and hydride cations electrostatically bound to highly Brønsted 

acidic functionalized oxides. How can Zr d0 catalysts rapidly polymerize olefins, hydrogenate arenes with 

high chemo- and facial-selectivity, and rapidly, selectively hydrogenolyze diverse polyolefins at 

unprecedented rates under very mild conditions?  

• Earth-abundant high-valent early transition metal-oxo complexes covalently bound to a variety of carbons, 

ranging from activated carbons to graphenes to carbon nanohorns. How do these Mo d0 complexes 

catalyze rapid alcohol dehydration and dehydrogenation, ester transesterification, N-oxide and sulfoxide 

reduction, alcohol dehydrogenation, as well as solventless and selective polyethylene terephthalate 

deconstruction under very mild conditions?  

This effort is strengthened by leveraging close collaborations with U.S. National Laboratories and US industry, 

as well as specialists abroad.   

Award Number DOE DE-SC0024448. “Well-Defined Molecule-Based Heterogeneous Catalysts for 

Challenging Reactions”         

Postdoc(s): Yosi Kratish, Qingheng Lai 

Student(s): Alex Mason, Carter Edenfield, Amol Agarwal 

 

RECENT PROGRESS 

Electrophilic early transition metal alkyl and hydride cations electrostatically bound to highly Brønsted 

acidic functionalized oxide supports 

Group 4 Complexes. A homologous series of cationic electrophilic group IV metal hydrides (M = Ti, Zr, Hf) 

created by chemisorption of the corresponding MNp4 precursors on highly Brønsted acidic sulfated alumina 

(AlS) to yield loosely coordinated surface AlS/MNp2 (Np = neopentyl) species (Fig. 1) are systematically 

characterized by ICP, EXAFS/XANES, DRIFTS, and solid-state high-resolution multi-dimensional NMR 

spectroscopy (SSNMR), as well as by energy span DFT computation. With effective stirring, these complexes 

readily undergo reaction with H2 to yield AlS/M(alkyl)H species which are highly active for the 

hydrogenolysis of diverse commercial polyethylenes, α-olefin-ethylene copolymers, isotactic polypropylene, 

and post-consumer polyolefins including high-density polyethylenes, yielding medium and small linear and 

branched hydrocarbons at turnover frequencies as high as 36,300 h-1 at 200 °C/17 atm H2 for M = Zr. For a 

given polyolefin and reaction conditions, turnover frequencies scale approximately as M = Zr > Hf > Ti, while 

catalyst thermal stability scales approximately as M = Hf ≈ Zr > Ti, and these trends are qualitatively 
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understandable from the DFT analysis. These 

catalytic results reveal that the AlS/Hf(R)H- 

mediated hydrogenolysis favors wax-like and 

liquid products while the AlS/Zr(R)H-mediated 

hydrogen-olysis can be tuned between gases and 

liquids. DFT analysis identifies β-alkyl 

elimination as the turnover-limiting C-C scission 

process, which is particularly facile in these 

cationic d0 complexes, but not so in the neutrally 

charged analogues. The relative activity trend of 

Zr >> Hf > Ti, is consistent with the relative DFT 

computed energy barriers. The AlS/MNp2 

thermal stability trend is Hf ≈ Zr > Ti, which is 

consistent with the approximate thermal stability 

of the MNp4 precursors. The energy span DFT 

analysis implicates β-alkyl elimination as the 

turnover-limiting C-C scission step which is 

extremely facile in these cationic d0 complexes. 

Group 5 Complexes. Formally neutrally charged 

surface organo-tantalum species chemisorbed on silica were first studied and characterized by this Laboratory 

and Basset nearly 20 years ago. However, catalysis of polyolefin hydrogenolysis was sparsely examined in the 

1990s, with the main focus being alkane metathesis Furthermore, the reported qualitatively higher thermal 

stability of the supported organo-Ta over the organo-Zr  adsorbates motivated us to address the intriguing 

question of whether the AlS support might yield a formally isoelectronic cationic d0 Ta adsorbate, whether 

and to what degree, it might be active for efficient and broad-scope polyolefin hydrogenolysis, and whether 

the presence of potentially alternative established reaction pathways, such as α-alkyl transfer (carbene 

extrusion), alkane metathesis, and α-hydride elimination followed by olefin metathesis might alter polyolefin 

hydrogenolysis pathways. In this work we achieved the synthesis of highly active cationic surface organo-Ta 

complex(es)  prepared by chemisorbing the well-defined alkylidene Np3Ta=CHtBu  “super acidic” sulfated 

alumina (AlS). The resulting catalyst (1), which surprisingly contains two different surface cationic Ta species, 

was characterized by ICP, DRIFTS, multinuclear/multi-dimensional solid-state NMR (SSNMR) spectroscopy, 

XANES/EXAFS, and the resulting structural formulation is in good agreement with the DFT-derived structure 

(Fig. 2). This supported Ta catalyst has very high thermal stability and exceptionally high polyolefin 

hydrogenolysis activity-- as high as 9800 (CH2 units)·mol(Ta)−1·h−1 at 200 °C/17 atm H2. Moreover, 

AlS/TaNpx is effective in hydrogenolysis of pristine, pre-, and post-consumer polyethylenes and α-olefin-

polyethylene copolymers, including water bottle caps, 

sandwich bags, milk jugs, and mixed plastics with 

commercial additives. 

To the best of our knowledge, catalyst 1 exhibits one of 

the highest polyolefin hydrogenolysis activities reported 

to date in the peer-reviewed literature. Unlike the 

AlS/ZrNp2 analog, the Ta catalyst is more thermally 

robust and offers multiple potential reaction pathways 

for C-C scission. Catalyst 1 is also compatible with a 

wide variety of pre-and post-consumer plastics and is 

not extensively deactivated in the presence of standard 

commercial polymer additives under the present reaction conditions. 

  

Figure 1. Catalytic properties of single-site heterogeneous organo-

group IV catalysts A. Neutrally charged Zr hydrocarbyl adsorbate 

on a weak Brønsted acid surface28, B. Previously reported cationic 

AlS/Zr(R)H on a very strong sulfated alumina (AlS) Brønsted acidic 

surface and limitations, C. Generalized cationic AlS/M(R)H 

catalysts on sulfated alumina (M = Ti, Zr, Hf), and advances 

reported in this work. 

 

 
  Fig. 2. Synthesis of cationic single-site tantalum hydrides and  

   their  reaction  with propane                 . 
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Demystifying Group-4 Polyolefin Hydrogenolysis Catalysis.  Gaseous Propane Hydrogenolysis Mechanism 

over the Same Catalysts. Catalytic hydrogenolysis is promising for converting waste polyolefins into useful 

products. A heterogeneous catalyst class AlS/MNp2 (M = Zr, Hf; AlS = sulfated alumina; Np = neopentyl) 

prepared from well-defined molecular precursors is active for efficient solvent-free hydrogenolysis. 

Nevertheless, mechanistic studies are challenged by a reaction medium complexity having polymers and 

hydrogenolysis products of widely time-varying viscosity, complex stirring/mixing characteristics, and 

unknown catalyst thermal stability.  Here the analysis is simplified using a model small alkane reactant and 

heterogeneous reactor techniques.  

A kinetic/mechanistic investigation of gaseous propane hydrogenolysis over the single-site heterogeneous 

polyolefin depolymerization catalysts AlS/ZrNp2 and AlS/HfNp2 (AlS = sulfated alumina, Np = neopentyl), 

is used to probe intrinsic catalyst properties without the complexities introduced by time- and viscosity-

dependent polymer medium effects. In a polymer-free automated plug-flow catalytic reactor, propane 

hydrogenolysis turnover frequencies approach 3000 h-1 at 150°C. Both catalysts exhibit approximately linear 

relationships between rate and [H2] at substoichiometric [H2] with rate law orders of 0.66 ± 0.09 and 0.48 ± 

0.07 for Hf and Zr, respectively; at higher [H2], the rates approach zero-order in [H2]. Reaction orders in [C3H8] 

and [catalyst] are essentially zero-order under all conditions, with the former implying rapid, irreversible 

alkane binding/activation. This rate law, activation parameter, and DFT energy span analysis support a 

scenario in which [H2] is pivotal in one of two plausible and competing rate-determining transition states -- 

bimolecular metal-alkyl bond hydrogenolysis versus unimolecular β-alkyl elimination. That is, the e law and 

DFT analyses indicate competition between bimolecular metal-alkyl bond hydrogenolysis and unimolecular 

β-alkyl elimination as rate-determining transition states.  The Zr and Hf catalyst activation parameters, ΔH‡ = 

16.8 ± 0.2 kcal·mol-1 and 18.2 ± 0.6 kcal·mol-1, respectively, track the relative turnover frequencies, while ΔS‡ 

= -19.1 ± 0.8 and -16.7 ± 1.4 cal·mol-1·K-1, respectively, imply highly organized transition states. These 

catalysts maintain activity up to 200°C, while time-on-stream data indicate multi-day activities with an 

extrapolated turnover number ~92,000 at 150°C for the Zr catalyst.  

Synthesis and Characterization of a Single-Site Mo(=O)2 Catalytic Functionality Anchored on Reduced 

Graphene Oxide.  A single-site molybdenum dioxo catalyst, rGO/MoO2 is prepared via direct grafting of 

(dme)MoO2Cl2 onto reduced graphene oxide (rGO). 

The physiochemical and chemical properties of the 

(dme)MoO2Cl2 precursor, the rGO support (Fig. 3), 

and the supported catalyst were extensively 

characterized by NMR spectroscopy, ICP-OES, 

single-crystal XRD, XPS, DRIFTS and Raman 

spectroscopy, PXRD, N2 physisorption, NH3-TPD, 

advancing aqueous contact angle analysis, EXAFS, 

and DFT computation.  The precise cis-MoO2 

geometry of the (dme)MoO2Cl2 complex was assessed 

by single-crystal XRD and DRIFTS. XPS shows that 

rGO has sufficient surface hydroxyl coverage to 

function as a support, adsorbing 0.28 MoO2/nm2. The 

contact angle data show that the rGO/MoO2 surface is 

more hydrophobic than that of rGO, likely reflecting 

surface hydroxyl consumption on MoO2 

chemisorption. The DRIFTS data are in EXAFS 

structural data align well with those of model compounds, other Carbon/MoO2 catalysts, and DFT 

computation, providing an atomic-level description of the active site structure and agreement with those for 

cis-MoO2 model complexes and DFT computation. The rGO/MoO2 catalyst shows good catalytic activity for 

 
Fig. 3. Synthesis of (a) AC/MoO2. (b) CNH/MoO2.  

(c)  rGO/MoO2 single-site heterogeneous catalysts. 
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reductive carbonyl coupling and N-oxide reductions, rendering it a well-defined and efficient single-site 

heterogeneous catalytic system. 

Publications Acknowledging this Grant in 2021-2024. All intellectually led by this Grant 

1. Edenfield, W.C.; Mason, A.H.; Lai, Q.; Agarwal, A.; Kobayashi, T.; Kratish, Y.; Marks; T.J.; Rapid Polyolefin Plastics 

Hydrogenolysis Mediated by Single-Site Heterogeneous Electrophilic/Cationic Organo-Group IV Catalysts, ACS 

Catalysis, 2024, 14, 554–565. DOI: 10.1021/acscatal.3c05161. 

2. Agarwal, A.; Liu, Y.; Kraevaya, O.A.; Troshin, P.A.; Kratish, Y.; Marks, T.J.; Creation and Structure-Function 

Characterization of a Single-Site MoO2 Epoxidation Catalyst Supported on a Fullerene Scaffold, ChemCatChem, 2024, 

in press. DOI:10.1002/cctc.202401259. 

3. Mason, A.H.; Motta, A.; Kratish, Y.; Marks, T.J.; Demystifying Group-4 Polyolefin Hydrogenolysis Catalysis. Gaseous 

Propane Hydrogenolysis Mechanism over the Same Catalysts, 2024, PNAS, 121, e2406133121. DOI: 

10.1073/pnas.2406133121. 

4.  Liu, Y.; Agarwal, A.; Kratish, Y.; Marks, T.J.; Aldehyde and Ketone Hydroboration Mediated by a Heterogeneous 

Single-Site Molybdenum-Dioxo Catalyst: Scope and Mechanistic Implications, ChemCatChem, 2024, 16, DOI: 

10.1002/cctc.202301417. 

5. Lai, Q.; Mason, A.H.; Agarwal, A.; Edenfield, W.C.; Zhang, X.; Kobayashi T.; Kratish, Y.; Marks, T.C.; Rapid 

Polyolefin Hydrogenolysis by a Single-Site Organo-Tantalum Catalyst on a Super-Acidic Support. Structure and 

Mechanism., Angew Chemie., 2023, 62, e202312546. DOI: 10.1002/anie.202312546.  

6. Kratish, Y.; Marks, T.J.; Efficient Polyester Hydrogenolytic Deconstruction via Tandem Catalysis, Angew. Chem. Int. 

Ed. 2021, 61, e202112576. DOI: 10.1002/anie.202112576. 

7. Zhang, J.; Mason, A.; Motta, A.; Cesar, L.; Kratish, Y.; Lohr, T.; Miller, J.; Gao, Y.; Marks, T.J.; Surface vs 

Homogeneous Organo-Hafnium Catalyst Ion-Pairing and Ligand Effects on Ethylene Homo- and Copolymerizations, ACS 

Catalysis 2021, 11, 3239-3250. DOI: 10.1021/acscatal.0c 

8. Liu, Y.; Agarwal, A.; Kratish, Y.; Marks, T.J.; Aldehyde and Ketone Hydroboration Mediated by a Heterogeneous 

Single-Site Molybdenum-Dioxo Catalyst: Scope and Mechanistic Implications, ChemCatChem, 2024, 16, DOI: 

10.1002/cctc.202301417. 

9. Mason, A. H.; Motta, A.; Das, A.; Ma, Q.; Bedzyk, M. J.; Kratish, Y.; Marks, T. J., Rapid Atom-Efficient Polyolefin 

Plastics Hydrogenolysis Mediated by a Well-Defined Single-Site Electrophilic/Cationic 

Organo-Zirconium Catalyst, Nature Commun, 2022, 13, 7187-7199. DOI:10.1038/s41467-022-34707-6. 

10. Li, J.; Das, A.; Ma, Q.; Bedzyk, M.J.; Kratish, Y.; Marks, T.J.; Diverse Mechanistic Pathways in Single-Site 

Heterogeneous Catalysis. Alcohol Conversions Mediated by a High-Valent Carbon-Supported Molybdenum-Dioxo 

Catalyst, ACS Catalysis, 2022, 12, 1247–1257. DOI: 10.1021/acscatal.1c04319. 

11. Zhang, J.; Mason, A.H.; Wang, Y.; Motta, A.; Kobayashi, T.; Pruski, M.; Gao, Y.; Marks, T.J.; Beyond the Active 

Site. Cp*ZrMe3/Sulfated Alumina-Catalyzed Olefin Polymerization Tacticity via Catalyst···Surface Ion-Pairing, 

ChemCatChem, 2021, 13, 2564-2569. DOI: 10.1002/cctc.202100406. 

12. Liu, Y.; Li, J.; Das, A.; Kim, H.; Jones, L.O.; Ma, Q.; Bedzyk, M.J.; Schatz, G.C.; Kratish, Y.; Marks, T.J.; Synthesis 

and Structure–Activity Characterization of a Single-Site MoO2 Catalytic Center Anchored on Reduced Graphene Oxide, 

J. Amer. Chem. Soc. 2021, 143, 21532–21540. DOI: 10.1021/jacs.1c07236. 

13. Kratish, Y.; Nakamuro, T.; Liu, Y.; Li, J.; Tomotsuka, I.; Harano, K.; Nakamura, E.; Marks, T.J.; Synthesis and 

Characterization of a Well-Defined Carbon Nanohorn-Supported Molybdenum Dioxo Catalyst by SMART-EM Imaging. 

Surface Structure at the Atomic Level: A contribution to the “Frontiers of Molecular Science, Diamond Collection”, Bull. 

Chem. Soc. Japan, 2021, 94, 427-432. DOI:10.1246/bcsj20.2020299. 

 

 

321



Manos Mavrikakis 

Atomic-scale Design of Metal and Alloy Catalysts: A Combined Theoretical and 

Experimental Approach 

Manos Mavrikakis,† Younan Xia‡ 
† Department of Chemical & Biological Engineering, University of Wisconsin–Madison 

‡ School of Chemistry & Biochemistry, Georgia Institute of Technology 

Presentation Abstract 

The main objective of this combined theoretical and experimental project is to: i) design 
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experimentally evaluate new metal and alloy catalysts, with unique catalytic properties for 

industrially relevant chemical reactions. Measurable impact can be found in several 

applications, including low-temperature fuel cells, hydrogen production and purification, 

and production of fuels and chemicals. The importance of the atomic-scale architecture of 

these new, theoretically designed catalysts, to their unique properties is driving the 

development of new inorganic materials synthesis approaches, which can synthesize the 

theoretically determined optimal, and in some cases, metastable, nanoscale catalytic 

architectures. 
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RECENT PROGRESS 

Formation of Active Sites on Metals through Reaction-Driven Migration of Surface 

Atoms1–4 

Elucidating the nature of the active sites on catalytic surfaces under reaction conditions is 

an enormously challenging task. Recent advanced microscopic studies demonstrated 

adsorbate-induced formation of sub-nanometer clusters on several single-crystal surfaces 

at near-ambient temperatures and pressures,5–7 revealing the complex and dynamic nature 

of metal catalytic surfaces under reactive environments. To this end, we performed density 

functional theory (DFT) and Kinetic Monte Carlo (KMC) calculations to elucidate the 

conditions that lead to reaction-driven migration of surface atoms on metal catalysts and 

show how adatom formation energies enable efficient screening of catalytic systems where 

adsorbate-induced cluster formation may occur. Together with our experimental 

collaborators (Salmeron/Somorjai group at UC-Berkeley/LBNL) who performed high-

pressure scanning tunning microscopy (HP-STM) studies, we showed that the reaction-

driven metal-metal bond breaking and surface atom migration on metal surfaces occur 
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more broadly than 

previously perceived and 

could have dramatic 

consequences on the 

catalytic properties of the 

metal nanoparticles. 

We established a 

theoretical framework for 

predicting adsorbate-

induced cluster formation 

behavior utilizing the 

DFT-computed adatom 

formation energy as a 

single energetic descriptor. 

We demonstrated that such 

a framework allowed for 

proper prediction of the 

experimental observations 

that CO induced cluster 

formation on Cu,5 but not 

on Rh8 and Pt9 surfaces. 

We then extended this framework to a wide range of metals (face-centered cubic (FCC), 

body-centered cubic (BCC), and hexagonal close-packed (HCP)) and adsorbates 

commonly involved in catalytic reactions (Figure 1). Many adsorbate-metal pairs with 

potential clustering behavior under conditions relevant to industrial catalytic applications 

were identified, e.g., CO oxidation, water-gas shift, methanol synthesis, ammonia synthesis 

and oxidation, NO reduction by H2, methane oxidation, Fischer-Tropsch synthesis, and 

methane steam reforming. For the CO-Cu system, we performed KMC simulations for 

surface atom migration on Cu(111) under CO exposure and predicted CO-decorated Cu 

cluster structures similar to those observed in HP-STM experiments.5 Specifically, Cu 

trimers, predicted by our DFT calculations to be highly active for CO oxidation, were 

shown to be present on Cu(111) even after extended periods of simulation time. 

Additionally, through a combination of HP-STM experiments and DFT calculations, we 

showed that local dislocation defects could lead to CO-induced cluster formation on 

Ni(111) at unexpectedly low temperatures  (77 K). This can be attributed to combined 

effects of high CO coverage and large local strain at these defect sites, which drastically 

reduces the adatom formation energy, demonstrating the rich structure sensitivity in such 

cluster formation processes. 

Our discovery in this series of studies also elucidates a unique “bottom-up” route 

toward the formation of metal nanoclusters as active catalytic centers. This bottom-up 

approach is expected to outperform the commonly adopted “top-down” approach of size-

selected nanocluster synthesis. The stability of the latter synthesized metal nanoclusters 

under realistic reaction conditions is often challenged, which is a serious drawback for the 

top-down approach, while not present in the case of in-situ formed clusters. 

Figure 1. Heatmap of estimated adsorbate-induced adatom formation 

temperatures on the close-packed surfaces of FCC, BCC, and HCP 

metals. In general, kink or step-edge defect is the preferred atom 

ejection source. Gray-faded numbers indicate systems in which the 

adsorbate hinders adatom formation. Systems with both a favorable 

adsorbate effect for adatom formation and adatom formation 

temperature < 373 K are marked with purple boxes. Metals are listed 

from left to right in ascending order of experimental bulk cohesive 

energy. Adapted from data in Refs. 1 and 2. 
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A Coverage Self-Consistent Microkinetic Model for Vapor-Phase Formic Acid 

Decomposition over Pd/C Catalysts10 

Formic acid (FA), which can be formed from biomass reforming processes,11 is a promising 

hydrogen storage vector due to its low toxicity, low flammability, and high volumetric 

carrying capacity.12,13 An efficient catalyst is required for FA decomposition to produce 

CO2 and extractable H2. Carbon-supported palladium (Pd/C) has been identified as one of 

the most active catalysts for FA decomposition.14,15 To further elucidate the mechanism 

and catalytically active sites for this reaction, we employed DFT calculations and reaction 

kinetics experiments to develop a coverage-cognizant microkinetic model to better 

understand FA decomposition on Pd/C catalysts.  

DFT energetics for FA decomposition were developed on both Pd(111) and Pd(100) 

as possible active site models for the Pd/C catalyst. In our microkinetic model, we 

considered a comprehensive reaction network (26 elementary steps in total) including both 

the dehydrogenation path (forming CO2* as an adsorbed intermediate) and the dehydration 

path (forming CO* as an 

adsorbed intermediate). 

Parameter fitting of DFT-

calculated energetics on 

Pd(111) and Pd(100) to 

reaction kinetics 

measurements was conducted 

until an agreement was 

reached between experiments 

and theory in terms of both 

reaction rates and surface 

coverages. The microkinetic 

models formulated using 

DFT energetics on clean 

Pd(111) and Pd(100) 

predicted FA decomposition 

rates several orders of magnitude lower than the experimental rates. The extremely low 

reaction rates were caused by high surface coverages of CO* (∼0.99 and ∼0.90 monolayer 

(ML) for Pd(100) and Pd(111), respectively) predicted by the microkinetic models, which

contradict the assumption of a clean surface used in the original DFT calculations.

Consequently, the microkinetic models were reformulated using DFT energetics calculated

on CO-decorated (0.55 ML) Pd(111) and Pd(100). On the 0.55 ML CO-decorated Pd(100)

model only a subset of the experimental turnover frequencies (TOFs) for the

dehydrogenation path could be rationalized, and the observed selectivity towards FA

decomposition through the dehydration path could not be explained. In contrast, the CO-

decorated Pd(111) model (Figure 2) was able to explain the entire experimental dataset,

including reactions proceeding through both the dehydrogenation and dehydration paths.

These results demonstrate that CO-decorated Pd(111) can be used to represent the active

site for FA decomposition on Pd/C catalysts with minimal parameter adjustments.

This work further highlights the utility of our combined experimental and 

computational modeling approach towards elucidating reaction mechanisms and the nature 

of catalytically active sites, particularly under in-operando conditions. 

Figure 2. Parity plot of the CO*-coverage-cognizant Pd(111) model 

predicted vs experimental TOFs for (A) dehydrogenation and (B) 

dehydration pathways. The CO-decorated Pd(111) model yielded high 

parity for both experimental datasets, indicating that this model can 

represent the active site in Pd/C catalysts under realistic reaction 

conditions. From Ref. 23. 
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The Role of Coverage Effects on the Structure–Sensitivity of Formic Acid 

Electrooxidation on Pd Surfaces16 

In addition to thermal decomposition of FA, direct formic acid fuel cells (DFAFCs) serve 

as another promising candidate for the employment of FA as a highly efficient and portable 

energy carrier. Compared to Pt, Pd catalysts are less prone to CO* poisoning and have been 

demonstrated to outperform Pt catalysts in FA electrooxidation (FAO) activity.17 FAO on 

Pd catalysts is, however, experimentally shown to be highly structure-sensitive18,19 and 

prone to notable CO accumulation.20 To study the effects of CO* coverage and the 

structure-sensitivity of Pd FAO electrocatalysts, we performed DFT calculations for the 

Gibbs Free Energy of FAO using realistic CO* coverages on four Pd facets: (111), (100), 

(110), and (211), and under relevant conditions (0.00 V – 0.40 V vs. the reversible 

hydrogen electrode (RHE)). 

 Our results predicted saturation coverages of CO* of 0.11-0.55 ML for Pd(111) 

and Pd(211), 0.11-0.66 ML for Pd(100), and 0.33-1.00 ML for Pd(110) over the range of 

applied potentials considered. The large and variable saturation coverages on each of the 

considered facets provides strong evidence that CO* coverage effects may prove 

considerable factors in determining the activity of Pd electrocatalysts for FAO. We then 

generated CO*-coverage-cognizant Gibbs free energy diagrams for applied potentials of 

0.00 V, 0.20 V, and 0.40 V vs. RHE for Pd(111), (100), (110), and (211) through two FAO 

paths, namely a direct route proceeding through COOH* or HCOO* intermediates, and an 

indirect route proceeding exclusively via COOH* to yield CO* and H2O. Using the DFT-

derived energetics, we assessed the performance descriptors for FAO over Pd surfaces, 

which include difference in Gibbs free energies between COOH* and HCOO* (ΔGCOOH-

HCOO) and the H2O activation potential for Pd(111), Pd(100), and Pd(211) (Figure 3; 

Pd(110) were excluded due to strong CO* surface poisoning). Pd(100) emerged as the most 

promising facet at intermediate applied potentials (0.20 V vs. RHE) due to a low onset 

potential required for the HCOO*-mediated pathway and its ability to destabilize COOH* 

intermediates (thus preventing CO* formation). As the next most promising facet, Pd(211) 

stabilized COOH* relatively stronger compared to HCOO*, yet retained a smaller H2O 

activation potential at 0.20 V vs. RHE compared to both Pd(111) and Pd(100) (Figure 3B). 

The lower H2O activation potential translated to an easier CO* removal from the surface 

through its oxidation to CO2, thereby reducing surface poisoning by CO*. Overall, we 

predicted the order of FAO activity on Pd surfaces to follow Pd(100) > Pd(211) > Pd(111) 

> Pd(110), in accord with past

experimental results 

involving single crystal 

electrodes and 

nanocrystals.18,21,22  

This work provides an 

accurate description of Pd 

surfaces under realistic FAO 

reaction conditions and 

highlights opportunities for 

developing improved FAO 

electrocatalysts through facet 

engineering. 

Figure 3. CO*-coverage-cognizant (A) difference in Gibbs free 

energies between COOH* and HCOO* (ΔGCOOH-HCOO) and (B) the 

H2O activation potential for Pd(111), Pd(100), and Pd(211). From 

Ref. 24. 
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Our work focuses on determining how the interrelated effects of charge delocalization, 
electronic coupling, and intramolecular electrostatics influence catalytic activity and 
selectivity from discrete, molecular systems to extended multidimensional catalyst 
architectures.  We have adopted a bottom-up approach to study these effects as we build in 
structural complexity: from simple molecular catalysts, to multimetallic assemblies, and 
finally towards macromolecular extended structures. In previous studies, we have studied 
how charge delocalization and intramolecular electrostatics influence CO2R activity and 
reaction selectivity by molecular catalysts. We will present some of our new studies 
exploring the role of all three effects on CO2R activity in multimetallic assemblies. For 
example, by systematically modifying the structure of multimetallic assemblies, we have 
demonstrated that electrostatic effects are the most influential intramolecular interactions 
on per-site activity in multimetallic systems. We will also present our work exploring 
whether intramolecular electrostatic effects are best described as through-space electric 
field effects or through-bond effects when considering cationic substituents incorporated 
onto redox-active ligands.  Finally, we will present our work successfully incorporating 
Co-based molecular building units with redox-active ligands into larger 1D and 2D 
coordination polymers.   
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RECENT PROGRESS 

 

Bimetallic Complexes for Electrocatalytic CO2 Reduction: The Role of Intramolecular 
Interactions on Activity 
One of the key knowledge gaps in designing multimetallic architectures for 
electrochemical CO2 reduction is understanding how the various interrelated 
intramolecular electronic effects between active sites influence catalytic activity. We 
synthesized a model system of homo- and hetero-bimetallic catalysts to study the role of 
intramolecular electrostatics and electronic coupling between active sites on CO2 reduction 
ability. Our bimetallic Co-Co complex, [Co (PDI)-(PDI)Co], reduced CO2 with higher 
activity and selectivity compared to our monometallic Co analogue, [Co(PDI)]. The Co-
Co complex shows both electronic coupling between the Co sites and putative electrostatic 
interactions between the cationic Co+ metal ions in the catalytically active species of the 
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complex and reduced CO2 intermediates. 
We then modulated these effects by 
incorporating a redox-inactive Zn2+ cation 
into the structure. The resulting 
heterobimetallic Co-Zn complex, 
[Zn(PDI)-(PDI)Co], has no electronic 
coupling between the metal sites and 
increased electrostatic effects due to 
higher total positive charge of the Zn2+ 
metal ion in the catalytically active 
species compared to the Co-Co complex. 
The Co-Zn complex has the highest CO2 
reduction activity measured, and this 
higher activity is attributed to the 
increased electrostatic stabilization of 
reduced intermediates. Our studies with 
these model complexes demonstrate that 
maximizing intramolecular electrostatics 
is a crucial consideration in designing 
larger multimetallic architectures for CO2 
reduction and provide a design strategy to boost catalytic activity through incorporation of 
redox-inactive metal ions in multimetallic assemblies. This work was published in Chem 
Catalysis. 

Intramolecular Electrostatic Effects in Electrocatalysis: Through-Space vs Through-
Bond Substituent Effects 
Numerous studies, including 
our own work, have shown 
that incorporating cationic 
species into catalyst 
frameworks leads to an 
increase in catalytic activity 
for electrochemical CO2 
reduction.  This increase in 
catalytic activity is typically 
attributed to a through-space 
electric field effect—
electrostatic stabilization of 
reduced CO2 adducts at the 
binding site by the electric 
field exerted by the cationic 
substituents. However, for 
complexes in which the 
cationic moieties are 
incorporated into redox-
active ligands, this simple 
description of through-space 

 
Figure 1. A plot of the log of the activity as 
a function of the onset potential (Eonset) 
shows an inverse scaling relationship where 
the bimetallic Co-Zn has the highest activity 
and most positive potential, followed by Co-
Co and the monometallic Co complex. 
TOFcat (maximum catalyst turnover 
frequency) and TOF0 (intrinsic activity) are 
the primary metrics for comparing activity 
of homogeneous electrocatalysts.   
 

 
Figure 2. Activity measurements for the [Co(PDI-R+)] 
and [Co(PDI-R)] catalyst investigated calculated from 
controlled potential electrolysis experiments (TOFCPE) 
and scan-rate dependent cyclic voltammograms (TOFcat 
and TOF0) plotted as a function of Eonset. The catalyst 
system shows a complicated inverse scaling 
relationships—the black lines are guides to the eye to 
show general trends, and the gray dashed line shows a 
typical scaling relationship. 
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electrostatic effects may become more complicated due to charge delocalization 
throughout the conjugated ligand.  To test this, we synthesized a series of regioisomers of 
cobalt complexes with redox-active pyridyldiimine ligands substituted with cationic 
pyridinium moieties ortho-, meta-, and para- to the rest of the complex. We hypothesized 
that a through-space electrostatic effect should show increasing activity with proximity of 
the cationic site to the Co site: ortho > meta > para.  However, we saw a complicated 
activity profile with para >> ortho > meta.  Moreover, when compared to the analogous 
complexes with uncharged pyridyl moieties, the ortho and meta pyridinium complexes 
show lower CO2 reduction activity compared to their pyridyl analogues. Computational 
studies conducted with collaborator Prof. Paul M. Zimmerman suggest that these trends in 
activity cannot be explained by simple CO2 binding affinities or stabilization of reduced 
intermediates, but instead may be related to charge stabilization of CO2 adducts through 
charge delocalization—an inherently through-bond effect.  This study highlights not only 
the hidden complexity of electrostatic interactions in electrocatalysis, but also highlights 
the importance of understanding the influence of extended conjugation in driving catalytic 
activity as researchers increasingly move to incorporate molecular catalysts into larger 
macromolecular structures. This work is currently in preparation for publication. 
 

1D Polymeric Catalysts for Electrocatalytic CO2 Reduction 
Our original goal was to 
incorporate [Co(PDI-R)] 
catalysts into conductive 
polymer structures to 
explore the role of 
backbone conjugation on 
catalytic activity.  
However, in initial studies, 
we found that background 
polymer charging of 
conductive polymers led to 
undesirable polymer 
degradation and other side 
reactions. Instead, we have 
successfully synthesized 
poly-[Co(VinylPDI)] 
polymer catalysts with 
non-conductive polymer backbones. By modulating the extent of crosslinking in the 
systems, we are exploring how charge density (e.g. through-space electrostatics) influences 
catalytic activity.  Our hypothesis is that the polymer with increased crosslinking will force 
the cationic charges closer together, increasing charge density and therefore stabilize 
reduced CO2 adducts via through-space electrostatic effects.  Both poly-[Co(VinylPDI)] 
and the crosslinked version poly-crossl-[Co(VinylPDI)] have been characterized using 
NMR, XPS, and FTIR. Both polymers are soluble in polar solvents, including acetonitrile 
and water, and providing the unique opportunity to conduct CO2 reduction experiments 
with the polymers as homogeneous catalysts. The poly-crossl-[Co(VinylPDI) system is 
more active than the poly-[Co(VinylPDI)] system according to cyclic voltammetry 
experiments, consistent with our hypothesis. However, controlled potential electrolysis 

 
Figure 3. The Poly-[Co(VinlyPDI)] and Poly-crossl-
[Co(VinylPDI)] polymers are active for the CO2 reduction 
reaction in acetonitrile with 11 M H2O as a proton source.   
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measurements show only ~25% CO generation with significant loss of charge due to 
nonproductive interchain coupling.  We are currently exploring copolymerization 
strategies to decrease extent of this interchain coupling reaction, and polymerizing the 
[Co(VinylPDI)] catalyst into hydrogels to form a heterogeneous catalyst for aqueous CO2 
reduction studies. 
 

2D Macromolecular Cobalt Catalysts for CO2 Reduction to Methanol 
We have previously 
shown that that the 
complex cobalt bis-
pyridylmonoimine, is 
active for the reduction 
of CO2 to CO.  
However, we found that 
if we perturbed the 
flexibility of the BPMI 
ligand we would 
perturb the molecular 
geometry of the Co 
center from square 
planar, increasing its 
nucleophilicity and CO 
binding affinity.  The net result was that increased ligand flexibility ultimately led to 
increased product inhibition by CO, and lower overall CO2 to CO activity. We 
hypothesized that we could take advantage of this effect by incorporating the [Co(BPMI)] 
complex into a conjugated macromolecular structure.  If the curvature of the 2D structure 
elicited an appropriate amount of strain on the [Co(BPMI)] building units, it may distort 
the geometry of the Co center just enough to retain the CO for further activation and 
reduction without being poisoned by CO.  To test this, we synthesized a 2D porous material 
Co@COF-BTAP-AA.  The material has been characterized by scanning electron 
microscopy, inductively-coupled plasma mass spectrometry, elemental analysis, FTIR, X-
ray photoelectron spectroscopy, gas-adsorption surface area measurements, and solid-state 
NMR. The material forms densely-packed spherical nanoparticles with low surface area 
that show relatively low activity for CO2 reduction compared to other heterogeneous 
catalysts. However, the material shows promising selectivity for the 6-e− reduction of CO2 
to CH3OH. Further studies are focused on 13CO2 isotopic labeling experiments, 
understanding the mechanism of CO2 reduction, and introducing perturbations to modulate 
pore size and catalyst loading. 
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Figure 4. The Co@COF-BTAP-AA material is constructed of 
cobalt bispyridylmonoimine complexes as building units with 
conjugated linkers. The material shows modest activity for 
CO2 reduction to methanol in acetonitrile solutions. 
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Presentation Abstract 
 
 
The electrochemical reduction of CO2 into valuable hydrocarbon products presents a promising 
approach to mitigate greenhouse gas emissions, but the reaction is generally slow. Recent research 
has highlighted the potential of plasmonic materials as the catalysts in CO2 electroreduction. Upon 
illumination, these materials generate localized electric fields, which can accelerate the rate of CO2 
reduction and allow for more controlled selectivity than achieved with current methods. Among 
plasmonic materials, gold nanorods are particularly effective due to their tunable optical properties. 
By adjusting their size and aspect ratio, the absorption wavelength can be controlled (in the 520 nm 
– 1200 nm range) to optimize the performance of CO2 reduction. This work aims to synthesize gold 
nanorod-based catalysts with enhanced performance toward CO2 reduction. The first step in 
achieving this goal is to synthesize and characterize gold-silver-copper nanomaterials that are large 
enough (smallest dimension >5 nm) to exhibit plasmons. The addition of copper (also plasmonic 
on its own, around 600 nm) is designed to promote the formation of C-C bonds in CO2 reduction 
products. The synthesis and characterization of two sizes of the trimetallic nanorods, with varying 
ratios of copper/gold, is described. Second, we coat the nanorods with a protective ligand shell (i.e., 
PEO groups), which, as our recent findings suggest, not only maintains catalytic activity but also 
shields the surface from contamination, improving the durability of the catalysts. 
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RECENT PROGRESS 
 
Synthesis of Gold-Silver-Copper Nanorods in Colloidal Solution 
 
 
The synthetic protocol of gold-silver-copper nanorods was developed by modifying the seed-
mediated synthesis of gold nanorods. Gold nanorods, in which the aspect ratio (length/width) is 
controlled by the addition of small amounts of impurity silver ions, show tunable plasmon 
resonances in the visible and near-IR portions of the spectrum (Figure 1).  The seed-mediated 
growth approach to control crystal formation on the nanoscale relies on two steps: in the first step, 
H+[AuCl4]-is reduced in water with borohydride to create metastable gold “seeds” that are 1-2 nm 
in diameter.  These seed are added to a fresh pot of HAuCl4, a surfactant (cetyltrimethylammonium 
bromide, CTAB), a weak reducing agent such as ascorbic acid, and a small quantity of silver nitrate 
(about 1/1000 of the gold salt); the exact concentrations as well as pH dictate final nanorod 
dimensions.  “Standard” rods are 10-15 nm in diameter, with lengths tunable from 20-80 nm based 
on the silver concentration.  “Mini” rods are 5-8 nm diameter, with lengths tunable from 10-40 nm 
based on the silver concentration. In the case of creating nanorods containing copper, the amount 
of AuCl4

- is reduced, and is compensated by the addition of [CuCl4]2-.   Gold, silver, and copper are 
miscible in all proportions in the bulk; but this is not necessarily true on the nanoscale.  Indeed, the 
initial syntheses produced only gold nanoparticles with no copper whatsoever.   
 

 
 
Figure 1.  Normalized extinction spectra of aqueous suspensions (left), and transmission 
electron micrographs (right) of standard gold nanorods.  The colored lines and boxes connect 
the optical spectrum to the micrograph of four select samples. AR = aspect ratio. 
 
 
 
Eventually, using design-of-experiment optimization techniques, samples of gold nanorods, both 
“standard” and “mini” with similar sizes to the gold nanorods without copper, were obtained from 
initial feedstocks in the growth step that contained a molar ratio of 5:1 Au:Cu, 3:1 Au:Cu, and 1:1 
Au:Cu. The general observation is that the extinction spectra of rods that contain copper are similar, 
but do not extend into the red as much, as the rods that are copper-free (Figure 2).  Transmission 
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electron microscopy of the rods shows good monodispersity (not shown).  
 
 

 
 
 
Figure 2.  Extinction spectra of standard gold nanorods containing copper for (a) 1:1 Au:Cu 
initial ratios, (b) 3:1 Au:Cu initial ratios, and (c) 5:1 Au:Cu initial ratios. The nanorods 
diameters are between 10 to 14 nm. The tunable plasmons arise from differing silver 
concentrations, similar to copper-free rods. AR = aspect ratio. 
 
 
Quantification of Metal Content in Trimetallic Nanorods 
 
Two methods were employed to quantify the metal content in the copper-containing nanorods: ICP-
MS, inductively-coupled plasma mass spectrometry, which is an accurate but destructive method; 
and EDS, energy-dispersive x-ray spectroscopy, which can be done in imaging mode in an electron 
microscope but is less accurate.   
 

 
Figure 3. EDS mapping of copper, silver and gold in a nominal 3:1 Au:Cu standard nanorod 
with an aspect ratio of 2.6 shows the elements dispersed throughout the nanorod. 
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Figure 4.  Elemental analysis data for the indicated nominal Au:Cu composition of standard 
nanorods with an aspect ratio 2.8 +/- 0.2  as measured by (a) EDS and (b) ICP-MS. 
Compositions from the EDS data are an average of 10 nanorods. 
 
In spite of the large amount of copper added to the synthesis, only a few percent of copper at most 
makes it into the isolated nanorods. The agreement between the ICP-MS and EDS data is acceptable 
for many samples, but the variability is still a cause for concern in some samples. Extinction 
coefficients for all particles (multiple aspect ratios, standard and mini, with different nominal 
copper content) are now obtained. Copper does appear to be found throughout the nanorods, 
including the surface, a positive sign for its potential to serve as catalytic sites for CO2 
electroreduction. The CTAB bilayer on the rods was ligand-exchanged to present PEO groups, 
terminating in methoxy, as an example of a “non-fouling” surface for catalysis experiments in the 
Baker lab. Given the Baker lab’s recent intriguing results with single-atom Ni on gold as a catalyst, 
trimetallic nanorods containing Ni are a clear next target. 
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Presentation Abstract 
Our group is exploring advanced strategies for hydrodefluorination of perfluoroalkyl 
substances (PFAS) utilizing highly Lewis acidic main group cations (e.g., X3Si+) as 
catalysts.  We have determined that in order to target fully fluorinated alkanes (such as CF4, 
C2F6, etc.) in hydrodefluorination, silylium cations more reactive (Lewis acidic) than 
trialkylsilylium (X= alkyl) are necessary, possible with X = halogen instead of X = alkyl.  
Silylium cations are typically generated by hydride abstraction from an X3Si-H silane with 
a carbocation, most commonly Ph3C+.  However, the hydride affinity of Ph3C+ is 
insufficient for abstraction of a hydride from X3Si-H with X groups more electron-
withdrawing than an alkyl.  To this end, we have devised syntheses of fluorinated trityl 
salts [(m,m-F2C6H3)3C][HCB11Cl11] (F6Tr+) and [(C6F5)3C][HCB11Cl11] (F15Tr+).  This 
presentation will highlight the remarkably high hydride affinities for these “bottlable” 
F6Tr+ and F15Tr+ in reactions with silanes, hydrocarbons, and other relevant small 
molecules.  The presentation will explore how the increased hydride affinity of F15Tr+ 
permits much more effective hydrodefluorination reactions. 
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RECENT PROGRESS 
 

New carborane anion syntheses.  Work on this project relies heavily on the use of 
robust weakly coordinating anions,1 with the halogenated carboranes such as [HCB11Cl11]- 
being the anions of choice.  [HCB11Cl11]- itself is a great choice based on its inertness and 
low basicity, but the solubility of its derivatives is not very high.  The work with the most 
reactive cations requires least basic solvents and that means that most common polar 
solvents are not appropriate.  In addition, our work on the perfluorotrityl cation (vide infra) 
places even more stringent requirements on the solvent or on the substituents on the 
carborane cage because the perfluorotrityl cation readily reacts with most C-H bonds in 
alkyl or aryl moieties.  To this end, we prepared carborane derivatives shown in Figure 2.  
In particular, the -SC6F5 substituted carborane anion is an option that provides notably 
higher solubility in solvents such as C6F5Br while remaining resistant to the perfluorotrityl 
or the silylium cations.  
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Figure 1.  Chlorination of [HCB11Cl11]- with refluxing SbCl3/SbCl5 mixtures. 
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Reactivity of the perfluorotrityl cation.  A part of our proposal focuses on the 
synthesis of silylium (and other main group) cations that are more reactive than 
trialkylsilylium cations.  We view this as necessary for lowering the barrier for reactions 
with highly electron-poor perfluoroalkanes and perfluoroalkyl chains.  In order to access 
the more reactive silylium cations, we need more reactive but isolable carbocations, to be 
able to abstract the hydride from more electron-deficient silanes.  To this end, we recently 
reported the preparation of a hexafluorotrityl cation F6Tr+ as a [HCB11Cl11]- salt. 2   It 
possesses ca. 15-20% higher hydride affinity than its parent Tr+ = [(C6H5)3C+].  An even 
higher hydride affinity is predicted3 for the perfluorotrityl F15Tr+.  An additional advantage 
of F15Tr+ as an activator is that F15Tr-H, the product of hydride abstraction, is resistant to 
Friedel-Crafts substitution reactions.  Friedel-Crafts alkylation can lead to alkylarenes with 
benzylic positions which can give rise to carbocations that are too stable for the desired 
improvement in HDF reactivity.  

Riedel and coworkers recently reported the preparation of F15Tr+ partnered with a 
[Al(OTeF5)4]- anion.4  Unfortunately, this anion is not compatible with hydrodefluorination 
strategies.  In addition, the Riedel work largely handled F15Tr+ in solution at low 
temperature and did not isolate bulk solid samples.  We were able to prepare F15Tr+ with 
the [HCB11Cl11] and [C6F5SCB11Cl11] counteranions  (Figure XXX).  Analytically pure solid 
samples of F15Tr[HCB11Cl11] and F15Tr[C6F5SCB11Cl11]  can be isolated at ambient 
temperature.   

Figure 2.  Synthesis of the perfluorotrityl cation salts. 
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F15Tr+ is extremely reactive towards aliphatic C-H bonds (abstracts hydride) and 

aromatic compounds with C-H bonds (likely engages in Friedel-Crafts with subsequent 
rearrangements).  Because of this, choosing solvents for solution characterization and 
reactivity was quite challenging.  After some screening, we determined that F15Tr+ is 
compatible with SO2Cl2, C6F5Br, and CH2Br2 as solvents.  However, some reactions of 
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F15Tr+ we wish to study generate new cations (silylium or carbocations) that are not 
necessarily compatible with SO2Cl2 and CH2Br2.  C6F5Br is clearly the solvent most 
chemically inert, but the solubility of F15Tr[HCB11Cl11] in it is very poor.  On the other 
hand, F15Tr[C6F5SCB11Cl11] dissolves in C6F5Br well enough to be observed by NMR 
spectroscopy.  SO2Cl2 brings the most solubility to F15Tr+ salts, but we found that F15TrH 
in SO2Cl2 under highly acidic conditions may undergo F/Cl exchange – that greatly 
complicates the analysis of the fate of F15Tr+-derived products. 

Figure 3.  Hydride-abstracting reactions of F15Tr+. 
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We found that F15Tr+ readily abstracts a hydride from sterically unencumbered alkanes 

containing -CH2- groups, such as cyclohexane and pentane. This far exceeds the hydride 
abstracting power of F6Tr+ we reported earlier, which only reacts with alkaned containing 
tertiary CH sites, and rather slowly.  Interestingly, F15Tr+ did not react with alkanes where 
the CH2 site was attached to a Me3C- substituent.  This suggests that there is a steric 
component to the hydride abstraction activation barrier.  We also attempted to use F15Tr+ 
to abstract a hydride from CH4 and C2H6 (1 atm in a J. Young tube).  However, it did not 
appear to react, at least no more than a few percent after days of heating at 70 °C.  It appears 
that the hydride abstracting power of F15Tr+ peters out at the primary CH3 sites (or 
methane).   

In another unusual reaction, we determined that F15Tr[C6F5SCB11Cl11] abstracts a 
hydride from H2 (or a deuteride from D2) in C6F5Br solvent (1 atm hydrogen).  The reaction 
reached ~50% conversion after about 24 h at 70 °C, and reached 70-90% conversion after 
several days.  This can be viewed as an extreme version of an FLP splitting of H2, where 
the acid is extremely “hydridophilic” while the base is essentially absent. 

1 “Taming the Cationic Beast: Novel Developments in the Synthesis and Application of 
Weakly Coordinating Anions”, Riddlestone, I. M.; Kraft, A.; Schaefer, J.; Krossing, I. 
Angew. Chem. Int. Ed. 2018, 57, 13982-14024.   

2 “Isolable fluorinated triphenylmethyl cation salts of [HCB11Cl11]-: demonstration of 
remarkable hydride affinity”, Gunther, S. O.; Lee, C.-I; Song, E.; Bhuvanesh, N.; 
Ozerov, O. V. Chem. Sci. 2022, 13, 4972-4976. 

3 “Is the Perfluorinated Trityl Cation Worth a Revisit? A Theoretical Study on the Lewis 
Acidities and Stabilities of Highly Halogenated Trityl Derivatives”, Couchman, S. A.; 
Wilson, D. J. D.; Dutton, J, L. Eur. J. Org. Chem. 2014, 3902-3908. 

4 “The Tris(pentafluorophenyl)methylium Cation: Isolation and Reactivity”, Hoffmann, K. 
F.; Battke, D.; Golz, P.; Rupf, S. M.; Malischewski, M.; Riedel, S. Angew. Chem. Intl. 
Ed. 2022, 61, e202203777. 
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Gamma-Ray Induced Deconstruction of Urea Model Compounds:  
An Exploratory Study for Polymer Upcycling 

 
Courtney L. Jenkins and Joshua J. Pak 

Idaho State University, Department of Chemistry, Pocatello, ID 83209 
 

Presentation Abstract 
 

The primary goal of this project is to develop strategies to better design future materials 

and transform polymer waste into industrially relevant raw chemicals, thereby reducing the 

amounts of plastics that wind up in landfills, incinerators, or the environment. We set out 

to examine the deconstruction and modification of condensation polymers upon exposure 

to gamma irradiation. The strategy is to prepare small model compounds that resemble key 

segments of common condensation polymers which can be irradiated by gamma-ray which 

may produce predictable degradation products based upon the polymer backbone and 

presence of additives. This project is mainly carried out by several undergraduates and MS 

students with assistance by a postdoctoral associate. The irradiation of samples was 

conducted using the gamma-irradiator user facility at the Idaho National Laboratory. In 

this presentation, we discovered that urea functional group containing model compounds 

can undergo selective deconstruction to form their original starting materials, isocyanate, 

when irradiated with gamma-ray in dichloromethane. The reaction proceeds through 

radiolysis of dichloromethane which produces a mixture of radical species followed by 

radical proton abstraction of phenyl urea model compounds that results in formation of 

phenyl isocyanates. In addition to mechanistic description of the reaction, we will present 

the scope and limitations of the deconstruction reaction of urea model compounds. Finally, 

we will discuss irradiation reactions of model compounds containing carbonates, urethanes, 

esters and amides. 

 
 
DE-SC0023413: Mechanistic and Kinetic Analysis of Polymer Deconstruction and 
Modification by Irradiation for Polymer Upcycling 
 
PI: Lead PI(s) Name(s) (include only if different from above) 
Postdoc(s): Samjhana Pradhan 
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Raiden H. Hunter 
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RECENT PROGRESS 

 
Training 
The project hired one postdoctoral associate who has been working on the project for 
about 1 year. The project hired and trained two MS students, three undergraduates and 
two high school summer interns. Of those students, one MS student and one 
undergraduate with BS. 
 
Collaboration 
The project has a collaborative relationship with two scientists from the Idaho National 
Lab where the samples are irradiated with gamma-ray.  
 
Research Progress 
We are in process of preparing our first paper to be submitted.  
 
Publications Acknowledging this Grant in 2021-2024 
 
Please classify your publications into two categories according to the source of support 
for the work published:  
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(II) Jointly funded by this grant and other grants with intellectual leadership by 
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1.      Sayer, K. B.; Miller, V. L.; Merrill, Z.; Davis, A. E.; Jenkins, C. L.* Allyl 
Sulfides in Garlic Oil Initiate the Formation of Renewable Adhesives. Polymer 
Chemistry. 2023. 14(26) 3091-3098.  
2.      Davis, A. E.; Sayer, K. B.; Jenkins, C. L.* A Comparison of Adhesive 
Polysulfides Initiated by Garlic Essential Oil and Elemental Sulfur to Create 
Recyclable Adhesives. Polymer Chemistry. 2022. 13(32), 4634-4640. 
3.      Eder, M. L.; Call, C. B.; Jenkins, C. L.* Utilizing Reclaimed Petroleum Waste to 
Synthesize Water-soluble Polysulfides for Selective Heavy Metal Binding and 
Detection. ACS Applied Polymer Materials. 2022. 4(2), 1110–1116.  
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Magnesium and Zinc Compounds for Transformations Involving CO2 and C–C Bond Formation  

 
David Vaccaro, Ran Yan, Aaron Loo, Gonzalo Fernandez de la Mora and Gerard Parkin 

Columbia University, Department of Chemistry 
 

Presentation Abstract 
 
The reactivity of unsaturated molecules with compounds that have M–H and M–R bonds provides an important 
means for functionalizing organic compounds.  In this regard, we have investigated the reactivity of terminal Mg–
H and Mg–Me bonds in well-defined monomeric compounds towards carbonyl compounds.  For example, both 
[TismPriBenz]MgH and [TismPriBenz]MgMe react with methyl formate HCO2Me to afford the methoxy derivative 
[TismPriBenz]MgOMe via a sequence that is proposed to involve the insertion of the carbonyl group to afford 
[TismPriBenz]MgOC{(OMe)(H)X} (X = H, Me) which undergoes a formal β-methoxide elimination to afford 
[TismPriBenz]MgOMe.  The hydride complex [TismPriBenz]MgH reacts similarly with ethyl acetate MeCO2Et to 
afford the ethoxide complex, [TismPriBenz]MgOEt.  In contrast, while the methyl complex [TismPriBenz]MgMe 
likewise reacts with MeCO2Et to form [TismPriBenz]MgOEt, a notable difference is that theβ-keto ester 
derivative, [TismPriBenz]Mg(κ2-etac) [κ2-etac = Me(O)CHC(O)OEt], is also obtained as a result of C–C bond 
forming reaction.  Metal formate compounds are of considerable relevance to transformations that involve the 
reduction of CO2 and we have employed 2,2’:6’,2”-terpyridine (terpy) and 2,2’-bipyridine (bipy) to investigate 
the bonding and reactivity of zinc formate compounds. 
 

 
DE-SC0019204: Metal Catalyzed Transformations involving C–X bonds for the Conversions of 
Carbon Dioxide and Organic Chemicals 
 
Students: David Vaccaro, Aaron Loo, Ran Yan, Eshe Hummingbird, Gonzalo Fernandez de la Mora 
 

RECENT PROGRESS 
1. Reactivity of Mg–H and Mg–Me Bonds Towards Esters: C–C bond Forming reactions 
We recently reported that the Mg–H and Mg–Me bonds of the tris[(1-isopropylbenzimidazol-2-
yl)dimethylsilyl]methyl atrane compounds [TismPriBenz]MgH and [TismPriBenz]MgMe undergo insertion of the 
carbonyl moieties of CO2, PhCHO and Ph2CO to afford [TismPriBenz]MgO2CX, [TismPriBenz]MgOCH(X)Ph and 
[TismPriBenz]MgOCXPh2 (X = H, Me).  In contrast, the corresponding reactions with enolizable ketones, namely 
Me2CO and PhC(O)Me, afford the enolate derivatives [TismPriBenz]OC(Me)=CH2 and [TismPriBenz]OC(Ph)=CH2.  
To develop further the chemistry of Mg–H and Mg–Me bonds with respect to carbonyl compounds, we have 
investigated the reactivity of [TismPriBenz]MgH and [TismPriBenz]MgMe towards esters.  Interestingly, and in 
marked contrast to the aforementioned reactions, an additional pathway ensues, which leads to C–C bond 
formation. 

Both [TismPriBenz]MgH and [TismPriBenz]MgMe react with methyl formate HCO2Me to afford the methoxy 
derivative [TismPriBenz]MgOMe.  A plausible mechanism for the formation of [TismPriBenz]MgOMe upon reactions 
of [TismPriBenz]MgH and [TismPriBenz]MgMe with the ester HCO2Me involves the insertion of the carbonyl group 
to afford [TismPriBenz]MgOC{(OMe)(H)X} which undergoes a formal β-methoxide elimination to afford 
[TismPriBenz]MgOMe, as illustrated in Figure 1.   The formation of the methoxide [TismPriBenz]MgOMe from 
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HCO2Me is noteworthy because there are few examples of the formation of metal alkoxide compounds via 
reactions of metal-hydride and alkyl compounds with esters.  The molecular structure of [TismPriBenz]MgOMe has 
been determined by X-ray diffraction and is of interest because (i) there are no other monomeric magnesium 
methoxide compounds and (ii) the Mg–OMe moiety is linear with a short Mg–OMe bond. 
 

 
Figure 1. 

 
The hydride complex [TismPriBenz]MgH reacts similarly with ethyl acetate MeCO2Et to afford the ethoxide 

complex, [TismPriBenz]MgOEt.  The methyl complex [TismPriBenz]MgMe likewise reacts with MeCO2Et to form 
[TismPriBenz]MgOEt, but a notable difference is that theβ-keto ester derivative, [TismPriBenz]Mg(κ2-etac) [κ2-etac 
= Me(O)CHC(O)OEt], is also obtained (Figure 2) and has been structurally characterized by X-ray diffraction. 
The different reactivity of [TismPriBenz]MgH and [TismPriBenz]MgMe towards MeCO2Et is of considerable interest, 
especially because the formation of [TismPriBenz]Mg(κ2-etac) in the latter reaction involves the formation of a C–C 
bond.  A plausible mechanism for the formation of [TismPriBenz]Mg(κ2-etac) involves the initial formation of an 
enolate derivative, [TismPriBenz]MgOC(OEt)=CH2, which provides a means to form the C–C bond. 

 

 
Figure 1. 

 
2. Catalytic Reactivity Mediated by a Tetrahedral Magnesium Methyl Compound  
Our previous studies have disclosed the reactivity of the tris[(1-isopropylbenzimidazol-2-yl)dimethylsilyl]methyl 
magnesium hydride and methyl compounds, [TismPriBenz]MgH and [TismPriBenz]MgMe, towards unsaturated 
substrates such as CO2 and carbonyl compounds and so we have sought to extend this chemistry to related 
compounds that do not bear the atrane motif.  Specifically, we have investigated the tris(pyrazolyl)hydroborato 
compound, [TpBut,Me]MgMe, that features three nitrogen donors akin to [TismPriBenz]MgMe but is devoid of the 
transannular Mg•••C interaction.  Significantly, [TpBut,Me]MgMe reacts with methyl ketones, RC(O)Me (R = Me, 
But, Ph), to afford enolate derivatives, [TpBut,Me]MgOC(R)=CH2 (Figure 3).   The ability of [TpBut,Me]MgMe to 
serve as a catalyst precursor has also been examined and we have demonstrated that it is very effective for 
achieving the hydroboration of ketones and aldehydes by pinacolborane (HBpin), as illustrated in Figure 3. In 
addition to hydroboration, [TpBut,Me]MgMe also provides a catalyst system for dehydrocoupling of aniline and 
HBpin to form PhN(H)Bpin (Figure 3). 
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Figure 3. 

 
3. Zinc Formate Complexes Supported by 2,2’:6’,2”-Terpyridine (terpy) and 2,2’-Bipyridine (bipy) for 
Reduction of CO2 and Carbonyl Compounds   
Metal formate compounds are of considerable relevance to both (i) the use of formic acid as a storage medium for 
H2 via decarboxylation and (ii) transformations that involve the reduction of CO2 and carbon capture and 
utilization.  In this regard, we have previously described the roles of zinc formate compounds in the reduction of 
CO2. To expand the role of zinc formate compounds, we have employed 2,2’:6’,2”-terpyridine (terpy) to afford 
(terpy)Zn(O2CH)2 (Figure 4).  In addition, we have also employed 2,2’-bipyridine (bipy) to afford 
(bipy)Zn(O2CH)2, which has been synthesized in an analogous manner to that of (terpy)Zn(O2CH)2 via the 
reaction of Zn(O2CH)2 with bipy, but has also been obtained from ZnH2. Specifically, (bipy)Zn(O2CH)2 can also 
be obtained directly from CO2 by treatment of ZnH2 with bipy followed by addition of CO2.  The insertion of CO2 
into the Zn–H bond is a critical step in the zinc-catalyzed reduction of CO2 and has been directly observed for a 
variety of complexes but there are few examples that employ ZnH2 to form zinc formate compounds. 

 

 
Figure 4. 

  
While a large variety of zinc formate compounds are known, there are few examples of discrete mononuclear 

bis(formate) derivatives of the type LnZn(O2CH)2 that feature pyridine donors. The structure of (bipy)Zn(O2CH)2 
is also of interest because although there are structurally characterized examples of formate compounds of other 
metals supported by bipy, there no examples with the composition (bipy)M(O2CH)2.  A noteworthy feature of 
(terpy)Zn(O2CH)2 and (bipy)Zn(O2CH)2 pertains to the C–O bond lengths within the formate moiety.  For 
example, the ZnO–C(O)H bond [1.233(2) Å] of (bipy)Zn(O2CH)2 is only slightly longer than the C=O bond 
[1.220(2) Å], a difference (0.013 Å) that is significantly smaller than that expected (0.14 Å) on the basis of the 
sum of the respective single and double bond covalent radii of carbon and oxygen.  Although the difference in C–
O and C=O bond lengths, ∆(C–O), for (bipy)Zn(O2CH)2 is smaller than that anticipated on the basis of covalent 
radii, it is comparable to the values for other zinc formate compounds. In contrast to these small values of ∆(C–O) 
for metal formates, nonmetal derivatives have large values.  For example, formate esters have an average ∆(C–O) 
value of 0.145 Å, while other nonmetal formates have an average value of 0.089 Å.  These data indicate that the 
bonding within metal formates is significantly different to that in nonmetal derivatives.  In particular, it suggests 
that the M–O–C(=O)H resonance structure that is typically used to represent a metal formate may not be the most 
appropriate and that ionic resonance structures may play a significant role (Figure 4). 
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The solid state structures of metal formate compounds are also of interest, as illustrated by the fact that 
formate is often a structural component of metal-organic frameworks.  In this regard, hydrogen-bonding is known 
to be a structure directing element in solid state chemistry and we have observed that the aqua adduct 
(terpy)Zn(O2CH)2•H2O exists in two polymorphic forms that exhibit distinctly different hydrogen bonding motifs. 
Specifically, while one polymorph forms chains in which water molecules link adjacent (terpy)Zn(O2CH)2 
molecules (Figure 5, right), the other polymorph consists of discrete tetranuclear [(terpy)Zn(O2CH)2•H2O]4 
moieties (Figure 5, left). 
 

 
Figure 5. 

   
In terms of reactivity, (terpy)Zn(O2CH)2 participates in catalytic transformations involving CO2 and carbonyl 

compounds via hydrosilylation and hydroboration reactions.  For example, (terpy)Zn(O2CH)2 achieves 
hydroboration of Me2CO and Ph2CO by HBpin to afford R2C(H)OBpin, and a competition experiment indicates 
that insertion of Me2CO is more favored than that of Ph2CO by a factor of ca. 3.  Similar reactivity is also 
observed for Si–H bonds, as illustrated by the triple insertion of Ph2CO, PhC(O)Me, Me2CO and PhCHO into the 
Si–H bonds of PhSiH3 to afford PhSi[OCH(R)R’]3 via PhSiH2[OCH(R)R’] and PhSiH[OCH(R)R’]2.  A 
competition experiment, nevertheless, indicates that hydrosilylation is less favored than hydroboration.  
Specifically, addition of Ph2CO to a mixture of HBpin and PhSiH3 in the presence of (terpy)Zn(O2CH)2 results in 
the quantitative formation of Ph2CH(OBpin) and none of PhSi(OCHPh2)xH3-x.  In addition to RC(O)R’ carbonyl 
compounds, CO2 also undergoes hydroboration and hydrosilylation by HBpin and (MeO)3SiH.  Thus, CO2 reacts 
with HBpin in the presence of (terpy)Zn(O2CH)2 to afford the formate compound HCO2Bpin and also undergoes 
hydrosilylation by (MeO)3SiH to afford HCO2Si(OMe)3. 
 
4. An Anionic Zinc Hydride Compound for Reduction of Carbonyl Compounds 
While a variety of molecular zinc hydride compounds are now known, anionic variants are rare. Nevertheless, we 
recently synthesized and structurally characterized the anionic complex, [HZn(pzMe2)3ZnH]– by the reaction of 
ZnH2 with 2 equivalents of 3,5-dimethylpyrazole (HpzMe2) in the presence of Li(pzMe2) and have observed that it is 
effective for the room temperature hydrosilylation of Me2CO, PhC(O)Me and Ph2CO with PhSiH3 to afford 
PhSiHx[OCHRR’]3-x derivatives. 
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Presentation Abstract 

 
Terminal metal–phosphorous (M–P) complexes are of significant contemporary interest as 
potential platforms for P-atom transfer (PAT) catalysis. Decarbonylation of metal-
phosphaethynolate (M–PCO) complexes is often carried out to generate terminal M–P 
complexes and observation of transition-metal diphosphorous complexes (i.e., M–P–P–M 
species), following thermolysis or photolysis of M–PCO precursors, is frequently advanced 
as evidence for the intermediacy of unobserved, transient M–P species. Here, we 
demonstrate that while diphosphorous complexes can arise from reactive M–P species, P–
P coupling can also proceed directly from M–PCO species without the intermediacy of M–
P complexes. Photochemical extrusion of CO from a pincer-supported Ni(II)–PCO 
complex at 77 K affords an observable Ni–P species, which is best described as a triplet, 
Ni(II)-metallophosphinidene with two unpaired electrons localized on the atomic 
phosphorous ligand. Thermal annealing of this transient Ni–P complex results in rapid 
dimerization to afford the corresponding P2

2–-bridged dinickel complex. Unexpectedly, the 
same P2

2–-bridged dinickel complex can be accessed via a heretofore unknown thermal 
pathway initiated by [2+2] cycloaddition between two equivalents of the Ni–PCO to afford 
an isolable 1,3-diphosphacyclobutadione-bridged dinickel complex. These observations 
provide critical mechanistic understanding of the activation modes relevant to PCO 
activation of P-atom transfer. 
 
DE-SC0024121: Solidifying Reactive Intermediates to Advance Hydrocarbon 
Upgrading Catalysis 
 
Postdoc(s): Rick Thompson, Duleeka Wannipurage 
Student(s): Aishanee Sure, Matthew Figgins, Arpan Paikar 

 
RECENT PROGRESS 

 
Synthesis, Characterization, and Photochemistry of Ru2(II,III) Complexes of Chalcogen 
Oxides  

We developed the synthesis, characterization, and photochemistry of a pair of Ru2(II,III) 
complexes featuring dibenzochalogen oxide ligands in order to interrogate potential Ru2 oxo 
photochemistry. These studies were further motivated by an ongoing interest in the program 
to develop photolabile ligands without gaseous leaving groups in order to access solid-state 
photochemistry without intracrystalline pressure that we hypothesize often leads to loss of 
crystallinity. Here, we described that treatment of [Ru2(chp)4H2O]BF4 with either 
dibenzo[b,d]thiophene 5-oxide (DBTO) or dibenzo[b,d]selenophene 5-oxide (DBSeO) affords 
[Ru2(chp)4DBTO]BF4 or [Ru2(chp)4DBSeO]BF4, respectively, in which the dibenzochalcogen 
oxide ligands display coordination through oxygen (chp = 6-chloro-2-oxypyridinate). Both 
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dibenzochalcogen oxide complexes are characterized by NMR, UV-vis, and IR spectroscopies 
as well as X-ray crystallography. 
Photolysis (λ = 300 nm) of 
[Ru2(chp)4DBTO]BF4 and 
[Ru2(chp)4DBSeO]BF4 effects cleavage 
of the chalcogen–oxygen bond and 
oxygen atom transfer to phosphine 
additives is observed. These results 
expand the family of potential metal–
oxo photoprecursors and demonstrate 
new opportunities in the 
photochemical synthesis of reactive 
metal-oxygen complexes. 

Probing Aerobic Oxidation Catalysis with TAM-3, a MOF with Accessible Co(II) Sites 
and Large Pore Channels 

Application of microporous 
MOF-based materials as 
catalysts for C–H 
functionalization continues to 
garner significant attention, 
however tools to understand 
then impact of material 
structure an reaction kinetics 
are largely not available due to 
challenges deconvoluting the 
impact of mass transport 
barriers. We have prepared a 
new MOF, TAM-3, which 
features Co(II) sites housed 
within a large-pore lattice. 
Single crystal X-ray diffraction 
and other spectroscopic 
analyses show distinct 
octahedral and tetrahedral 
Co(II) sites formed by diverse 

coordination modes of the tetrazolyl linker. These Co(II) centers are found to be readily react 
with peracids, resulting in the formation of Co(III). Substrate oxidation was demonstrated in 
the presence of TAM-3 under aerobic oxidation conditions. Further investigations employing 
kinetic isotope effect (KIE) and diastereoselectivity analyses revealed that the oxidation 
process primarily occurs via aldehyde autoxidation intermediates in the solution phase, 
rather than direct involvement of TAM-3. This study highlights the importance of conducting 
kinetic experiments to assess the true catalytic potential of MOFs, despite their apparent 
reactivity and significantly expands earlier work from the group by demonstrating that even 
large-pore materials face considerable mass-transport barriers to interstitial catalysis.  
 
 
 
 
 

  
Figure. Oxo photochemistry of dibenzochalcogen oxide complexes.  

 
Figure. (a) Accessible octahedral and tetrahedral Co(II) centers in TAM-
3. (b) Large pseudohexagonal pore channels of TAM-3 allow for easy 
substrate diffusion. (c) Kinetic studies suggest solution phase oxidation 
instead of MOF-centered catalysis.  
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Presentation Abstract 

 
Electrolyte cations play a critical role in the electrochemical CO2 reduction reaction 
(CO2RR), as indicated by recent studies using alkali metal cations. Through an intertwined 
computational and experimental effort, we show that non-metal ammonium-based cations 
can have an even more profound effect on the CO2 adsorption characteristics and CO2RR 
activity than the popular metal cation Na+. Ab initio calculations based on grand canonical 
density functional theory (GC-DFT) find both NH4

+ and CH3NH3
+ to help bind CO2 to a 

Bi electrode (chosen for its propensity to lead to both formate and CO production) more 
strongly than Na+ and track the difference to the electrostatic interaction between the 
cations and adsorbed CO2, benefiting from the charge distribution and hydration shell of 
the cations. These results are validated by experimental studies which find a much stronger 
promotional effect of CH3NH3

+ cation on the CO2RR than Na+, and further reveal a 
significant impact of the cation identity and concentration on CO production activity but a 
minor one on formate. Interestingly, we find the most facile pathway for formate formation 
to be with CO2 in the solvent in the vicinity of H adsorbed on the Bi electrode, while CO2 
adsorption is an essential step for CO production which proceeds via proton shuttling. 
Furthermore, for the hydrogen evolution reaction (HER) which generally competes with 
CO2RR, we also establish the efficacy of nonmetal cations over that of Na+, as summarized 
by the trend (CH3)4N+ < Na+ < CH3NH3

+ < (CH3)2NH2
+ < (CH3)3NH+< NH4

+. These 
comparative in-depth analyses of reaction mechanisms for CO2RR and HER provide 
insights into processes  that could serve as descriptors to accelerate the discovery of cost 
effective electrodes for CO2RR. 
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Grant Title: Theoretical and experimental investigations of the electrocatalytic 
environment for sustainable fuel production 
 
Co-PI: Xiaofeng Feng 
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RECENT PROGRESS 
 
Effect of quaternary ammonium cations on CO2 electroreduction 
In Fig. 1, we compare our findings 
for CO2 adsorption characteristics 
and the propensity for formate and 
CO formation in the presence Na+ 
and three quarternary ammonium 
cations. In Fig 1b, GC-DFT 
calculations find that both NH4

+ and 
CH3NH3

+ help bind CO2 to a Bi 
electrode more strongly than Na+. 
At the same time experimental data 
in Fig. 1c, show that while formate 
production is insensitive to the 
nature of the cation, the non-metal 
cations are much more effective 
than Na+ for CO formation. These 
results are in qualitative agreement 
with our finding for the reaction 
pathways for both processes. Our 
calculations of the reaction 
mechanism of CO2RR with the 
presence of NH4

+ cation, as shown 
in Fig. 2, reveal that the reduction of 
CO2 to formate is driven by the 
direct hydrogenation of aqueous 
CO2 with a hydrogen atom adsorbed 
on the electrode (H*), i.e., CO2(aq) + 
H* → HCOO–, reaction (1)→(3) in 
Fig. 2a. We find that the formation 
of CO requires CO2 to adsorb on the 
electrode before forming the 
adsorbed intermediate COOH*, via a 
proton shuttling process, i.e., H* 
moves from the Bi(111) electrode to 
an H2O molecule one of its H atom 
is then transfer to a CO2*, as shown 
in Fig. 2b.  The CO is formed via the 
dissociation of the COOH* with the 
help of a proton donated from NH4

+ 
cation. Such a proton donation is not 
possible with Na+ as the cation 
explaining the improvement of CO 
formation with ammonium-based cation as shown in Fig. 1d. We also found that the rate-

 
Figure 1 (a) Tunability of non-metal cation. (b) Dependence 
of the grand canonical adsorption energy of CO2 on Bi 
electrode with the presence of metal and non-metal cation. 
Dependent on cation of Faraday efficiency towards format (c) 
and CO (d) formation measured for CO2 reduction on Bi 
electrode.  

 

 
Figure 2 Mechanism of CO2 reduction on Bi(111) in the 
presence of NH4

+. Calculated grand-canonical activation 
barrier (𝛥𝛥𝛺𝛺𝑎𝑎) and grand-canonical reaction energy (𝛥𝛥𝛺𝛺) at 
−1.4 V vs RHE for elementary steps of the proposed 
mechanism for the CO2RR on Bi(111) in the presence of NH4

+. 
Magenta, black, red, blue, and white balls represent Bi, C, O, 
N, and H atoms. Only 10 Bi atoms surrounding the reaction 
site are shown for clarity. 

 

354



limiting step for the formation of 
both products is the water 
dissociation to form H* (Volmer 
process) as shown in Fig. 2c.  
Hydrogen evolution reaction 
enhanced by ammonium cations 
We have investigated the effect of 
cations on the hydrogen evolution 
reaction (HER), which is a 
competing reaction in the CO2 
electrolysis but holds great promise 
for the sustainable production of 
hydrogen as a clean fuel and energy 
carrier. We observe a general trend 
of HER activity depending on 
cations: (CH3)4N+ < Na+ < 
CH3NH3

+ < (CH3)2NH2
+ < 

(CH3)3NH+< NH4
+, as shown in 

Figure 3a-b. The Tafel plots and 
Electrochemical Impedance 
Spectroscopy further confirm a 
lower energy barrier for the HER in the presence of the substituted ammonium cations: 
CH3NH3

+, (CH3)2NH2
+, and (CH3)3NH+, consisting with the measured HER activities. We 

performed grand canonical ab initio molecular dynamics (GC-AIMD) of the H2O and 
cation structures on Pt electrode to understand the effect of cations on HER. In the presence 
of Na+, the grand canonical activation free energy (ΔΩ†) is found to be 1.07 eV (Fig. 3c1-
c3). Moreover, after the Volmer step, H2O dissociation (c1→c2), the proton transfer within 
H2O network (c2→c3) helps to transport the OH− group away from the electrode. With the 
presence of NH4

+ cation, the activation barrier of the Volmer step reduces to 0.66 eV (Fig. 
3d1-d3). This reduction of barrier is attributed to the proton shuttling from NH4

+ to OH− 
to form NH3…H2O complex. In addition, NH4

+ cation can also act as a direct proton donor 
for the *H formation on metal electrodes, shown in Fig. 3e1-e3. The activation barrier of 
this process is found to be 0.81 eV. The lower activation energy of Volmer step and the 
direct proton donation to electrode of ammonium cation helps improve HER, as shown in 
experiment.  
Ammonium-cation-enhanced acidic CO2 electrolysis on Au 
Taking cues from the above studies that ammonium-based cations selectively enhance the 
CO2RR to CO on Bi, we further investigate the cation effect on acidic CO2 electrolysis 
with Au nanocatalyst using selected cations including NH4

+, CH3NH3
+ and (CH3)4N+, with 

Na+ as a reference. A comparison of the cations is performed for acidic CO2RR with 5-nm 
sized Au nanoparticles in a gas-diffusion electrode (GDE) flow cell. As shown in Figure 4, 
both NH4

+ and CH3NH3
+ cations show a more significant promotion of the CO2RR than 

Na+, achieving a CO production activity that is around three times that with Na+ (Figure 

 
Figure 3. Comparison of the HER activities in the presence of 
Na+ and ammonium cations. Linear sweep voltammetry (LSV) 
curves recorded on (a) Pt and (b) Au electrodes in 0.1 M H2-
saturated NaCl, NH4Cl, CH3NH3Cl, (CH3)2NH2Cl, 
(CH3)3NHCl, and (CH3)4NHCl electrolytes, respectively. Scan 
rate: 10 mV s−1. GC-AIMD simulations to compute activation 
barrier of the Volmer step in the presence of Na+ cation (c1-c3) 
and NH4

+ cation (d1-d3) and of the direct proton donation from 
NH4

+ cation to Pt electrode (e1-e3). The calculations were done 
with electrode potential kept constant at -0.5 V vs RHE. 
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4d). Detailed analyses of the cation 
concentration dependence, pH 
dependence, and kinetic isotope effect 
attribute the stronger promotional effect 
of NH4

+ and CH3NH3
+ to the 

electrostatic stabilization of *CO2 
adsorption, which is the rate-limiting 
step for CO2RR on Au. In addition, the 
lower pKa of NH4

+ helps buffer the local 
pH in the vicinity of the electrode, thus 
allowing more CO2 to react at the 
interface. A further comparison of the 
cation effect on Au catalysts of different 
sizes ranging from 3.5 to 8.5 nm reveals 
a similar promotional effect, leading to 
the conclusion that the cation effect is 
independent of the nature and 
population of active sites. Our work 
further advances the understanding of 
the cation effect on CO2RR using 
ammonium-based cations, and suggests 
a cation strategy to enhance acidic CO2 
electrolysis. 
Method development for simulations of 
electrochemical environments 
We have developed an efficient computational 
method that enables grand-canonical (GC) ab 
initio molecular dynamics (AIMD) 
simulations of the electrochemical system for 
tracking the dynamics of explicit solvent 
molecules in the presence a constant electrode 
potential. In addition, we have developed a 
SOLHYBRID model that can simulate the 
inner Helmholtz plane (IHP) and outer 
Helmholtz plane (OHP) of the electric double 
layer explicitly while treating the diffuse layer 
implicitly. More importantly, to make 
application of the self-consistent grand 
canonical DFT (GC-DFT) feasible for systems 
with few hundred atoms, we have proposed the 
TPOT (Target POTential) routine that was 
implemented locally to the popular Vienna Ab 
initio Simulation Package (VASP). Fig. 5 
shows an example of constant electrode potential AIMD simulation of the CO2 adsorption 
on Au(110) with the presence of K+ cation at a constant electrode potential of -1V vs RHE.   

 
Figure 4. Effects of different cations on the CO2RR with 
Au catalyst in a GDE flow cell. (a) Total current densities 
and Faradaic efficiencies for CO2RR at −1.0 V vs RHE in 
acidic electrolytes (pH = 2) containing 1.0 M cations. 
(b−d) Potential-dependent performance for the CO2RR in 
acidic electrolytes with 1.0 M cations: (b) total current 
densities; (c) Faradaic efficiencies; (d) partial current 
densities for CO production. 

 
Figure 5.  Grand-canonical AIMD simulation in 
an electrochemical environment. Evolution of (a) 
distance  from Au and C atom of CO2 molecule 
(𝑑𝑑𝐴𝐴𝐴𝐴−𝐶𝐶), distance from K+ to two O atoms of CO2 
molecule (𝑑𝑑𝑂𝑂1−𝐾𝐾+  and 𝑑𝑑𝑂𝑂2−𝐾𝐾+ ), (b) the bending 
angle of the CO2 molecule (𝑂𝑂𝑂𝑂𝑂𝑂� ), (c) potential of 
Au(110) electrode (𝛷𝛷 ), and (d) charge in the 
supercell (q) during the GC-AIMD simulation of 
CO2-K+/Au(111) with SOLHYBRID model at 
TPOT algorithm at -1 V vs RHE. Snapshots of the 
simulations are shown in (e-h). Yellow, black, red, 
and purple balls represent Au, C, O, and K atoms.  
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Presentation Abstract 

 
In this project, we are developing biohybrid catalytic materials that expand the performance 
limits of enzymes far beyond what can be achieved through conventional enzyme 
engineering approaches. These biocatalysts exhibit greatly enhanced catalytic activity, 
enabling one-pot multi-step cascade reactions that are relevant to fuel production and 
polymer upcycling applications. In the process, we are developing insights into the 
mechanisms by which abiotic materials interact with enzymes to stabilize and/or “heal” 
them. These biocatalysts also serve as highly tunable systems to test fundamental questions 
about how the efficiency of one-pot cascade reactions depends on the selectivity and 
activity of catalysts for independent steps. The catalysts comprise complex materials as 
enzyme supports, including random copolymer brushes and mixed lipid bilayers. A critical 
requirement for this research involves the need to understand complex, dynamic, and 
heterogeneous environments, where biomolecules interact with material interfaces via both 
covalent and non-covalent interactions. In particular, to understand the mechanisms by 
which abiotic materials enhance the performance of biocatalysts, it is necessary to directly 
probe the relevant dynamic behavior of enzymes, in particular the conformational changes 
that reflective catalytic activity. Notably, we are employing single-molecule FRET 
methods that are uniquely capable of this type of analysis, which is performed in a highly 
multiplexed manner, resulting in large datasets that are analyzed using statistical methods 
and machine learning algorithms to provide insights into the mechanisms that underlie 
complex behavior.  
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RECENT PROGRESS 
 
Aim 1: Catalyst Design, Preparation, and Activity Screening 
We have prepared biohybrid catalytic nanoparticles by incorporating enzymes of interest 
into tunable complex support materials, and we are functionally screening these chimeric 
materials, by measuring catalytic activity under harsh conditions, to identify promising 
candidates, that demonstrate strong (or weak) performance-enhancing effects. Parameters 
of particular interest for use in cascade reactions, are thermal and pH denaturation 
resistance. Earlier in this grant period, we found that incorporation of small amounts of 
aromatic monomers into polymer brush supports greatly enhanced the thermal stability and 
activity of LipA lipase, which has a particularly high fraction of surface exposed aromatic 
residues. We hypothesize that this remarkable stabilization is related to aromatic pi-
stacking interactions between support and enzyme surface moieties. More recently, to 
impart supra-biological performance in the context of extreme pH, we have employed a 
high throughput screening approach to discover new supports that incorporate anionic / 
cationic monomers into polymer brush supports to shift the local pH while maintaining or 
enhancing enzyme stability and activity. Interestingly, this resulted in the discovery of a 
new three-component anionic polymer brush support that resulted in the highest ever 
activity of LipA at low pH and high temperature. 
 
We have developed a protocol for making supported lipid bilayers (SLBs) using silica-
coated magnetic nanoparticles as the support, enhancing our ability to purify nanoparticle 
catalyst without the needs for centrifugation and/or vortexing for re-suspension. Successful 
coating of these particles has been confirmed using dynamic light scattering and zeta 
potential measurements. We have successfully used these SLBs to immobilize LipA, one 
of the proposed cascade components. We have screened a variety of mixed lipid supports 
to test their ability to enhance immobilized enzyme performance (activity and stability) 
under extremes of pH and temperature. Specific support compositions were identified that 
greatly enhanced the performance of LipA, while the performance of benzaldehyde lyase 
(which exhibits strong stability in the native soluble state) was only modestly improved by 
immobilization to lipid bilayer supports. 
 
Aim 2: Mechanistic Information from SM-FRET 
Here we are studying and understanding the mechanisms of biocatalytic performance 
enhancement using highly multiplexed single-molecule Förster Resonance Energy 
Transfer characterization of enzyme conformational dynamics, distinguishing between 
chemical stabilization of the native state, rescue of inactivated biocatalytic sites, and 
physical stabilization through nanoconfinement. We have developed a dual labeled Lipase 
A construct for use in single molecule FRET experiments to interrogate the mechanisms 
of enzyme stabilization on surface grafted polymer brushes, and supported lipid bilayers. 
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In this period, we used this method to understand the mechanisms by which polymer brush 
supports containing aromatic monomers enhance the thermal stability and activity of LipA. 
SM-FRET microscopy experiments revealed that these supports maintained catalytic LipA 
activity in thermally denaturing environments by preserving the folded and catalytically-
active state of LipA. A Markov chain analysis demonstrated that this effect was achieved 
via simultaneous stabilization of the folded state and chaperone-like acceleration of 
refolding, both due to interactions with aromatic moieties. SM-FRET also revealed that 
optimally composed supports restricted LipA’s unfolded state to a constrained partially 
unfolded conformation, resulting in the effective acceleration of enzyme refolding. 
Experiments are currently underway to explore the mechanistic basis for the stabilization 
of LipA on anionic polymer supports at low pH. 
 
Aim 3: and Biocatalytic Cascade Reactions 
Here we are employing the knowledge from Aims 1 and 2 to create biocatalytic systems 
that perform selective and efficient one-pot multi-step enzymatic reactions. The systems 
describe above are used to develop knowledge about the connections between biocatalyst 
and process design and cascade reaction efficiency. The performance of biohybrid catalytic 
nanoparticles are compared to soluble enzymes in cascade reactions under extreme 
conditions. Moreover, we are comparing the effects of employing multi-enzyme 
nanoparticles (where each particle catalyzes the full cascade reaction) vs. mixing multiple 
types of single-enzyme nanoparticles (where each particle catalyzes a single reaction 
step).  We have developed an activity assay for the lipase + lyase cascade reaction using 
high performance liquid chromatography (HPLC) and are comparing the performance of 
cascade reactions using soluble vs. immobilized enzyme catalysts.  
 
In particular, supports that enhance activity and stability of LipA at low pH are of particular 
interest because the cascade reaction produces an acid side-product, gradually deactivating 
LipA. We have determined that immobilization on optimized lipid bilayer supports can 
improve the yield by as much as 50% over 24h. 
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Electrocatalytic Grafting of PVC Plastics 
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Presentation Abstract 
 
The presented poster will detail our efforts towards electrocatalytic functionalization of 
polyvinyl chloride (PVC) to covalently graft plasticizing additives directly to the polymer 
backbone. Despite the wide-ranging uses of polyvinyl chloride (PVC) plastics, it is the high 
loadings of plasticizers and additives that give PVC many of the bulk properties desired by 
consumers. However, those non-covalent additives can leach from formulated PVC 
plastics to deteriorate the function of the original plastic and cause environmental hazards.  
PVC modification reactions have long been sought after, but known methodologies suffer 
from limited fragments that can be grafted, elimination reactions, or chain fragmentation. 
Here, mechanistic insights guided the design of electrocatalysts capable of modifying the 
C-Cl bonds of PVC under mild conditions with high selectivity and suppress side reactions 
that plague known methods. Functional groups that mimic common PVC plasticizers can 
be covalently installed into the backbone of PVC to create new materials with distinct bulk 
properties from the original PVC. The degree of polymer grafting – and therefore the bulk 
material property – is easily controlled by simply changing the grafting agent and the redox 
capacity that is passed during electrolysis. This strategy is directly applied to mixtures of 
consumer PVC products to create chemically- and leach-resistant PVC materials. 
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aDepartment of Chemistry and Biochemistry, University of South Carolina Columbia, SC 
29208 
bDepartment of Chemistry, Boston College, Chestnut Hill, MA 02467 
 
The demands of a sustainable chemical industry are a driving force for the development of 
heterogeneous catalytic platforms exhibiting facile catalyst recovery, recycling, and 
resilience to diverse reaction conditions. Homogeneous-to-heterogeneous catalyst 
transitions can be realized through the integration of efficient homogeneous catalysts 
within porous matrices. Herein, we offer a versatile approach to understanding how guest 
distribution and evolution impact the catalytic performance of heterogeneous host-guest 
catalytic platforms by implementing the resonance energy transfer (RET) concept using 
fluorescent model systems mimicking the steric constraints of targeted catalysts. Using the 
RET-based methodology, we mapped condition-dependent guest (re)distribution within a 
porous support on the example of modular matrices such as metal-organic frameworks. 
Furthermore, we correlate RET results performed on the model systems with the catalytic 
performance of two MOF-encapsulated catalysts used to promote CO2 hydrogenation and 
ring-closing metathesis. Guests are incorporated using aperture-opening encapsulation, and 
catalyst redistribution is not observed under practical reaction conditions, showcasing a 
pathway to advance catalyst recyclability in the case of host-guest platforms. These studies 
represent the first generalizable approach for mapping the guest distribution in 
heterogeneous host-guest catalytic systems, providing a foundation for predicting and 
tailoring the performance of catalysts integrated into various porous supports. 
 
 
DE-SC0023182: Organometallic Catalysis from Molecular Catalysts Non-
Covalently Confined in Metal-Organic Frameworks 

 
 

Mapping catalytically active sites within the porous scaffold 
 

. 
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A Nucleophilic Imido Ligand Enables New Catalytic Transformations  
of an Iron Complex 
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Department of Chemistry, Indiana University 
 

Presentation Abstract 
 
Reduction of a three-coordinate iron(III) imido complex affords the corresponding 
iron(II) imido complex. The high spin (S = 2) state of the iron(II) complex attenuates the 
iron-nitrogen multiple bond character. Combined with the anionic nature of the complex, 
this helps create an electrophilic imido ligand that has reactivity patterns akin to those of 
early transition metals. Notably, the iron(II) imido complex catalyzes bond rearrangement 
and H/D exchange reactions, including selective alkyne and nitrile α-deuteration and 
pKa-dictated alkene transposition. Mechanistic studies reveal the critical role of metal-
ligand cooperativity in facilitating these unusual transformations, which extend beyond 
classical nitrene transfer reactivity of late metal imido complexes.  
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RECENT PROGRESS 

 
Selectivity of H/D Exchange is Dictated by the Counterion. The Fe(II) imido complex 
[K(18-c-6)][Ph2B(tBuIm)2Fe═NDipp] reacts with pyridine to afford the structurally 
characterized complex [K(18-c-6)(THF)2][Ph2B(tBuIm)2Fe(2-py)(N(H)Dipp)]. In the 
presence of D2NtBu, the iron complex catalyzes H/D exchange in pyridines, with the 
counterion dictating the regioselectivity of the reaction. No H/D exchange occurs for 
K(crypt)+, selective 3,4,5-exchange is observed for K(18-c-6)+ and all positions are 
exchanged for K+. Experimental and computational investigations provide insight into th 
origin of this selectivity. The presence of Li+ transforms the iron imido to a bis(2-pyridyl) 
complex that is selective for 2,6-H/D exchange in pyridine. 
Towards C-H Amination without Nitrene Transfer Reagents. A directed C-H insertion 
reaction between 2-picoline and the Fe(III) imido complex [Ph2B(tBuIm)2Fe═N(terph)] 
affords the iron(II) amido complexes [Ph2B(tBuIm)2Fe–N(H)(terph)] and 
[Ph2B(tBuIm)2Fe(κ2-C5H4CH2N(terph)]. The former complex can be oxidized to the 
imido complex using 1,4-quinone, providing the first steps towards catalytic amination 
reactions that do not require nitrene transfer reagents. 
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Presentation Abstract 
 
The 2D boron materials, or borophene, have been theoretically predicted and synthesized 
over multiple metallic substrates in the past 10 years. However, due to the polymorphism 
of boron, multiple structures tend to co-exist during synthesis. Chemically, borophene 
could be an excellent support for single atom catalysts, but the chemical stability of the 
material needs improvement. This poster will discuss two parts: (1) the synthesis of 
borophene over Cu(111) by physical vapor deposition and a film growth strategy of using 
temperature to control the subsurface-surface migration of boron atoms; (2) 
hydrogenation of multiple borophene surfaces, such as B/Cu(111) and B/Ru(0001), as a 
chemical treatment to stabilize the borophene layers. Through collaborations between the 
University of Texas at San Antonio (UTSA) and Brookhaven National Laboratory 
(BNL), low energy electron diffraction/microscopy (LEED/LEEM), X-ray photoelectron 
spectroscopy (XPS), scanning tunneling microscopy (STM), and Auger electron 
spectroscopy (AES) were used to achieve an understanding of the pressure and 
temperature dependence on borophene structure and chemical identity. The results 
provide fundamental insights into the growth mode of 2D materials, as well as 
hydrogenation induced structural changes on borophene.  
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RECENT PROGRESS 

 
Temperature Dependent Migration Cycles of Subsurface Boron Atoms 
The synthesis of borophene on Cu(111) is temperature sensitive. The typically in-situ 
preparation temperature during physical vapor deposition is to hold the Cu(111) around 
500 °C. During the process, some boron atoms will migrate into the subsurface layers in a 
reversible process. According to in-situ LEEM, no borophene islands were observed at 
700 °C (Figure 1a), but as the sample is cooled down to 500 - 600 °C, the borophene 
islands re-appear on the surface (Figure 1b). The process can be repeated a few cycles 
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without losing significant amount of borophene on the surface (Figure 1c-1f). This 
process can be used as a strategy to synthesize borophene. More detailed analysis on the 
kinetics and corresponding STM images of the atomic structure of borophene during 
these cycles will be collected. 

 
Figure 1. LEEM (50×50µm) images showing the migration of B from Cu(111) 
subsurface to surface in a few cycles. Borophene is first grown from a clean surface (a) at 
500°C, followed by several cycles of annealing to 700°C (c and e) and cooling to 600°C 
(d and f). The first cycle of annealing and cooling is shown in c and d while the second 
cycle is shown in e and f. 
 
Atomic Structures of Borophene on Cu(111) Resolved by STM 
Multiple borophene structures on Cu(111) were obtained by LEED/LEEM at BNL. We 
succeeded in preparing a defined monolayer of crystalline borophene, and transfer the 
recipe to synthesize the same structure based on its LEED pattern at UTSA (Fig. 2a and 
2b), indicating the same borophene structure was synthesized. The atomic resolution 
shows a quasi-hexagonal pattern that covers the whole surface (Fig. 2c). 
 
Hydrogenation of Borophene on Cu(111) 
Exposure of both 2D borophene or Cu(111) to air results in their immediate oxidation. 
The surface chemistry of oxidized copper is an active topic of research due to its wide use 
in catalysis [1]. Controlling the degree of oxidation on both 2D borophne and Cu(111) is 
one of the main goals of our project. Upon hydrogenation of 2D borophene, the resulting 
2D material can be stabilized for days in air without oxidation. We will present 
preliminary results on the hydrogenation and characterization of 2D borophene on 
Cu(111). 
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Figure 2. Comparison of LEED taken at UTSA (a) and corresponding LEED taken at 
BNL (b). The red and blue circles indicate the matching patterns in both LEEDs. STM 
image of borophene (c, 20×20 nm2) was taken at 6 nA tunneling current and 2.00 V. The 
measured spacing of the borophene spots in (c) is 1.7 nm, while the measured spacing of 
the internal spots (yellow) of the borophene structure shown in (b) is 1.604 nm. 
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Materials composed of metal ions integrated within nitrogen-doped carbon (M-N-Cs) are 

a class of "single-atom" catalysts that have received extensive attention for the 

electrochemical oxygen reduction reaction (ORR) in fuel cells. The ability M-N-C catalysts 

to support O2 reduction at low overpotential prompted us to begin exploring the same 

materials as thermal catalysts for aerobic oxidation of organic molecules. Our work focuses 

on elucidating the mechanisms by which M-N-C catalysts mediate oxidation of organic 

molecules and leveraging the insights to guide the synthesis and characterization of new 

M-N-C materials that support more effective catalysis. The results of these efforts are 

beginning to show similarities and differences between the thermal and electrochemical 

reactions of O2 on these materials. 
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RECENT PROGRESS 

 

Mechanism of M-N-C-catalyzed aerobic oxidation of hydroxylamines 

One primary focus of our research seeks to characterize the mechanism(s) of aerobic 

oxidation reactions catalyzed by metalated nitrogen-doped carbon (M-N-C) materials. Two 

different mechanisms have been proposed: “independent half reactions” in which the ORR 

and substrate oxidation redox have 

reactions occur as independent redox 

half reactions at different sites on the 

catalyst surface or “inner-sphere 

reaction” in which the ORR and 

substrate oxidation reaction involve 

direct reaction between the two 

substrates on the catalyst surface. Both 

mechanisms have been proposed for M-N-C-catalyzed oxidation reactions. To examine 

these mechanisms further, we have been investigating the aerobic oxidation of a 

hydroxylamine, TEMPOH (1-hydroxy-2,2,6,6-tetramethylpiperidine), to the correspon-

ding oxoammonium, TEMPO+, in aqueous media using a commercial Fe-N-C catalyst 

 
Two possible pathways for oxidation of TEMPOH2

+ to TEMPO+, 

catalyzed by M-N-C catalysts: sequential oxidations (blue pathway) 

or an oxidation/disproportionation (orange pathway). 
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from “Pajarito Powder” (PAJ). This reactivity is of 

interest because oxoammonium species are effective 

co-catalysts in various aerobic oxidation reactions. 

Experimental kinetic data that we have obtained 

provide clear support for an inner-sphere reaction 

pathway. M-N-C catalyzed oxidation of TEMPOH2
+ 

is initiated by pre-equilibrium deprotonation to form 

TEMPOH, followed by inner-sphere proton-coupled 

oxidation of TEMPOH to TEMPO. TEMPO can then 

either be further oxidized directly by PAJ or undergo 

disproportionation (a step found to be catalyzed by 

PAJ) to generate 0.5 equiv of TEMPO+ and 0.5 equiv 

of the original TEMPOH2
+. Disproportionation is found to be the major pathway. 

Progression through this mechanism ultimately generates high yields of TEMPO+. Key to 

elucidation of this mechanism was kinetic modeling of the various redox processes that are 

occurring simultaneously on the M-N-C surface, including the oxygen reduction reaction 

(ORR), TEMPOH oxidation, TEMPO oxidation, and disproportionation. This fundamental 

understanding of the mechanisms of aerobic generation of oxoammonium species with the 

PAJ catalyst has been leveraged for successful co-catalysis of PAJ and nitroxyl compounds 

to oxidize alcohols in aqueous media under both low and high pH conditions.  

 

M-N-C-catalyzed hydrazone oxidation 

We are interested in exploring a range of 

oxidation reactions of substrates with O–

H and N–H. Recently, we showed that Fe-

N-Cs support aerobic oxidation of 

hydrazones to form diazo compounds. 

The reactions proceed readily at room 

temperature using O2 (1 atm) as the 

oxidant. Aryl diazoesters, ketones, and 

amides are accessible, in addition to less 

stable diaryl diazo compounds. Initial-rate data show that the Fe-N-C catalyst achieves 

faster rates than a heterogeneous Pt/C catalyst, in addition to higher yields, highlighting 

the effectiveness of M-N-C catalysts for mediating these aerobic oxidation reactions. We 

have also been studying the mechanism of M-N-C catalyzed aerobic hydrazone oxidation 

as a model system to interrogate the preference for inner sphere reactions (ISR, O2 and 

substrate at the same active site) or independent half reactions (IHR, O2 and substrate at 

separate active sites). These mechanistic models will be evaluated using kinetic data 

measured for hydrazone oxidation. The mechanistic analysis is being supported by 

exploring alternative applications where the system is biased to operate via IHR by 

decoupling proton and electron transfer, enabling mediated electrochemical oxidation of 

hydrazones with oxidant and base pairs through proton-coupled electron transfer (PCET). 

In addition to the successful oxidation of hydrazones, we hypothesize that this reactivity 

may be general and will explore the use of tailored reagents to promote PCET for reactions 

such as alcohol oxidation, N-heterocycle dehydrogenation, or alkane dehydrogenation. 
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Development of a kinetic probe to quantify M-N-C active site densities 

Traditionally, improvements to M-N-C 

catalysts have been made empirically 

by observing increases or decreases in 

catalytic activity. From this work, FeNx 

single-atom sites have been identified 

as the active sites in electrochemical 

and thermochemical ORR. Methods for 

quantifying the number of FeNx sites 

are varied and often require specialized 

equipment. We have developed a straightforward kinetic probe to quantify the FeNx active 

site densities on the surface of M-N-Cs. The kinetic probe involves measuring rates of 

aerobic oxidation of a hydroquinone derivative under conditions relevant to the ORR and 

using those rates to quantify the number of accessible active sites. Initial rates of 

hydroquinone oxidation were determined for a wide range of materials, including samples 

made in-house and sent by collaborators, which were used to give FeNx active site 

densities. The kinetic probe FeNx site densities were correlated with active site densities 

determined by other techniques, including CO pulse chemisorption, low temperature 

Mössbauer spectroscopy, and electrochemical reductive stripping of NO derived from 

NO2
–. Our kinetic probe gave the best correlation with CO pulse chemisorption, followed 

by low temperature Mössbauer spectroscopy. For every quantification method, outliers are 

present, indicating that different site quantification methods may be more appropriate for 

M-N-Cs synthesized by certain protocols. Our study encompassed materials synthesized 

through various methods and displayed robust correlations with literature methods, 

indicating the broad applicability of our kinetic assay for active site density measurements. 

The kinetic probe technique that we have developed requires no specialty equipment other 

than an appropriate reaction vessel and a standard NMR spectrometer.  

 

New structure activity relationships to explain M-N-C activity in organic media 

Previous structure-activity 

relationships for M-N-C 

catalysts have implicated the 

number of FeNx active sites 

as the most important 

structural feature for 

increasing ORR activity. 

Specifically, higher FeNx site 

count leads to a more active 

material). Recent work in our lab has been exploring factors that improve the performance 

of M-N-C catalysts for aerobic oxidation reactions of organic molecules, such as the 

oxidation of hydroquinone to quinone. These aerobic oxidation reactions are performed 

under neutral-to-basic conditions in organic solvent rather than the aqueous acidic 

conditions typically used for ORR studies. The results show that in organic solvent catalyst 

activity has little correlation with the conventional “active site counts” (e.g., FeNx site 

density). We hypothesized that differences in surface basicity arising from varying 

nitrogenous functionality play a key role in enabling organic aerobic oxidation. We have 
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probed the surface basicity of a variety of M-N-Cs by recording the solvent-phase 

adsorption isotherms for acid titrants onto each M-N-C surface. This experiment provides 

an equilibrium acid binding constant, Kads, for each M-N-C as a quantitative measure of 

surface basicity. In direct contrast to FeNx site density, Kads correlates very well with rates 

of aerobic oxidation in organic solvent, for both hydroquinone and other organic oxidation 

reactions. We believe this role of surface basicity effect is relevant for many aerobic 

oxidations, as observed from improved rates and yields for heterocycle dehydrogenation 

and co-catalyzed alcohol oxidation, where more basic M-N-Cs give higher product yields. 

This work identifies a new structure-activity relationship for M-N-Cs used as organic 

aerobic oxidation catalysts, where surface basicity is the primary predictor of activity, 

rather than FeNx site density. This understanding provides a route for targeted synthesis of 

improved M-N-Cs for aerobic oxidation and has been leveraged in our lab to develop a 

new class of M-N-C materials that outperform the leading M-N-C catalyst shown in the 

figure above.  
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Presentation Abstract 

 
Nitrate electroreduction can help close the nitrogen cycle and convert waste to value 
added products. On abundant first-row transition metal surfaces, however, this process 
occurs at conditions where the surface can also bind hydrogen species (H*). The 
potential-dependent adsorption of H* takes up sites otherwise available for nitrate 
adsorption, but H* could also be involved in the reaction mechanism (i.e. hydrogen 
addition) and tailor product distribution. We develop a microkinetic model to better 
understand this competitive adsorption landscape and compare the findings to potential-
dependent measurement of nitrate reaction rate order. Metals that bind H* relatively 
strongly have low Faradaic efficiency for nitrate electroreduction but favor more reduced 
products (ammonium), whereas surfaces that bind nitrate relatively strongly have higher 
Faradaic efficiency but favor nitrite as a primary product. More reducing conditions 
where surfaces have higher ratios of adsorbed H* to nitrate shift product distribution to 
ammonium over nitrite. These findings suggest bimetallic surfaces might offer avenues to 
access both high Faradaic efficiency and ammonium selectivity. Understanding the 
reactive electrode/electrolyte interface is complicated by the negative surface charge 
present under conditions where these catalyze the electrocatalytic reduction of the anion 
nitrate. We find the identity of cations in the electrolyte can influence numerous aspects 
of the reaction: Faradaic efficiency (with the hydrogen evolution reaction competing for 
electrons), observed reaction rates, and product distribution—the extent to which depends 
on the metal catalyst considered. The origin of cation effects are multifold, including 
manipulating transport to the electrode surface, impacting local pH, and likely modifying 
the interaction of nitrate with the electrode itself. Understanding these contributions can 
shed light on the complex reaction mechanism of NO3RR and provide insight into 
feedstocks most amenable for green ammonia production. 
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RECENT PROGRESS 
 
This proposal seeks a mechanistic understanding of nitrate reduction reaction (NO3RR) 
Faradaic efficiency (FE) and product selectivity based on catalyst electronic structure, 
spectroscopic insight into competitive adsorption, and distribution of charge at the 
electrode‐electrolyte interface. We hypothesize that inverse coupling between FE and 
NH3/NH4

+ selectivity can be disrupted by alloying catalyst elements with distinct NO3* 
and H* affinities, and that the rate limiting reduction of NO3* can be facilitated by 
modifying the local charge both on the surface via oxide co‐catalysts and in the double 
layer by ion‐pairing. The resulting insight will develop design strategies not only for 
NO3RR but also generally for electroreduction reactions (e.g. CO2, organics) in 
competition with HER. 
 
One of our primary objectives was to experimentally assess NO3RR FE and product 
selectivity across 3d and 4d transition metals, as well as select alloys, to develop 
electronic structure metrics for catalyst design. Metrics including the d-band center, 
validated by collaborators with computational approaches, will be used to understand 
competition between NO3* and H* adsorption but also propensity of surfaces to form N-
O and N-H bonds. We have found that the relative coverage of NO3* and H*, 
manipulated via electronic structure and electrochemical potential, will tailor not only 
selectivity to NH3/NH4

+ but also its route of formation (via direct N-H bond formation vs 
a NH2OH intermediate). We have considered an experimental assessment of NO 
adsorption and dissociation via ambient pressure XPS, coupled with theoretical modeling 
of adsorption in relation to electronic structure. We have found that NO prefers oxidation 
to nitrite and desorption of nitrogen suboxides on metals with nearly or completely filled 
d-bands (e.g. Cu and Ni) and stabilization of dissociation products (N*) on metals with 
increasingly empty d bands (e.g. Ni, Co, and Fe). These findings are important in 
understanding NO3RR on such surfaces, as Ni, Co, and Fe all are selective to NH3/NH4

+ 
products and this likely occurs via N* protonation/hydrogenation (as opposed to NO* 
protonation in a hydroxylamine pathway. This work was recently accepted at JPCC. 
 
We have recently been investigating whether select alloy formation can circumvent 
scaling relations in adsorption and promote dual active sites with individually tailored 
affinities for reaction intermediates. Based on our investigations of elemental metals, we 
have recently assessed of the role of dual active sites/alloying in NiFe. We were 
motivated by these elements having d-band centers on either side of Co (which we’ve 
observed has the best FE and NH4

+ selectivity). Ni binds H relatively strongly compared 
to Fe, where Fe binds NO3

- relatively strongly. We observed that a large number of NiFe 
alloy compositions all demonstrate higher FE and NH4

+ selectivity compared to the Ni 
and Fe end members, but similar regardless of Ni/Fe ratio. XPS illustrates alloys are 
enriched in Fe, but DFT calculations suggest a mixed termination with some Ni remains 
favorable compared to a complete Fe skin. Efforts are ongoing to establish whether 
surface decorated foils demonstrate similar Fe and selectivity that trend with Ni-Fe 
interfacial area in the low coverage limit – which would indicate a dual-active site 
mechanism – or whether electronic structure changes from bulk alloy formation play an 
appreciable role. A manuscript is in preparation concerning this work. 
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Another primary objective is to better understand the electrical double layer, including its 
relation to surface charge and electrolyte composition. This is intricately linked to the 
consumption of protons (or hydroxide production) and nitrate during the reaction. We 
have assessed local pH in neutral media and the role of pH gradients on rates and 
mechanism. We have measured the local pH under forced convection measurements, 
finding for Cu in 100 mM phosphate buffer at pH 7 that the buffering capacity is 
exceeded by the high rates of NO3RR and H+ consumption, leading to a local pH 
exceeding 13. This allows us to better understand the driving force at the surface and the 
nature of the proton donor and mechanism. We are currently investigating whether the 
gradient in OH- at the surface may impact the electric field and migration in unique ways 
compared to a bulk solution with the same pH. 
 
We have also assessed cation effects on FE and selectivity. In neutral phosphate buffer 
media, we have seen that different cations (Li+, Na+, K+) lead to distinct impacts on 
different metals. For example, Cu has changes in FE, selectivity, and activity, whereas Co 
maintains high FE and NH4

+ selectivity but demonstrates differences in rates. We have 
used forced convection approaches to understand the relative roles of diffusion and 
migration in NO3RR, observing differences in mass transport limited current ~4x 
comparing Li+ and K+. We are preparing a publication on these findings. There is an 
additional impact of cations on kinetics that is isolated from transport effects using forced 
convection approaches (~100 mV shift to lower overpotential with K+) that we are 
investigating with in situ FTIR and collaborations with theory. 
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Presentation Abstract 

 
Green hydrogen is essential to the decarbonization of chemical and materials 

manufacturing. Yet, the mechanistic understanding of hydrogen production from water on 
catalytic surfaces is elusive. This research investigates the formation mechanism of the 
intermediates in water splitting, particularly of the oxygen evolution reaction (OER). The 
goal is to track the formation dynamics of the OER intermediates and their dependence on 
environmental factors such as pH. Our approach harnesses well-defined single-crystalline 
transition-metal-oxide surfaces to interrogate the intermediate formation. The model 
systems are rutile-oxide thin films (RuO2, IrO2, etc.) grown using molecular beam epitaxy 
(MBE). Our methodology assesses the Oad formation rate by measuring how the pre-
equilibrium isotherm varies with the sweeping rate of applied potential. We present a 
strategy for converting these experimental results into the Oad formation rates and rate 
constants. In parallel, we have developed electrochemical atomic force microscopy (EC-
AFM) to image solid-liquid interfaces with atomic resolution. We demonstrate this 
capability on graphite-water interfaces and show that our image analysis can resolve the 
dynamics of graphite corrosion under oxidative potential. We will discuss a preliminary 
result on how this capability can track the OER intermediate formation in water splitting. 
Finally, while we worked on creating an algorithm to analyze carbon corrosion images, we 
found that the same analysis tool was useful for quantifying the depolymerization rates of 
polyethylene terephthalate (PET) fibers (as both require tracking the morphology of 
materials as a function of time.) We have applied this advance to quantify single-fiber PET 
hydrolysis to understand chemical variations in post-consumer plastic materials.  
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RECENT PROGRESS 
 
Measurement of Oad formation kinetics on RuO2(110) surfaces 
 On the MBE-grown RuO2(110) films, we observe the reversible formation of OHad 
and Oad (via H2Oad → OHad + H+ + e– and OHad → Oad + H+ + e–), two critical intermediates 
to the OER cycle. Figure 1A shows the cyclic voltammetry (CV) with the OHad and Oad 
formation regions. We determine the dynamics of this pre-equilibrium formation and 
formulate the formation mechanism by quantifying how their rate constant depends on 
environmental factors such as pH and the donor/acceptor chemistry. 
 Our methodology for quantifying the Oad formation rate builds on the idea that 
when the scan rate is “too slow”, the Oad formation has enough time to equilibrate to the 
equilibrium isotherm; however, when the scan rate becomes comparable to the formation 
kinetics, the isotherm will deviate from equilibrium adsorption. We have applied this 
methodology to characterize the Oad formation. Figure 1B shows the CV of RuO2(110) at 
different scan rates. At “slow” scan rates, for example, <1 V/s, the adsorption features are 
reversible (Figure 1B.) As a result, the Oad formation follows the equilibrium isotherm 
(Figure 1C.) However, as the scan rates ramp up (>1 V/s), the observed isotherms start 
deviating from equilibrium (Figure 1B-C). We quantify the Oad formation rates from the 
current measured on these non-equilibrium isotherms. Then, we extract the driving force 
from the equilibrium deviation (as it is the force to restore equilibrium adsorption.) From 
this analysis, we can construct the relationship between the Oad formation rates and the 
driving force to determine the rate constant. The results of the rate constant analysis are 
shown in Figure 2, shown at three Oad coverages to demonstrate the consistency. 
 We characterize the Oad formation rate constants as a function of pH to identify the 
Oad formation mechanism. As shown in Figure 2, the Oad formation rate constants were 
the fastest in acidic and basic media, but slow at neutral pH. When pH < 3, the reaction 
order was ~0.8. Between pH 10 and 12, we observed a unity reaction order before 
plateauing (zero reaction order) at pH > 12. A unity reaction order describes a classical 
proton-coupled electron transfer (PCET) process. We propose that the Oad formation 
between pH 10 and 12 obeys this framework, i.e., the Oad forms via the OHad 
dehydrogenation, where the electron and proton transfers are coupled at the oxide-water 
interface. We propose that this situation is similar when pH < 3, even though the observed 
reaction order was (slightly) below 1. This observation could be due to possible anion 
adsorption. We plan to evaluate this possibility using EC-AFM, which we will discuss in 
the next section. We also plan to study why the reaction order plateaued at pH > 12 by 
characterizing the Oad formation with different alkali cations and temperatures to determine 
why the reaction order turned zero at this alkaline pH. 
  
Development of EC-AFM for monitoring surface structures at high potentials 
 EC-AFM provides unique insights into the microstructure of electrode-electrolyte 
interfaces. However, quantifying solid-liquid structures in the middle of electrocatalysis is 
challenging. We attribute this challenge to the fact that (i) most electrocatalytic reactions 
require extreme pH where conventional Si probes are unstable, (ii) existing cell design uses 
metal-based references (e.g., Ag/AgCl) which create impurities, and (iii) the profile of the 
conventional AFM cell is set up for large volume, causing mechanical drift. Over the past 
year, we have redesigned our EC-AFM setup by extensively studying the in-situ cell design 
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literature. In our latest design, we adopted a low-profile setup. Furthermore, we moved the 
sample near the mounting post to minimize drift and integrated a reversible hydrogen 
electrode (RHE) to eliminate the need for metal-based references. In parallel, we have 
fabricated an oxide-coated tip using materials that do not corrode in acid/base media.  

Figure 3 shows an EC-AFM imaging of graphite (HOPG) in 0.1M HClO4 using 
the EC-AFM setup in our laboratory. The observed periodic pattern and symmetry match 
well with the graphite structure, suggesting that we have successfully performed a scanning 
probe microscopy on the surface of a solid in electrolyte liquids at atomic resolutions. 
Most excitingly, the observed images were stable throughout the experimental duration 
(hours), suggesting that we have addressed the tip’s stability concern. We have started 
applying this capability to image IrO2(110). Figure 4 illustrates example EC-AFM images 
of IrO2(110) in pH 13 electrolyte (0.1M KOH), showing the atomic structure of IrO2(110) 
during the OHad → Oad transition. We are currently working on an image analysis algorithm 
to retrieve the details of the adsorbed water. Even though our image analysis algorithm 
work is not yet completed, it has already yielded an unexpected side benefit. Specifically, 
we found that we could use the image-analysis algorithm to quantify the morphological 
evolution of plastics during depolymerization at a single-particle level. We have already 
submitted this work for publication and plan to submit a paper on the EC-AFM design at 
the year’s end. 
 

   
Figure 1. Measurement of the rate constants of the Oad formation. (A) CV of a 
RuO2(110) film on TiO2(110) single crystal. The Oad formation region is colored red. 
(B) RuO2(110) CV as a function of scan rate. All CVs were corrected using active 
feedback compensation at 85%. (C) Integrated Oad isotherm from CV data in (B). 

 
 

  
Figure 2. pH dependence of the rate constants of the Oad formation at Oad coverage 
at (A) 0.1, (B) 0.2, and (C) 0.3. In acidic pH (pH < 3), the reaction order was ~0.8, while 
in alkaline pH (>10), the reaction order was ~1 before reaching the plateau at pH 14. We 
hypothesize that the reaction order in pH <3 (~0.8) could be due to surface blocking by 
anions, while the reaction order plateauing (at pH 14) could be due to a switch in the 
mechanism (currently under investigation.) 
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Figure 4. EC-AFM imaging of graphites as a function of potential in 0.1 M HClO4 
solution. From 0.3V vs. RHE to 1.4 V vs. RHE, we were able to image the graphite 
lattice, suggesting the atomic resolution capability as a function of potential. 

 
 

 

 
Figure 5. EC-AFM imaging 
of an IrO2(110) film grown on 
TiO2(110) single crystal as a 
function of potential in pH 13 
and the corresponding CV in 
the same electrolyte. Images 
were taken at 0.7, 0.8, and 0.9 
V vs. RHE. The observed 
lattice parameter and symmetry 
agree well with the IrO2(110) 
structure. We are working on 
analyzing the image pattern, 
i.e., why the shapes of the 
adsorbates are not spherical and 
potential-dependent. 
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Presentation Abstract 

 
Single atom catalysis has evolved as a promising strategy to enhance atom utilization 
efficiency, lower reaction temperatures, and control reaction pathways in heterogeneous 
catalytic reactions. An important challenge using supported single atom catalysts is the 
stability of metal single atoms during reactions. Our group has developed a metal-ligand 
coordination strategy to stabilize single transition metal atoms on high surface area 
powder oxide supports. We characterize these catalysts using a range of techniques to 
demonstration the single atom character and well-defined chemical properties of the 
metal centers. Flow reactor experiments demonstrate the efficacy of these catalysts for 
small molecule reactions at moderate temperatures with high reaction selectivity and 
excellent stability. This presentation will highlight several recent results from our work.  
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RECENT PROGRESS 

 
Our research group has been developing novel strategies to create single-atom catalysts 
(SACs) from metal-ligand single-sites on high surface area oxide supports. The metal-
ligand approach results in high metal loading, exhibits an ultimate dispersion of metal 
species, and maximizes atom efficiency. We characterize the structural and chemical 
properties of the resulting catalysts using a variety of techniques. We use a flow reactor 
to evaluation catalytic reaction performance of the novel catalysts for a variety of small 
molecule reactions that require a high level of reaction selectivity. After rational design 
and optimization of the catalysts, several of these are highly effective and exhibit 
excellent activity, selectivity, and stability. 
 
Ligand-coordinated Pt single-atom catalyst facilitates support-assisted water-gas shift 
reaction 
The water-gas shift (WGS) reaction (𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝐶𝐶 → 𝐶𝐶𝐶𝐶2 + 𝐻𝐻2,∆𝐻𝐻 = −41.1 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚) is 
an essential process in the production of hydrogen and has grown significantly in usage 
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over time. We developed metal-ligand supported catalysts for highly selective WGS 
reactions. 1,10-phenanthroline-5,6-dione (PDO) was chosen as the ligand for its oxidative 
potential for stabilizing Pt metal cations via two different binding pockets. The single-
atom nature of the Pt-ligand is characterized with extended X-ray absorption fine 
structure (EXAFS), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), and transmission 
electron microscopy (TEM) techniques. The catalytic activity is evaluated for the WGS 
reaction, revealing that Pt-ligand SACs supported on defective TiO2 show higher inherent 
catalytic activity than Pt NPs and a significantly lower activation energy. This 
characteristic is generally desirable for the redox mechanism. Density functional theory 
(DFT) calculations reveal that metal-ligand SACs allow CO interaction with oxygen 
atoms from the TiO2 surface. The redox mechanism of the WGS reaction demonstrates a 
lower effective activation barrier than the associative mechanism for Pt-ligand SAC. 
Moreover, the metal-ligand strategy, according to DFT results, facilitates the reaction 
redox mechanism by reducing the CO binding energy and promoting CO2 and H2 
formation process. 
 
CO oxidation over ligand-coordinated single-site Rh catalyst: Identification of active 
complex 
Our group developed an approach to stabilize single rhodium atoms on high surface area 
titania powder supports via a metal-ligand coordination strategy. We examined the 
reaction activity and mechanism of CO oxidation, as well as the stability in oxidative 
reaction conditions. Kinetic studies suggest that, with an excess of oxygen in the feed 
gas, oxygen activation is more facile on defective titania surfaces than on pristine titania 
surfaces. In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
analysis shows that on the pristine titania surface, the 1,10-Phenanthroline-5,6-dione 
(PDO) coordinated Rh catalyst (Rh-PDO/TiO2) catalyzes CO oxidation via the formation 
of carbonate-like species, which is similar to what occurs on Rh nanoparticle catalysts. 
However, on the defective titania surface, no carbonate species form for Rh-PDO/def-
TiO2. The supported Rh-ligand catalysts are also shown to be very stable in such a 
reaction environment at elevated temperatures, potentially allowing for wide applications. 
 
Carboxylic acid ligand substituent impacts hydrosilylation activity of platinum single 
atom catalysts on ceria 
Current industrially employed hydrosilylation catalysts rely on homogeneous platinum 
catalysts which are not recovered after the reaction. To eliminate this issue, our group has 
optimized recyclability of heterogeneous platinum single atom catalysts (SACs) on ceria 
via 1,10-phenanthroline-5,6-dione ligands (PDO), which incorporates mono (PDO-C) 
and dicarboxylic acid (PDO-C2) groups in the 2- and 9-position of PDO ligand to 
increase metal–surface interaction. DRIFTS results confirm carboxylic acid coordination 
to the terminal hydroxy groups of the ceria surface. New catalyst synthesis conditions 
wherein PDO was combined with the metal prior to exposure to the surface allow control 
of Pt oxidation state on the surface. The highest metal loading was observed for PDO and 
PDO-C, correlating with improved catalytic recyclability compared to the PDO-C2 
ligand. It is proposed that the location of the carboxylic acid groups and the steric effects 
can explain the lower activity and metal loading for PDO-C2 ligands. Post-reaction XPS 

384



and DRIFTS spectra show the appearance of new Si and O species on the catalyst during 
the hydrosilylation reaction, indicating the silane reagent is depositing on the surface. The 
silane coverage and leaching of catalyst from the surface can cause reduced catalytic 
activity. 
 
Tuning coordinated supported catalysts: Carboxylic acid-based ligands to improve 
ceria-supported Pt catalysts for hydrosilylation 
Ligand-coordinated supported catalysts (LCSCs) with highly-dispersed metal centers are 
of growing interest to bring the high selectivity and metal utilization efficiency of 
isolated, well-defined metal centers to a solid support for recyclability and stability. Pt 
LCSCs with bidentate N-based ligands have shown high activity, selectivity, and stability 
in hydrosilylation catalysis. We tuned Pt LCSCs with carboxylic acid-based ligands as 
“anchoring ligands” with bidentate N-based ligands as “coordination ligands.” XPS and 
inductively coupled plasma mass spectrometry were performed after the test reaction, 
hydrosilylation of 1-octene, to evaluate the leaching of Pt. Using trimesic acid (TMA) as 
the “anchoring ligand” reduced Pt leaching from 34% after only 1 batch to ~25% after 4 
batches. Using TMA as the “coordination ligand” creates a catalyst with 7 times higher 
turnover number than previous LCSCs. Two other carboxylic acid-based ligands were 
explored, both creating active and selective Pt hydrosilylation LCSCs. 
 
Ligand-coordination effects on the selective hydrogenation of acetylene in single-site 
Pd-ligand supported catalysts 
The selective hydrogenation of acetylene to ethylene is a critical step in the synthesis of 
polyethylenes. Achieving high conversion to ethylene without over-hydrogenation to 
ethane is a challenge that requires control of the transition metal site, which we achieved 
through an LCSC strategy. Using Pd catalysts coordinated to 1,10-phenanthroline-5,6-
dione (PDO) ligands on CeO2 supports, we discovered that the reaction selectivity 
depends strongly on the ligand:metal ratio with higher selectivity when more ligand is 
present in the catalyst. Catalyst structure was examined by EXAFS, transmission electron 
microscopy, and CO adsorption, which indicate single-atom character of the Pd. The 
ligand:metal ratio is determined by XPS measurements and correlated with 
hydrogenation reactions under steady-state flow conditions to examine trends in 
hydrogenation activity and selectivity. Those trends can be better understood by DFT 
calculations that indicate hydrogen binding on the ligand to guide reaction selectivity 
toward the desired ethylene hydrogenation product. These results demonstrate the 
importance of considering the dynamic character of LCSCs and inform the design of 
future single-site heterogeneous catalysts. 
 
Tuning ligand-coordinated single metal atoms on TiO2 and their dynamic response 
during hydrogenation catalysis  
We investigated the effect of the organic ligand choice on the activity and stability of 
TiO2-supported single-atom Pt-ligand catalysts for ethylene hydrogenation. The activity 
of these catalysts showed a significant dependence on the choice of ligand and also 
correlated with coordination number for Pt−ligand and Pt−Cl−. Of the three ligands 
examined in this study, the one with the lowest Pt coordination number, 1,10-
phenanthroline-5,6-dione (PDO), showed the lowest reaction temperature and highest 
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reaction rate, likely due to those metal sites being more accessible to reactant adsorption. 
In-situ X-ray absorption spectroscopy (XAS) experiments showed that the activity also 
correlated with good heterolytic dissociation of hydrogen, which was supported by 
OH/OD exchange experiments and was the rate-determining step of the hydrogenation 
reaction. In these in-situ XAS experiments up to 190 °C, the supported Pt-ligand catalyst 
showed excellent stability against structural and chemical change. Instead of Pt, the PDO 
ligand could be coordinated with Ir on TiO2 to form Ir LCSCs that showed slow 
activation by loss of Ir−Cl bonds, then excellent stability in the hydrogenation of 
ethylene. These results provide the chance to engineer ligand-coordinated supported 
catalysts at the single-atom catalyst level by the choice of ligand and enable new 
applications at relatively high temperature. 
 
Ligand-coordinated Ir single-atom catalysts stabilized on oxide supports for ethylene 
hydrogenation and their evolution under a reductive atmosphere 
In this work, we present a novel series of oxide-supported Ir-ligand single-atom catalysts 
(SACs) for ethylene hydrogenation. The SACs were created by metal–ligand self-
assembly using one of two ligands, either 1,10-phenanthroline-5,6-dione (PDO) or 3,6-
Di-2-pyridyl- 1,2,4,5-tetrazine (DPTZ), on powder supports of either CeO2 or MgO. 
Characterization by XAS, XPS, and CO adsorption proved that Ir exist principally as 
highly uniform, cationic single-atoms. Ir SACs show significantly higher durability and 
metal utilization efficiency than Ir nanoparticle (NP) catalysts during ethylene 
hydrogenation at 100 °C, as well as excellent stability, as no Ir aggregates were detected 
after >10 h reaction. The activity can be tuned by ligand and support effects: PDO and 
CeO2 are superior to DPTZ and MgO, respectively. This tunability is attributed to 
differences in H2 activation capability, which results from differences in support 
reducibility, electron density on Ir, and, potentially, the local coordination environment of 
Ir. The Ir SACs lose H2 activation activity either under inert gas or under H2. Through 
XPS and in situ XAS studies, we attributed the former to the reversible loss of Ir hydride, 
which is the active species for H2 activation, and the latter to irreversible over-
hydrogenation and loss of Ir–O/N coordination. This work presents a new type of Ir 
hydrogenation SACs that are more durable, efficient, and tunable than supported Ir NPs, 
while more stable than homogeneous Ir complexes. It also offers fundamental 
understanding regarding ligand and support effects, as well as the evolution of Ir single-
atoms under H2, instructing future design of stable, effective hydrogenation SACs. 
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Presentation Abstract 
 
We present our results in developing electrochemical systems for C-N coupling using waste products to 
form urea, an important fertilizer for agriculture. Herein, we report a series of AuCu alloys that can achieve 
up to 70% selectivity for urea from carbon dioxide and nitrate at a current density of up to 400 µA cm-2 
upon optimization. We also discovered a molecular metal-organic cage with six isolated Cu sites for 
simultaneous carbon dioxide and nitrate activation to convergently produce urea. Utilizing a suite of in situ 
electrochemical, spectroscopic, and computational techniques, we postulate a catalytic cycle involving a 
Cu-CO species that is subsequently attacked by NH2OH, a reduced product of nitrate. 

 
 

RECENT PROGRESS 
 
Electrochemical C-N Coupling 
 
Motivated by this our prior studies on Au-catalyzed C-N electrocoupling, we focused on tuning 
the reactivity of Au by introducing Cu sites.  Three different AuCu alloys was electrochemically 
deposited with a Au:Cu ratio of approximately 75:25, 50:50, and 25:75.   Phase purity was 
achieved only for Au75Cu25 and Au50Cu50, as shown by X-ray diffraction (Figure 2a). Of the three 
alloys, Au75Cu25 was determined to be the most active catalyst, achieving nearly 70% selectivity 
for urea and up to 400 µA cm-2 (Figure 2b, c). This study, which shows AuCu alloys exhibiting a 
significant performance enhancement over Au alone, illustrates a path towards more abundant 
metal catalysts.  
 

 
Figure 2. (a) Powder X-ray diffraction of three AuCu alloys, and (b) Faradaic efficiency and (c) activity for 
C-N coupling of CO2 and NO3-. 
 
We also have developed a molecular Cu-based cage, BIF-29(Cu), that is a competent catalyst for 
the co-reduction of CO2 and NO3

- (Figure 3a). At the mild cathodic potential of -0.3 V vs RHE, 
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we saw a remarkable urea selectivity of nearly 70% and a high activity of 400 uA cm-2 (Figure 
3b). Since each of the six Cu sites is isolated, we hypothesized that a cascade reaction occurs where 
an electrochemically generated NH2OH from nitrate reduction attacks an experimentally observed 
Cu-CO species. Significantly, we conducted in situ X-ray absorption spectroscopy (XAS) to 
determine if BIF-29(Cu) remains molecularly intact during electrocatalytic conditions.  
Surprisingly, we found that BIF-29(Cu) forms a Cu aggregate reversibly under no substrate 
conditions (HER, Figure 4a) and nitrate reduction (NO3RR, Figure 4b), as seen by a decrease in 
the Cu-N band and an increase Cu-Cu band in the extended X-ray fine structure (EXAFS) range. 
However, upon exposure to CO2, no Cu-Cu band appears suggesting that the Cu-CO intermediate 
stabilizes the molecular cage and prevents Cu aggregation (Figure 4c). Under the relevant C-N 
coupling conditions where CO2 and NO3

- are both present, we see negligible changes in the 
EXAFS (Figure 4d), suggesting that the molecular cage remains intact during catalysis. DFT 
calculations suggest that NH2OH from NO3RR can react with the Cu-CO intermediate (Figure 5, 
with Dr. Fanglin Che). 

 
Figure 3. (a) Scanning electron microscopy image of BIF-29 on top of multiwalled carbon nanotubes 
(MWCNTs) and (b) urea selectivity and activity as a function of cathodic potential. 

 
Figure 4. Extended X-ray absorption fine structure (EXAFS) of BIF-29(Cu) at different potentials in (a) 0.1M 
KHCO3 (N2 purged), (b) 0.1M KHCO3 and 0.1M KNO3 (N2 purged), (c) 0.1M KHCO3 (CO2 purged), and (d) 
0.1M KHCO3 and 0.1M KNO3 (CO2 purged). 
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Figure 5. (a) The proposed mechanism for urea production from CO2 and NO3- within the BIF-29(Cu) 
cage and (b) Gibbs free energy diagrams for NO3RR to hydroxylamine or ammonia, and (c) Gibbs free 
energy diagram of CO2RR-to-CO and hydroxylamine over the single Cu atom site within the structure of 
BIF-29(Cu) with applied potential of -0.20 V vs. RHE and pH set as 6.8. 
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Presentation Abstract 

 
The formation and cleavage of chemical bonds in catalytic reactions often relies on 
accessible two-electron processes that are challenging for base metals such as first row and 
early transition metals.  Metal-metal cooperativity provides a potential solution to this 
challenge by facilitating redox processes and providing access to cooperative bond 
activation mechanisms. Dinucleating phosphinoamide ligands have been used to link early 
and late transition metals into a single heterobimetallic framework, supporting metal-metal 
multiple bonds across a broad range of metal-metal combinations. The resulting complexes 
have been shown to activate small molecules, cleave strong bonds, and catalyze organic 
transformations. This presentation will focus on (1) the effect of a pendent redox-active Co 
center on the weakening of O-H and N-H bonds of substrates bound to a neighboring d0 
ZrIV site in a tris(phosphinoamide) framework, and (2) the use of coordinatively 
unsaturated bis(phosphinoamide) ZrIV/Co-I compounds to activate and functionalize 
dinitrogen.   
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RECENT PROGRESS 
 
N-N bond activation and functionalization by bis(phosphinoamide) Zr/Co compounds 
In the absence of exogenous ligands, arenes, or coordinating solvents, two-electron 
reduction of the bis(phosphinoamide) ZrIV/CoI complex 1 under a N2 atmosphere results in 
formation of the tetrametallic, side‐on bound, dinitrogen complex 2 (Figure 1). Although 
the N‐N distance in the solid‐state structure of 2 is 1.40 Å and suggests a highly activated 
N‐N bond, N2 is readily displaced by coordinating solvents, arenes, and donor ligands. 
Moreover, while THF does not displace N2, it does coordinate to Zr and break up the 
tetrametallic cluster into the end‐on‐bridged N2 complex 3. Compounds 2 and 3 can be 
reproducibly crystallized independently, as confirmed through single crystal X‐ray 
diffraction. Solid-state Raman spectroscopy of 2 reveals an ν(N-N) stretching frequency of 
1106 cm-1, consistent with the long N-N distance observed in the solid-state structure. The 
solution-state Raman spectrum of the same sample of 2 indicates that it exists as an 
equilibrium mixture with 3 (ν(N-N) = 1878 cm-1) in solution.   

 
In addition to this stoichiometric reactivity, we have established that 1 is an 

effective precatalyst for the reduction of N2 to N(TMS)3 in the presence of 4000 equiv KC8 
and 4000 equiv TMSCl, reaching a maximum of 543 turnovers in 18 hours at room 
temperature. Dinitrogen complex 2 can also 
be used as a catalyst for this N2 silylation 
reaction, albeit with fewer turnovers (TON = 
188) as a result of the increased 
reactivity/sensitivity of this compound.   

In addition to direct reactions with N2, the role of the two metals centers has been 
investigated using stoichiometric reactions to model the N-N bond cleavage process and 
analogues of intermediates in the hypothetical N2 reduction cycle have been synthesized.  
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The ZrIV/Co‐I arene complex 4 reacts immediately with 0.5 equiv diazene (Ph2N2) to cleave 
the N=N bond and generate the tetrametallic imido‐bridged species 5 (Figure 2). The imido 
ligands in 5 are triply bridging between two Zr and one Co center, potentially modelling 
one of the first intermediates in N2 cleavage and functionalization. The imido fragments 
can be effectively silylated with TMSCl to release PhN(TMS)2 and regenerate a chloride 
analogue of 1, modelling the final step in N2 silylation. 

 
Coordination-induced bond weakening in early/late heterobimetallics 

The focus of this study is to explore ammonia oxidation steps by 
tris(phosphinoamide) Zr/Co compounds, but as an initial proof‐of‐principle model, the 
square scheme for conversion between the previously reported Co0/ZrIV‐oxo (6) and 
CoI/ZrIV‐hydroxo (7) compounds was investigated to probe the impact of the pendent 
redox‐active Co center on the element‐hydrogen BDFE of substrates bound to Zr (Figure 
3). The open circuit potential (OCP) of a lutidine/lutidinium buffer solution containing a 
1:1 mixture of 6 and 7 was used to determine that the BDFE of the O‐H bond in 7 is roughly 
63 kcal/mol using eq 2. This very low value indicates that the presence of an appended 
redox-active metal center (Co) provides a similar weakening of the O-H bond as would be 
expected if the hydroxide ligand were bound directly to a redox-active metal. Inputting the 
BDFEOH value into eq 1, which relates the known 8/7 and 6/9 redox potentials to the BDFE 
of 7 and pKas of 7 and 8, we can estimate that the pKa of 7 is 30.9 and the pKa of 8 is 21.1. 
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The BDFEOH and pKa values 
have been experimentally 
corroborated through a 
series of reactions with H‐
atom abstraction reagents 
with known BDFEs and with 
acids and bases with known 
pKa/pKb values.  

With these proof-of-
concept results in hand, 
current attention is focused 
on determining the impact of 
bimetallic frameworks on 
the N‐H BDFEs of bound 
substrates. For simplicity, 
this study began with PhNH2 
as a model substrate 
surrogates for NH3 in efforts 
to initially avoid 
complications from 
unwanted dimerization 
processes. The PhNH2 
adduct 11 was synthesized 

via addition of PhNH2 to ZrIV/Co‐I species 10. 
Successive addition of equivalents of 2,4,6‐tri-tert-butylphenoxyl radical resulted in H‐
atom abstraction to form the ZrIV/Co0 amide complex 12 and the ZrIV/CoI imide complex 
13 (Figure 4). With compounds 11-13 in hand, we are poised to determine the N-H BDFEs 
of 11 and 12, fill in the redox potential and pKa values in square schemes analogous to that 
in Figure 3, and determine to what extent the coordination-induced bond weakening effects 
imparted by the pendent Co center can be generalized for substrates with element-hydrogen 
bonds.
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Presentation Abstract 

 

Nitrite (NO2)
- and nitric oxide (NO). are essential signaling molecules in biological 

neurotransmission and vasodilation, and their interconversion is key to transition metal-

catalyzed denitrification carried out by nitrogen fixing bacteria. With the goal of studying 

nitrite reduction on a dicopper platform, a robust dinucleating ligand, DPFN [2,7-

bis(fluoro-di(2-pyridyl)methyl)-1,8-naphthyridine], was employed to facilitate metal-

metal cooperativity. A mono-cationic dicopper(I,I) nitrite complex, [Cu2(μ−κ1:κ1-

O2N)DPFN][NTf2] (NTf2
− = N(SO2CF3)2

−), was synthesized by treatment of a dicopper 

acetonitrile complex, [Cu2(μ-MeCN)DPFN][NTf2]2, with tetrabutylammonium nitrite 

([nBu4N][NO2]). Notably, the reaction of the dicopper nitrite complex with HNTf2 results 

in N−O bond cleavage in the putative, HONO-ligated complex to form the more 

thermodynamically favorable nitrosyl-bridged dicopper complex [Cu2(μ-NO)(μ-

OH)DPFN][NTf2]2. This scission can be reversed via deprotonation of the hydroxy ligand 

with KOtBu. The μ−κ1:κ1-O2N complex was also found to be a potent nucleophile, a 

quality that can be leveraged towards reactions with nitriles at ambient temperatures to 

produce the corresponding dicopper(I,I) carboxylate complex and dinitrogen as the 

byproduct in very good yields. This synthetic pathway is amenable to a wide range of 

nitriles with R groups of varying size, only suffering slower reaction times with very 

sterically demanding nitriles such as tert-butyl nitrile or 1-adamantanecarbonitrile. The 

synthesis, reactivity, and characterization of these complexes through IR and NMR 

spectroscopies, and X-ray crystallography, will be presented. 
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RECENT PROGRESS 

 

Nitrite Activation at Dicopper 

Mononuclear copper coordination compounds have been extensively studied in the 

context of biomimetic nitrite reduction. Meanwhile, nitrite bond activation at dicopper 

cores has only recently garnered attention, despite the valuable information these systems 

can offer. These results demonstrate that two copper(I) centers in proximity can work in 

concert to stabilize what historically has been an unstable linkage for mononuclear 

complexes. Moreover, this cooperativity allows the nitrito ligand to be reversibly cleaved 

by a proton, a process permitted by nitrosyl retention at the dicopper core. To our 

knowledge, this is the first instance of a stoichiometric cycle reminiscent of the CuNiR’s 

pH-dependent, bidirectional catalysis occurring on a dicopper platform. Computational 

and spectroscopic methods were used to describe a rare antiferromagnetically coupled 

dicopper(II,II) nitrosyl hydroxy complex that possesses unusual thermal stability. The 

lability of the nitrosyl ligand provides a new avenue for the formation and study of other 

reactive bimetallic species and possesses relevance towards the study of NO-releasing 

systems. 

 

 
Publications Acknowledging this Grant in 2021-2024 

 

(I) Intellectually led by this grant 
 

1. Dombrowski, J. P.; Ziegler, M. S.; Phadke, N. M.; Mansoor, E.; Levine, D. 

S.; Witzke, R. J.; Head-Gordon, M.; Bell, A T.; Tilley, T. D. Siloxyaluminate 

and Siloxygallate Complexes as Models for Framework and Partially 

Hydrolyzed Framework Sites in Zeolites and Zeotypes. Chem. Eur. J. 2021, 

27, 307-315.  

2. Desnoyer, A. N.; Nicolay, A.; Ziegler, M. S.; Lakshmi, K. V.; Cundari, T. R.; 

Tilley, T. D. A Dicopper Nitrenoid by Oxidation of a CuICuI Core: Synthesis, 

Electronic Structure and Reactivity. J. Am. Chem. Soc. 2021, 143, 7135–

7143.  

3. Nicolay, A.; Heron, J.; Shin, C.; Kuramarohit, S.; Balcells, D.; Tilley, T. D. 

Unsymmetrical Naphthyridine-Based Dicopper(I) Complexes: Synthesis, 

Stability and Carbon-Hydrogen Bond Activations. Organometallics 2021, 40, 

1866-1873.  
4. Amtawong, J.; Skjelstad, B. B.; Handford, R. C.; Suslick, B. A.; Balcells, D.; 

Tilley, T. D. C−H Activation by RuCo3O4 Oxo Cubanes: Effects of Oxyl 

397



Radical Character and Metal-Metal Cooperativity. J. Am. Chem. Soc. 2021, 
143, 12108-12119.  

5. Amtawong, J.; Nguyen, A. I.; Tilley, T. D. Mechanistic Aspects of Cobalt Oxo 
Cubane Clusters in Oxidation Chemistry." J. Amtawong, A. I. Nguyen and T. 
D. Tilley, J. Am. Chem. Soc. 2022, 144, 1475–1492.  

6. Piesch, M.; Nicolay, A.; Haimerl, M.; Seidl, M.; Balázs, G.; Tilley, T. D. 
Binding, Release and Functionalization of Intact Pnictogen Tetrahedra 
Coordinated to Dicopper Complexes. Chem. Eur. J. 2022, e202201144.  

7. Rios, P.; See, M. S.; Handford, R. C.; Teat, S. J.; Tilley, T. D. Robust 

dicopper(I) µ-boryl complexes supported by a dinucleating naphthyridine-

based ligand. Chem. Sci. 2022, 13, 6619–6625.  
8. Kynman, A. E.; Elghanayan, L. K.; Deesnoyer, A. N.; Yang, Y.; Severy, L.; 

Di Giuseppe, A.; Tilley, T. D.; Maron, L.; Arnold, P. L. Controlled 
monodefluorination and alkylation of C(sp3)-F bonds by lanthanide 
photocatalysts: importance of metal – ligand cooperativity. Chem. Sci. 2022, 
13, 14090-14100.  

9. Ríos, P.; See, M. S.; Handford, R. C.; Cooper, J. K.; Tilley, T. D. Tetracopper 
-Bound -Acetylide and -Diyne Units Stabilized by a Naphthyridine-based 
Dinucleating Ligand. Angew. Chem. Int. Ed. 2023, e202310307.  

10. Ríos, P.; See, M. S.; Gonzalez, O.; Handford, R. C.; Nicolay, A.; Rao, G.; 

Britt, R. D.; Bediako, D. K; Tilley, T. D., Iron Homo- and Heterobimetallic 

Complexes Supported by a Symmetrical Dinucleating Ligand. Chem. 

Commun. 2024, 60, 8912-8915.  

11. See, M. S.; Ríos, P.; Tilley, T. D., Diborane Reductions of CO2 and CS2 

Mediated by Dicopper μ-Boryl Complexes of a Robust Bis(Phosphino)-1,8-

Napthyridine Ligand. Organometallics 2024, 43, 1180-1189. 

12. Dombrowski, J. P.; Kalendra, V.; Ziegler, M. S.; Lakshmi, K. V.; Bell, A. T.; 

Tilley, T. D. M–Ge–Si Thermolytic Molecular Precursors and Models for 

Germanium-Doped Transition Metal Sites on Silica. Dalton Trans. 2024, 53, 

7340-7349.  

13. Wheeler, T. A.; Tilley, T. D. Metal-Metal Redox Exchange to Produce 

Heterometallic Manganese-Cobalt Oxo Cubanes via a “Dangler” 

Intermediate. J. Am. Chem. Soc. 2024, 146, 20279-20290.  
14. Ríos, P.; See, M. S.; Gonzales, O.; Handford, R. C.; Nicolay, A.; Rao, G.; Britt, 

R. D.; Bediako, D. K.; Tilley, T. D. Iron Homo- and Hetero-bimetallic 
Complexes Supported by a Symmetrical Dinucleating Ligand. ChemComm. 
2024,  60, 8912-8915. 

15. Fernandez, J. M.; Hajiseyedjavadi, A.; Teat, S.; Cundari, T.; Tilley, T. D. 
Synthetically Reversible, Proton-Mediated Nitrite N–O Bond Cleavage at a 
Dicopper Site. submitted.  

 

(II) Jointly funded by this grant and other grants with intellectual leadership by 

other funding sources 

 

1. Kanbur, U.; Witzke, R. J.; Xu, J.; Ferrandon, M. S.; Goetjen, T. A. Kropf, A. 

J.; Perras, F. A.; Liu, C.; Tilley, T. D.; Kaphan, D. M.; Delferro, M. Supported 

Electrophilic Organoruthenium Catalyst for the Hydrosilylation of Olefins. ACS 

Catal. 2023, 13, 13383-13394.  

 

 

398



Ba Tran 
 

Experimental and Computational Studies on H2 Activation, β-Elimination, and Catalytic 
Hydrogenation Reactions at Cu(I) Centers    

 
 
Evan A. Patrick, Jack T. Fuller III, Bojana Ginovska, Simone Raugei, R. Morris Bullock, Ba L. Tran 

Pacific Northwest National Laboratory, Physical and Computational Sciences Directorate and 
Institute for Integrated Catalysis 

 
Poster Abstract 

 
The elucidation of mechanisms to understand the controlling factors for reactions catalyzed by Earth 
abundant metals is critical to the development of sustainable organotransition chemistry. The 
promotion of new or enhanced reactivity at metal complexes by controlling their coordination 
geometries with ancillary ligands is a hallmark of organometallic chemistry. d10 Cu(I) complexes can 
adopt a variety of geometries, with linear, trigonal planar and tetrahedral environments being 
common. Through experimental and computational studies, we demonstrate the significant contrast 
between linear and trigonal planar geometries at Cu(I) centers supported by monodentate N-
heterocyclic carbene (NHC), dicarbene and diphosphine ligands on H2 activation, catalytic olefin 
hydrogenation, and β-elimination reactions of alkyl and alkoxide Cu(I) complexes. 
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Presentation Abstract 
 
Azo compounds have numerous applications in emerging energy and sustainability 
technologies, including organic photovoltaic devices, batteries, electrochromic windows, 
and advanced displays. Most of the current approaches to the synthesis of azo compounds 
require the use of harsh redox reagents to induce N=N bond formation. Consequently, 
there are significant limitations in substrate scope, and low yields are often observed for 
highly functionalized or hindered aryl azides. 
 
The overarching goal of this project is to develop catalytic redox-neutral N=N coupling 
reactions using organic azides as starting materials. These reactions do not require the use 
of any redox reagents and produce only gaseous N2 as a byproduct. We recently 
demonstrated that dinickel catalysts promote efficient N=N coupling reactions to form 
azoarenes. The reaction exhibits broad substrate scope and uses a catalyst comprising 
earth abundant elements. The dinuclear nature of the active site is critical to the 
mechanism of catalysis and avoids the problem of strong product inhibition. This project 
provides fundamental insight into the unique catalytic properties of metal–metal bonds 
through a combination of experimental studies and computational models. These 
mechanistic studies will inform the development of new catalysts for the coupling of 
hindered aryl azides and for enantioselective N=N coupling reactions. 
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Dicobalt-Catalyzed N=N Coupling Reactions of Tertiary Alkyl Azides to form 
Azoalkanes 

 

 
Azoalkanes can serve as radical precursors for various catalytic and stoichiometric C–C 
bond-forming reactions. However, their use in these processes is hampered by the 
complexity of their synthesis, which often requires multiple steps and strong oxidants. 
We developed a direct denitrogenative dimerization of tertiary alkyl azides to form 
azoalkanes. The reaction uses a dicobalt catalyst, which is uniquely effective in this 
transformation relative to analogous monocobalt catalysts and an isostructural dinickel 
catalyst. Critical to the N=N coupling reactivity is the formation of a dicobalt imido 
intermediate that is resistant to undergoing competing H-atom abstraction. The catalytic 
N=N coupling provides access to a broad scope of tertiary azoalkanes, and the resulting 
products can be used to form congested C–C bonds between quaternary carbon centers. 
 
Dinickel-Catalyzed N=N Coupling Reactions for the Synthesis of Hindered Azoarenes 
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Azoarenes are the largest class of photoswitching molecules, and they have a broad range 
of applications in photopharmacology and materials science. Azoarenes possessing ortho-
substitution often display improved properties, including isomerization under visible light 
irradiation, near-quantitative switching, and long thermal half-lives in the cis form. The 
synthesis of hindered ortho-substituted azoarenes is often low-yielding using established 
oxidative or reductive coupling methods. We designed and synthesized a new dinickel 
complex that catalyzes the dimerization of ortho-substituted aryl azides in high yield. 
This method was applied to the synthesis of high-performance photoswitches, 
photoactive peptide cross-linkers, hindered diazocines, and main-chain azoarene 
polymers. 
 

Black-to-Transmissive dual polymer complementary electrochromics with high 
coloration efficiency 

 

 
 
In a complementary electrochromic device (ECD), both the anode and the cathode can 
synergistically change color in response to an electrical bias, allowing for a high 
coloration efficiency. Complementary ECD that can switch from black to transmissive 
state is rare, due to the difficulty of pairing two electrochromic electrodes. We 
constructed high coloration efficiency complementary ECDs by pairing polyazoisoindigo 
(PAI), an n-type electrochromic polymer that undergoes green-to-transmissive switching, 
with p-type magenta (ECP-M) and red (ECP-R) electrochromic polymers to obtain black-
to-transmissive ECD. Physical modeling tool, COMSOL, is introduced for 
complementary color matching. Through balancing the charge densities of two 
electrochromic electrodes, black-to-transmissive ECDs with record-high coloration 
efficiencies of 688 cm2/C and 437 cm2/C have been achieved for PAI|ECP-M and 
PAI|ECP-R, respectively.  
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Dinickel-Catalyzed N═N Bond Rotation 

 

 
 
Azoarenes function as molecular switches that can be triggered by external stimuli, such 
as heat, light, and electrochemical potential. We showed that a dinickel catalyst can 
induce cis/trans isomerization in azoarenes through a N═N bond rotation mechanism. 
Catalytic intermediates containing azoarenes bound in both the cis and trans forms are 
characterized. Solid-state structures reveal the importance of π-back-bonding interactions 
from the dinickel active site in lowering the N═N bond order and accelerating bond 
rotation. The scope of the catalytic isomerization includes high-performance acyclic, 
cyclic, and polymeric azoarene switches. 
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Presentation Abstract 

 

Discriminating competing reaction pathways is crucial for developing a deeper 

understanding of selectivity in heterogeneous catalysis. Due to the rare occurrence of 

corresponding reaction intermediates along these paths, intense optical laser pumps and 

subsequent substrate electron and phonon heating can be used to dramatically increase 

the population of reaction intermediates. We benefit from revolutionary advances in x-ray 

free electron lasers, allowing us to follow induced adsorbate dynamics in real time with fs 

resolution. Electronic structure simulations are essential to deduce atomic motion and 

thus reaction coordinates from the observed x-ray spectral evolution. In our combined 

experimental and theoretical studies, we probe energy and charge transfer from the 

catalyst substrate to the adsorbates and induced adsorbate dynamics. 

Probing the K-edge of carbon species in a number of adsorbate systems, we show how 

excited adsorbate vibrational and electronic degrees of freedom can be identified in the x-

ray spectral evolution. We find that a vibrational mode-resolved understanding of 

adsorbate and catalyst substrate coupling is necessary to predict the evolution of energy 

transfer to the adsorbate and the resulting adsorbate dynamics.  
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RECENT PROGRESS 

 

 

Probing ultrafast surface dynamics  

 

In recent work, we studied adsorbate-substrate dynamics and the behavior of 

heterogeneous catalytic reactions in which competing reaction pathways were present. 

Our experimental approach made use of x-ray spectroscopy techniques, particularly in the 

form of femtosecond x-ray absorption spectroscopy as implemented using X-ray free-

electron lasers.  We briefly summarize experimental progress below. 
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The mechanism for the important low temperature water gas shift reaction (CO + H2O → 

CO2 + H2) on copper catalysts has remained elusive and controversial under relevant 

catalytic conditions. The principal candidates are a redox mechanism (CO* + O* +2H* 

→ CO2 + H2), a carboxy mechanism (CO* + OH* +H* → COOH* +H* → CO2 + H2) 

and even possibly a formate mechanism (CO* + O* + 2H* → HCO* + O* + H* → 

HCOO* + H* → CO2 + H2), with * referring to adsorbed species. We have used ambient 

pressure K edge O and C XPS studies at DESY to study the adsorbate species, O*, OH* 

and a C containing intermediate (possibly formate). These have been studied in a flow 

system at high pressures somewhat similar to the typical catalytic reactor as a function of 

H2O to CO ratios and surface temperature. A small fraction of the studies is shown in 

Figure 1. Analysis of the results and their implications for the mechanism and its 

variation with temperature are not yet completed, but involves microkinetic modeling of 

the coverages of all species under the given reaction conditions with all individual 

coverage dependent rates predicted by DFT calculations. 

 

 
 

We are extending our investigations of graphene/Cu to examine nitrogen-doped 

graphene. This system is a promising earth-abundant catalyst for the oxygen reduction 

reaction (ORR) for both two-electron (2e-) ORR and four-electron (4e-) ORR. It has been 

suggested that 4e- versus 2e- ORR selectivity is governed by the material’s electrical 

conductivity and, hence, the degree of nitrogenation. The electrochemistry depends upon 

how electrons are injected into the N-graphene electrode and transported to active 

catalytic sites. Using static X-ray spectroscopy at SLAC’s SSRL beamline 10-1, we 

investigated the role of the N dopant configuration on the electrochemical activity of 

nitrogen-doped graphene toward the ORR. X-ray absorption spectroscopy (XAS) and 

resonant inelastic x-ray scattering (RIXS) results showed a finite density of states near 
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the Fermi level assigned to either graphitic or pyridinic nitrogen species, in which 

pyridinic nitrogen-rich graphene exhibited ORR activity superior to graphitic nitrogen-

rich graphene. Using femtosecond optical pumping of a metal substrate that the N-

graphene is supported on, we investigated the ultrafast dynamics of electron injection, 

migration, and trapping with element specificity using C 1s and N 1s X-ray absorption 

spectroscopy (XAS) at Pohang Accelerator Laboratory (PAL) X-ray Free Electron Laser 

facility  in South Korea. We are evaluating the role played by the different types of 

nitrogen dopant sites as there has been much disagreement as to the identity of the 

catalytically active sites. 

Reducible oxides, such CoOx , exhibit superior activity in many chemical reactions, but 

the origin of the increased activity is not well understood. We studied the active phase of 

CoOx on the Au(111) surface as related to the CO oxidation reaction. We found multiple 

active catalyst phases depending on the reactant gas phase CO/O2 stoichiometry, from 

oxygen-lean to oxygen-rich, and temperature. Resonant photoemission spectroscopy 

revealed the unique role of Co3+ sites in catalyzing CO oxidation. These findings show 

different active phases of the catalyst present in response to reaction conditions. Future 

studies are planned using LCLS-II at SLAC to  explore how the reaction pathway varies 

between active phases. 

 

Preparation of x-ray free-electron laser measurements at LCLS-II 

 

A user-supplied endstation has been developed and authorized for installation in the 

Near-Experimental Hall at SLAC’s LCLS free electron laser and will support research 

under this FWP.  The existing standard LCLS endstations in their prescribed 

configurations are not suitable to support the planned investigations of heterogeneous 

catalysis. The custom-designed ultrahigh vacuum (UHV) system in this endstation will 

permit us to study the dynamics and pathways of model catalytic reactions under highly 

controlled surface and dosing conditions.  To achieve the desired femtosecond time 

resolution we rely on a pump-probe approach.  Both the ultrafast optical/infrared pump 

and x-ray probe pulses are provided by LCLS and excite / probe sample surfaces in our 

endstation. The ultrafast measurements will be based on  time-resolved x-ray absorption 

spectroscopy (XAS), x-ray emission spectroscopy/resonant inelastic x-ray scattering 

(XES/RIXS), and x-ray photoelectron spectroscopy (XPS).  We have also developed a 

complementary laboratory-based instrument to examine adsorbates on catalyst surfaces 

using mass spectrometry using temperature-programmed thermal desorption 

measurements or ultrafast-laser-excited reactions.  This will serve to prepare for 

measurements using the free-electron laser. 

 

During  FY24, we have conducted scientific and technical commissioning studies for 

time-resolved XAS and XES/RIXS of adsorbed molecules and atoms. The first step was 

improving the surface sensitivity of  XAS and XES/RIXS measurement by optimizing the 

angle of incidence. We have obtained optimized surface-sensitive conditions from the 

incident angle-dependent XAS and XES/RIXS of monolayer adsorbate on a metal surface 

using beamline 13-2 of SLAC’s SSRL synchrotron. To improve X-ray detection 

performance from the monolayer adsorbate, we have explored the application of a 

transition edge sensor-based X-ray detector,  which is a microcalorimeter based on 
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superconductivity. In complementary measurements in the SLAC Building 40 laser 

laboratory, we have performed further experiments to optimize conditions for both dosing 

the sample and driving recombinative desorption by ultrafast laser pulses. These 

synchrotron- and laboratory-based studies prepare us for scientific commissioning and 

time-resolved experiments at LCLS in the coming fiscal year.  

 

Theoretical capabilities for and research on ultrafast surface dynamics  

 

We benchmarked different methods (time-dependent density functional theory, density 

functional tight binding, pseudopotential and numerical atomic-orbital basis set density 

functional theory) for simulating non-adiabatic molecular dynamics on transition metal 

surfaces, which are crucial to simulate for an under-standing of energy and charge 

transfer in catalytic surface reactions. We found that the optimal method for simulation is 

here numerical atomic-orbital basis set density functional theory, which allows for 

efficient but sufficiently accurate calculation of electron-vibrational mode coupling 

matrix elements required for beyond Born-Oppenheimer dynamics. Specific area of 

interest: simulations of supported nitrogen-doped graphene as an ORR catalyst in 

conjunction with experimental investigations of this system in this project. We have 

furthermore performed simulations modeled dynamics and energetics of OH on stepped 

Cu(211) surfaces in support the analysis of our recent water-gas-shift reaction 

experiments presented above. 
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Presentation Abstract 

The presence of water has been shown to enhance hydrogenation of polar chemical 
functional groups, such as C=O and N=O bonds, through proton shuttling. To demonstrate 
such rather sophisticated reaction pathways, explicit solvent models with dynamic change 
of local solvent structures should be considered. Beyond what we reported previously for 
water-promoted C=O hydrogenation in furfural, in this presentation, we will highlight how 
the dynamics of the local water structures within the first solvation shell may affect the 
hydrogenation kinetics. Specifically, we find that the activation barriers correlate well with 
some collective variables that determine the local configuration and relative positions of 
surface hydrogen and water. In addition, very recently we show that the proton shuttling 
can also be applied to C=C hydrogenation at solid-liquid interfaces in the presence of 
bifunctional metal-acid sites containing boric acid adsorbed on Ni. Our recent calculations 
show that the dynamic transformation of this metal-acid interface can promote 
hydrogenation of the C=C bond in cyclohexene. In experiments, a rate enhancement by 
more than 100 times has been observed when adding small amount of water into an organic 
solvent. According to our atomic models, dynamic formation of a B(OH)3-H2O complex 
is crucial for lowering the activation barrier of the first hydrogenation. Our findings thus 
provide fundamental insights of this dynamic transformation at the solid-liquid interface 
and its impact on catalytic activity and selectivity. 
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RECENT PROGRESS 

Conceptual development  
Under finite temperatures, the water-catalyst interfaces explore dynamic configurations in 
a multi-dimensional space. We show that the catalytic thermodynamics and kinetics at the 
interfaces are very sensitive to the local configuration (e.g., H-bonding) and global 
environment (e.g. electrostatic interaction that changes the work function of catalysts). We 
have developed fundamental understanding, using hydrogenation of aldehyde as an 
example, of the correlation between water dynamics and reaction kinetics. This allows us 
to conclude that, while water explores the dynamic configurations, only certain 
configurations can lead to enhanced kinetics through a couple of different scenarios, which 
are further determined by the local water-metal-reactant configuration.  
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Solvent effects at bifunctional sites for promoting C=C and C=O hydrogenation.  
We investigated the role of water in the selective hydrogenation in cinnamaldehyde on 

cobalt boride catalysts. The boron species, 
during thermal treatments, exsolved from 
the bulk phase and become enriched on the 
surface, forming acidic species that 
enhance the activity and selectivity of 
carbonyl bond hydrogenation by three and 
two times, respectively, due to enhanced 
water-catalyst interaction and proton 
shuttling to the C=O bonds shown in DFT 
calculations. [Li et al. Cell Rep. Phys. 
Chem. 2023]  

 
Surprisingly, we observed > 100 rate increase for C=C hydrogenation in cyclohexene when 
a small amount of water was introduced over nickel boride catalysts. [Li et al. J. Catal. 
2024] This observation was not anticipated as it is generally believed that water cannot 
promote the C=C hydrogenation due to the lack of H-bonds between cyclohexene and 
water; in fact, water suppresses C=C hydrogenation over pure Ni. Our metadynamics 
simulations and DFT calculations show that water transforms the boric acid sites to a 
hydrated configuration, which is stabilized by the metal, and that the new configuration 
can shuttle protons for the first hydrogenation step (Figure 1), which is also the rate-
determining step, due to moderate cation-𝜋𝜋 interaction. [Sun et al. to be submitted]  
 
Confined water and enhanced proton shuttling  
We previously published a work showing that 
in metal-catalyzed nitrite reduction the 
presence of protons is essential to complete 
the reaction in the aqueous phase. By coupling 
rigorous kinetics studies of nitrite 
hydrogenation on Pd with kinetic isotope 
studies and theoretical calculations we have 
shown that in aqueous environments the 
reaction proceeds via H-shuttling in which 
protons move via the aqueous environment 
while the electrons reach the NO* through the 
metal in a concerted fashion. This mechanism 
flattens the energy landscape, which leads to 
the same apparent activation energy barrier 
(0.6 eV) for the formation of two intermediate species, HNO* and HNOH*. These results 
are consistent with the hydrogen reaction orders, kinetic isotopic experiments, and micro-
kinetic modeling including co-limiting reaction steps for NO* hydrogenation to HNO* and 
HNOH*. [Huang et al. J. Catal. 2022]  
 
Following this work, we explored different approaches to constrain the water dynamics 
and narrow its distribution. One approach is to introduce surface functionalization either 

 
Fig. 1. Water-mediated proton shuttling 
promotes hydrogenation of C=C at a 
bifunctional metal-acid site. 

 
Fig. 2. Water confined at the interface 
further promote hydrogenation through 
a more structured H-bond network. 
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by surfactants [Li et al. ACS Catal. 2022] or polymers [Huang et al. JACS Au 2024]. We 
investigated nitrite reduction over Pd decorated with temperature-sensitive polymers. We 
suggest that water can be confined at the polymer-metal interface and that this confinement 
perturbs the water interaction with the metal, reducing the barrier for the proton– electron 
transfer reduction of nitrite. This can thus explain the experimentally observed reduced 
activation enthalpy but increased activation entropy. The latter is caused by the more 
structured water due to the confinement effect.  
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Presentation Abstract 
 

Molecular catalysts for ammonia oxidation to dinitrogen represent enabling 
components to utilize ammonia as a fuel and/or source of hydrogen. Ammonia oxidation 
requires not only the breaking of multiple strong N-H bonds, but also controlled N-N bond 
formation. Owing to its high energy density and established global production and 
distribution networks, ammonia (NH3) is an appealing fuel, particularly when synthesized 
by green methods. On a per-hydrogen atom basis, ammonia contains nearly the same 
chemical energy as hydrogen (H2). Thus, sustainable catalysts that electrocatalytically 
oxidize ammonia for fuel cells or on-demand hydrogen production with only nitrogen (N2) 
as a byproduct are highly desirable.  

We describe three systems based on the Earth abundant metals iron and copper for 
the conversion of ammonia to its elements. In electrocatalytic ammonia oxidation 
employing molecular iron- and copper-based catalysts, a key step is the conversion of  NH3 
to masked forms of the amidyl radical •NH2 via PCET. Pendant pyridine bases covalently 
attached to ferrocenium engage in H-bonding to ammonia that facilitates PCET of the H-
bonded ammonia molecules to give an amidyl radical (•NH2) stabilized by a protonated 
pyridinium base en route to hydrazine (H2N-NH2) that undergoes facile oxidation to 
nitrogen (N2). Based on this success, we have appended a pyridine base to our successful 
copper β-diketiminate system for ammonia oxidation.  We seek to encourage H-bonding 
and deprotonation of resulting {[CuII]-NH3}+ intermediates to simultaneously lower the 
overpotential and increase the rate of N-N formation via reactive [CuII]-NH2 intermediates. 
Finally, we illustrate a dinuclear copper system that enables direct conversion to [Cu2](µ-
NH2) and [Cu2](µ-NH) species through stepwise loss of H2 induced by the high stability of 
these dicopper amido and nitrene intermediates.   
 
Grant or FWP Number: Grant or FWP Number: DE-SC0025575 
Catalytic Interconversion of Ammonia and Dinitrogen at Base Metals  
 
Student(s): Josalyne A. M. Beringer, Daya Shylendran 
 
Postdoc(s): Dr. Md Estak Ahmed 

 
  

413



RECENT PROGRESS 
 
Ammonia oxidation via ferrocenes with pendant amine arms 
 
H-bonding of ammonia to pyridine (py…H-NH2) followed by 1-electron oxidation leads to 
proton movement to the pyridine to form 
the pyridinium-stabilized amidyl radical 
cation [pyH…NH2]+/• susceptible to amidyl 
radical coupling to form H2N-NH2.  We 
hypothesized that fast electron transfer 
would take place from ferrocenium, 
provided that that pyridine arm is 
covalently teathered.   
 
Synthesis of a small family of ferrocenes with pyridine arms reveals that the rate of 
electrocatalytic ammonia oxidation in 2.4 M NH3 DMSO actually increases with 
decreasing overpotential.  Analysis by cyclic 
voltammetry in DMSO indicates that the 
reaction is both first order pyFc and NH3 to give 
a rate law: rate = k[pyFc][NH3]. Moreover, we 
observe a primary kinetic isotope effect kH/kD 
= 2.05(1) in electrocatalysis of NH3 and ND3. 
Curiously, the observed KIE decreases as the 
pyridine becomes more electron-rich.  
 

The slight electronic influence the electron-rich pyridine arms lowers the reduction 
potential of the FeIII/FeII couple while stronger H-bonding enabled by electron-rich 
pyridines also lowers the barrier for PCET of {FcIII---py…H-NH2}+ species to {FeII---
pyH…NH2}+.  DFT studies reveal how electron-rich pyridine arms lower the barrier for 
PCET which enhances turnover frequency. 
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Complex 3 -170 560 1.19(1)
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A combination of experimental and theoretical studies outline the catalytic mechanism for 
ammonia oxidation that directly generates hydrazine and ammonium.  The result is long-
lived generation N2 and H2 from ammonia: hydrazine is easily oxidized by the anode (and 
likely the catalyst) to N2 while reduction of NH4

+ at the cathode produces H2.   
 
Electrocatalytic ammonia oxidation by copper β-diketiminates: pendant pyridine arms 
 
We recently reported use of the copper β-diketiminate catalyst [iPr2NNF6]Cu as an 
electrocatalyst for ammonia oxidation at modest overpoentials in MeCN (η = 700 mV).  
Based on the catalytic cycle that  was validated by cyclic voltammetry, synthetic studies, 
and theory, we hypothesized that 
both the 1-electron oxidation and 
deprotonation steps could be 
encouraged by use of a pendant 
base that engages in H-bonding 
with copper-bound ammonia in 
[CuI]-NH3 species. We have 
synthesized a copper complex 
which exists as a py-bridged dimer 
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in the solid state, yet binds HN=CMe2 (the imine derived from NH3 in acetone) and DFT 
studies indicate that H-bonding to Cu-bound ammonia is favorable.  

 
 
 
 
 
 
 
 
 
 

Conversion of ammonia to dicopper stabilized µ-NH2 and µ-NH intermediates 
Through the use of a novel bis-β-diketiminate ligand joined by a flexible N,N-biphenyl 
linker that accommodates a range of metal-metal distances, we find that reaction of NH3 
with the dicopper species [Cu2] spontaneously generates the crystallographically 
characterized [Cu2](µ-NH2).  Addition of pyridine to transiently abstract a H-atom via a 
pyridinium radical pyH0/• results in converstion to the unprecedented dicopper parent 
nitrene [Cu2](µ-NH).  We hypothesize that the loss of ½ equiv. H2 accompanies each step; 
we are vigorously pursuing this tantalizing transformation. 
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Presentation Abstract 

 

Limited strategies exist for chemical recycling of diene rubber waste, a major sustainability 
challenge at present. I will discuss our approach, utilizing C–H amination and skeletal 
editing of polymer backbones, to deconstruct diene rubber into precursors for epoxy resins. 
Specifically, I will discuss our advances in selenium-catalyzed C–H amination, as well as 
the application of phospholene catalysis to prepare novel C–H amination reagents. I will 
also cover how acid-catalyzed cationic 2-aza-Cope rearrangement (ACR) can enable 
deconstruction of aminated diene polymers. Lastly, I will discuss the cross-linking of the 
aminated polymer fragments that results from the deconstruction to form epoxy resins. 
 
DE‐SC0022898: Upcycling of all‐carbon polymer backbones into value‐added 
amines via skeletal rearrangement 
Postdoc(s): Maxim Ratushnyy, Fu-Sheng Wang 
Student(s): Sydney E. Towell, Lauren Cooke 
 
RECENT PROGRESS 
 

 
Figure 1. Summary of the proposal aims. 
The major goals of the project are to (1) develop allylic C-H amination of diene polymers 
via selenium catalysis, (2) develop 2-aza-Cope rearrangement (ACR) of model substrates, 
and (3) adapt the developed C-H amination and ACR to convert diene polymers and 
rubber into value-added nitrogen-containing small molecules. 
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Aim 1: 
Last year, we discovered that 1,3-
dimethylimidazolidine-2-selenone 
is ~20 times more active as a 
catalyst for allylic C-H amination 
compared to established amination 
reported by Michael and coworkers 
(J. Am. Chem. Soc. 
2020, 142 (39), 16716–16722). We 
have begun to explore the substrate 
scope of this amination, focusing 
specifically on substrates that were 
challenging (i.e., afforded low 
yields of product) for the previously 
reported catalysis (Figure 1). In 
parallel, we are working on the 
synthesis of a diamidoselenourea, which is expected to be considerably more reactive and 
attempting to isolate intermediates of the selenourea catalysis.    
 
Aim 2: 
This aim has been completed and the work is incorporated in both a manuscript currently 
in revision in Nature, as well as in an International Patent Application No. 
PCT/US24/19903 filed based on U.S. Provisional Application No. 63/454,452. Since last 
time, the aza-Cope rearrangement (ACR) chemistry has now been not fully optimized on 
model substrates, with some of the products separated, isolated, and fully characterized. 
Under the optimized ACR reaction conditions, based on 1H NMR spectroscopy, the 
homoallylic amine repeat units were consumed with multi-step equilibrium kinetics, 
reaching a plateau of 85% conversion in 48 h. Aliquots withdrawn at different time points 
were also subjected to global Boc-protection of amine functional groups with di-tert-butyl 
decarbonate (Boc2O), which enabled analysis of the samples by gel permeation 
chromatography (GPC). Notably, universal calibration proved most convenient for the 
extraction of molecular weights from crude aliquots. Based on GPC, after just one hour of 
deconstruction, a factor of 20 reduction in viscosity-average molecular weight (Mv) was 
observed, and after 48 h, the starting polymer 21 with Mv = 58.1 kg/mol was converted to 
oligomers with Mv of ~400 g/mol (Fig. 3). Our universal calibration curve only extends to 
1,000 g/mol, so these final timepoints are extrapolated. Nonetheless, this final molecular 
weight aligns well with the one calculated via end group analysis of the corresponding 1H 
NMR spectrum after Boc- protection: via this analysis we calculate 3 alkene units per 
amine end group which gives a product mass of 307 g/mol. Additionally, the observed 
precipitous drop in the molecular weights with conversion is consistent with a 
deconstruction mechanism that is the reverse of “step-growth.” 
Combination of preparative GPC, column chromatography, and high-resolution mass 
spectrometry enabled us to isolate and characterize several deconstruction products, albeit 
in small quantities. Namely, we identified aminoaldehydes 23b and 24b and bis-amines 
25b, 26b, and 27b, which were isolated in ~0.5, 0.2, 3, 6, and 1.5 % yields respectively. 

Figure 2. Current substrate scope of amination. 
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Fig 3: Results from ACR deconstruction studies. Deconstruction reaction of 21 showing 
deconstruction products 23a–27a. (Left) 1H NMR spectra of deconstruction of 21 at 
various time points; (Right) Associated GPC differential refractive index (dRI) traces of 
1H NMR samples after c. 
Formation of these products is expected through a sequence of two or more ACR steps 
from polymer 21, which features both sequence isomerism (i.e., head/tail-to-head/tail) and 
regioisomerism due to ring-opening at one alkene or the other in the cyclooctadiene 
monomer. While ROMP of 3-substituted cyclooctenes is known to be regioselective, as 
this is a substituted cyclooctadiene, we observe isomerism more consistent with 5-
substituted cyclooctene ROMP. 
 
Aim 3: 
This aim has been largely completed and the work is incorporated in both a manuscript 
currently in revision in Nature, as well as in an International Patent Application No. 
PCT/US24/19903 filed based on U.S. Provisional Application No. 63/454,452. However, 
we pivoted to utilized sulfur diimide reagents for allylic C–H amination of the diene 
polymers and rubber, rather than selenourea catalysis. This work is incorporated in a 
manuscript currently in revision in Nature. In short, we discovered that a commercially 
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available phospholene oxide enabled the synthesis of a novel sulfur diimide reagent N,N'-
di-tert-butoxycarbonyl sulfur diimide (DTSD), which in turn was particularly well-suited 
for our amination goals because it afforded Boc-protected amines, which we could readily 
deprotect when needed. Amination of model substrate 1 with DTSD cleanly afforded the 
mono-aminated product (2) in 59% 1H NMR yield after 24 h, which was subsequently 
cleanly deprotected (Figure 4A). Having established a protocol for amination and 
deprotection of 1, we further demonstrated that it was successful in the context of linear 
1,4-polybutadiene (Figure 4B) and vulcanized polybutadiene (Figure 4C). Notably, this 
amination-deprotection sequence can also be performed under greener conditions. 
Amination of 1 using DTSD proceeds to 51% conversion in 2-MeTHF over 48 hours at 50 
°C. Additionally, in the Boc- deprotection, we can substitute excess TFA in DCM with 1.1 
equivalents of HCl in 200:1 MeOH/H2O at 50 °C. 
We then applied the Sharpless-Kresze amination sequence to post-consumer waste rubber, 
which we determined to be vulcanized polyisoprene with various proprietary additives. 
Notably,  

 
Fig. 3: Allylic amination on model substrates 1, 5, and 9. A, B, C, Amination of Z-oct-
4-ene, 1,4-PB, and crushed rubber, respectively. 
in contrast to polybutadiene, polyisoprene has three chemically distinct allylic sites per 
repeat unit: one methyl and two methylenes. In our system, achieving amination at the 
methylene allylic hydrogens, as opposed to the methyl ones, is necessary for the aza-Cope 
rearrangement step to proceed. To probe the likelihood of methyl versus methylene 
amination, we tested amination of squalene, and found that its exposure to 6 equivalents 
of DTSD led to installation of an average of 4.6 amines per molecule. After cleaving the 
N–S bond to give 15 and purifying via recycling preparative GPC (prepGPC), NMR 
analysis allowed us to estimate a 3:1 ratio of methyl/methylene amination. Base on these 
results, we expected that the desired amination of methylene positions would take place, 
albeit unselectively, in the post-consumer waste rubber. 
When we applied the Sharpless-Kresze amination to post-consumer ground rubber, we 
observed amination as confirmed by FTIR, 13C MAS-NMR, and elemental analysis. By 
elemental analysis, we estimate 35% amination in this post-consumer system, although an 
exact percent amination is challenging to determine due to the presence of unidentified 
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additives. Deprotections using KOH followed by TFA gave the final ammonium 
functionalized product. 
ACR enabled the deconstruction of the aminated crushed rubber into aminated cleaved 
polymeric products (Figure 4A–B). We applied the optimized ACR reaction conditions to 
aminated vulcanized 1,4-polybutadiene and observed after 3 hours complete dissolution of 
the crosslinked material and formation of aminated polymeric products detected by 1H 
NMR spectroscopy and GPC (after global Boc-protection). Applying similar conditions to 
non-aminated yielded no soluble polymeric products with 94% of the mass recovered. 
Application of these ACR conditions to aminated post-consumer rubber also yielded 
soluble aminated polymeric products.  
These aminated polyisoprene fragments can be utilized as curing agents to make epoxy 
resins—materials with numerous high-value applications: from adhesives, paints and 
coatings to aerospace materials. Indeed, when our polymeric products are mixed with 
Bisphenol A  

 
Fig 4: Deconstruction of crosslinked materials and application of products. A, (Left) 
ACR deconstruction of aminated polybutadiene rubber 12 with (crosslinks and 
counterions omitted for clarity); (Right) GPC dRI trace of Boc-protected deconstruction 
products after 48 h. B, (Left) ACR deconstruction of 16 (crosslinks and counterions 
omitted for clarity); (Right) GPC dRI trace of Boc-protected deconstruction products after 
48 h. C, Crosslinking reaction between polymeric products and DGEBA with photo of 
crosslinked final epoxy resin product. 
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diglycidyl ether (DGEBA) and benzyl alcohol as an accelerant, we observe solid cross-
linked material form overnight after heating to 30 °C (Figure 4C). This finding 
demonstrates that waste rubber could serve as a convenient feedstock material for epoxy 
thermosets.  
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