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FOREWORD 
 

The 2023 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 September 26-28, 2023, at the Hilton Rockeville Hotel in Rockeville, 
Maryland. The purposes of this meeting are to discuss the 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 
natural resources into fuels, chemicals, materials, or other forms of energy, 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 
“Roadmap for Catalysis Science Solutions of the Future” is aimed at looking forward to emerging 
challenges and new opportunities in catalysis science. We formulated several sub themes for the 
meeting to address ‘Emerging driving forces in Catalysis and Industry for Energy Applications’ 
and ‘Diversity, Equity, Accessibility & Energy Justice in Chemical Science Research’ as a segue 
to discuss key foundational science research underpinning technologies of the future. This year’s 
program includes two plenary sessions featuring 7 talks, as well as 20 oral and 66 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 go to Raul Miranda3 for his longstanding and continuing 
contributions to the BES/Catalysis Science Program, now from his role as Team Lead for Chemical 
Transformations in the BES/Chemical Sciences, Geosciences and Biosciences Division. 

Christine Thomas1, Sanjaya Senanayake2, Viviane Schwartz3, Chris Bradley3, Carrie Farberow3, 
and Eric Wiedner3 
1The Ohio State University 
2Brookhaven National Laboratory 
3Catalysis Science Program, Office of Basic Energy Sciences, US Department of Energy 
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2023 Catalysis Science PI Meeting 
‘Roadmap for Catalysis Science Solutions of the Future’  

 
September 26th – 28th, 2023 

Program Chairs: Christine Thomas and Sanjaya Senanayake 
 
Tuesday, September 26  

OPENING SESSION 
 

8:30-9:00 am  Welcoming Remarks and Program Updates  
Viviane Schwartz and Chris Bradley, DOE/BES/Catalysis Science Program  

 
9:00-9:20 am  BES Update 
Gail McLean, Acting Division Director, DOE/BES/Chemical Science, Geosciences and 
Biosciences Division 
 
9:20-9:30 am Welcome from Meeting Chairs 
Christine Thomas, Ohio State University and Sanjaya Senanayake, Brookhaven National 
Laboratory 
 
 

PI SESSION I  
Session Chair: Eugene Chen, Colorado State Univesity 

 
9:30 – 10:05 am  Metal Encapsulation Strategies to Optimize and Minimize PGE Use in 
Heterogeneous Catalysts 
Matteo Cargnello, Stanford University 
 
10:05 – 10:20 am  Break 
 
10:20 – 10:55 am  Fundamentals of Catalysis and Chemical Transformations 
Zili Wu, Oakridge National Laboratory 
 
10:55 – 11:30 am  Carbonylation Catalysis as a Tool for Precision Polymer Synthesis 
Ian Tonks, University of Minnesota 
 
11:30 am – 12:05 pm  Catalyst-free Upcycling of PMMA via a Doping Strategy 
Tianning Diao, New York University 
  
12:05 – 1:30 pm Working Lunch  
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PLENARY SESSION I – Emerging Forces in Catalysis and Industry 
Session Chairs: Viviane Schwartz and Chris Bradley, DOE/BES/Catalysis Science Program 

 
1:30 – 2:25 pm  Developing our Energy Future 
Javier Guzman, Energy and Technology Advisor, ExxonMobil 
 
2:25 – 3:25 pm  Panel – Emerging Forces in Catalysis and Industry for Energy Applications 
Panelists: Javier Guzman, ExxonMobil; Francesca Toma, Helmholtz-Zentrum Hereon; Paul 
Chirik, Princeton University; Sheima Khatib, Virginia Tech; Jeff Greeley, Purdue University; 
Elizabeth Biddinger, The City College of New York 
Moderator: Karl Mueller, Pacific Northwest National Laboratory 
 
3:35 – 3:50 pm  Break 
 

PI SESSION II  
Session Chair: Rachel Getman, Ohio State University  

 
3:50 – 4:25 pm  Metallacyclic Lanthanide Catalysts for the Selective Conversion of Atmospheric  
N2 to Secondary Silylamines 
Polly Arnold, Lawrence Berkeley National Laboratory 
 
4:25 – 5:00 pm  Improving the Accuracy of ML-models for Metal Oxide Surface Catalysis with 
Bulk Electronic Structure Descriptors 
Kirsten Winther, SLAC National Accelerator Laboratory 
 
5:00 – 7:00 pm  Dinner (on your own) 
 

POSTER SESSION I 
7:00 – 9:00 pm 
 
Wednesday, September 27  

 
PI SESSION III  

Session Chair: Robert Rioux, Pennsylvania State University 
 
8:30 – 9:05 am   Rates and Reversibility of CO2 Hydrogenation on Cu-based Catalysts 
Aditya Bhan, University of Minnesota 
 
9:05 – 9:40 am   Molecular Co-electrocatalytic CO2 Reduction with Redox Mediators 
Charles Machan, University of Virginia 
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9:40 – 10:15 am   Well-defined Cu/MOx/ZnO Ternary Catalysts for CO2 Hydrogenation 
Michael White, Brookhaven National Laboratory 
 
10:15 – 10:30 am   Break  
 

PI SESSION IV  
Session Chair: Smaranda Marinescu, University of Southern California 

 
10:30 – 11:05 am   Electrocatalytic Oxygen Atom Transfer Reactions 
Karthish Manthiram, California Institute of Technology 
 
11:05 – 11:40 am  Single-molecule Photoelectrocatalysis:2D Junction Effects on 3D 
Photocatalysts 
Peng Chen, Cornell University     
 
10:40 – 12:15 am   Selective Electrochemical Upgrading of Biomass-Derived Molecules to Fuels  
and Chemicals 
Kyoung-Shin Choi, University of Wisconsin 
 
12:15 – 1:30 pm Working Lunch  
 

Plenary Session II – Diversity, Equity, Inclusion, Accessibility & Energy Justice 
Session Chair: Lisandro Cunci, University of Puerto Rico, Rio Piedras 

 
Speakers and Panelists: Ping Ge, DOE Office of Workforce Development for Teachers and 
Scientists; Nastaran Ghazi, DOE Office of Scientific Workforce Diversity, Equity, and 
Inclusion; Natalie Melcer, DOE Office of the Deputy Director for Science Programs; Samuel 
Herbert, DOE Energy Justice Policy Division; Sederra Ross, ACS Green Chemistry Institute; 
Lynn Villafuerte, DOE DEIA Workforce Engagement Division 
 
1:30 – 2:50 pm  Plenary Session Presentations  
 
2:50 – 4:00 pm  Panel – Diversity, Equity, Inclusion, Accessibility & Energy Justice in Chemical 
Science Research     
 
4:00 – 4:15 pm  Break 
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Early Career Awardee Session  
Session Chair: Alison Fout, Texas A&M University  

 
4:15 – 4:30 pm   Selective Degradation of Polymer Waste to Commodity Chemicals 
Erin Stache, Princeton University 
 
4:30 – 4:45 pm   Functionalization of Methane and Carbon Dioxide Using Earth Abundant 
Metal Frustrated Lewis Pair Catalysts 
Kensha Clarke, University of Mississippi 
 
4:45 – 5:00 pm   Interpretable Deep Learning for Advancing Field-enhanced Catalysis 
Fanglin Chen, University of Massachusetts Lowell 
 
5:00 – 7:00 pm  Dinner (on your own) 
 

POSTER SESSION II 
7:00 – 9:00 pm 
 
Thursday, September 28 
 

PLENARY SESSION III 
Session Chairs: Viviane Schwartz and Chris Bradley, DOE/BES/Catalysis Science Program 

 
8:00 – 8:55 am  Catalysis Research at the Institute of Functional Materials for Sustainability  
Francesca Toma, Head of Institute of Functional Materials for Sustainability, Helmholtz -
Zentrum Hereon 

 
PI SESSION V  

Session Chair: Umit Ozkan, Ohio State University 
 
8:55 – 9:30 am  Olefin Metathesis by Supported Molybdena Catalysts 
Israel Wachs, Lehigh University 
 
9:30 – 10:05 am  Intermetallic Catalysts for Probing and Designing Hydrogenation Active Sites 
Michael Janik, Pennsylvania State University 
 
10:05 – 10:20 am   Break 
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PI SESSION VI  
Session Chair: Alan Goldman, Rutgers University 

 
10:20 – 10:55 am  Antimony-based Strategies for Small-molecule Activation and Catalysis 
Francois Gabbai, Texas A&M University 
 
10:55 – 11:30 am  Supported Electrophilic d0 Metal Hydrides for Hydrogenolysis Reactions 
Matthew Conley, University of California, Riverside 
 
11:30 – 12:05 pm  Mechanistic and Reactivity Studies of Dimeric and Monomeric Copper  
Hydrides 
Ba Tran, Pacific Northwest National Laboratory 
 

 
CLOSING SESSION 

12:05 – 12:15 pm  Final Remarks 
Christine Thomas, Sanjaya Senanayake, Viviane Schwartz, and Chris Bradley 
 
12:15 pm  Adjourn 
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POSTER SESSION I 
 

Tuesday, September 26  
 

1. Physics-based design principles for complex chemical reactions 
Frank Abild-Pedersen, Shyama Charan Mandal 
SUNCAT Center for Interface Science and Catalysis, SLAC National Accelerator 
Laboratory 
 

2. Gold Catalyzed Polymerization Reactions of Unsaturated Substrates: Towards New 
Functional, Recyclable, and Upcycled Aromatic Polymers 
Jason D. Azoulay, Eric King, and Naresh Eedugurala 
Georgia Institute of Technology 
 

3. Co-ACCESS at SSRL: Developing Synchrotron Operando Characterization 
Capabilities for the Catalysis Community 
Simon R Bare1, Adam S. Hoffman1, Jiyun Hong1, Jorge Perez-Aguilar1, Rachita Rana2, 
Fernando Vila3 
1SSRL, SLAC National Accelerator Laboratory 
2Department of Chemical Engineering, University of California at Davis  
3Department of Physics, University of Washington 
 

4. Rotating Ring-Disk Electrodes Show that Chloride-Mediated Electrochemical 
Ethanol Oxidation Occurs in Discrete One-Electron Steps 
Bart M. Bartlett, Siqi Li, Ryan D. Van Daele, Katherine Morrissey 
Department of Chemistry, University of Michigan 
 

5. Speciation and Sources of Copper Electrocatalyst Fouling During Electrochemical 
Hydrogenation and Hydrogenolysis of Furfural in Acid 
Elizabeth Biddinger and Andrew S. May 
Department of Chemical Engineering, The City College of New York, CUNY, New York 
 

6. Quantifying the activity of alloy catalysts under working conditions 
Jesse Q. Bond, Robson Schuarca, and Yaqin Tang 
Biomedical and Chemical Engineering, Syracuse University 
 

7. Gas-Phase Hydrogenation and Hydroformylation with Metal-Organic Framework 
Catalysts 
Donna A. Chen,1 Juan D. Jimenez,2 Sanjaya D. Senanayake,2 Natalia B. Shustova,1 
Deependra M. Shakya,1 Musbau Gbadamosi,1 Konstantinos D. Vogiatzis,3 and Gavin 
McCarver3 
1University of South Carolina, Department of Chemistry and Biochemistry 
2Brookhaven National Laboratory, Chemistry Division 
3University of Tennessee at Knoxville, Department of Chemistry 
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8. Approaches to the Catalytic Synthesis of Weak Chemical Bonds 
Paul J. Chirik, Junho Kim and Matthew Pecoraro 
Department of Chemistry, Princeton University 
 

9. Chemically Recyclable Polyolefins 
Paul J. Chirik, Emily Davidson, Rodney Priestley, Richard Register, Michael Webb, 
Department of Chemistry & Department of Chemical and Biological Engineering, 
Princeton University 
 

10. Electrocatalytic Oxygen Evolution (OER) via Catalytic Condensers 
Paul J. Dauenhauer and C. Daniel Frisbie 
Department of Chemical Engineering and Materials Science, University of Minnesota 
 

11. The Development of Hydricity and Ligand Binding Energy Scales for Homogeneous 
Catalyst Applications 
David A. Dixon,1 Yiqin Hu,1 Damian Duda,1 Kyle C. Edwards,1 Aaron Appel,2 Eric 
Wiedner,2 Andrei Chirila,2 Ba Tran,2 Morris Bullock2 
1Department of Chemistry & Biochemistry, The University of Alabama 
2Pacific Northwest National Laboratory 
 

12. Catalytic Dicarbofunctionalization for Production of Sequence-Encoded 
Cyclooctene ROMP Monomers 
Van T. Tran1, Anne K. Ravn1, Camille Z. Rubel1, Mizhi Xu2, Yue Fu3, Ethan 
M. Wagner2, Steven R. Wisniewski4, Peng Liu3, Will R. Gutekunst2, Keary M. Engle1 
1 Department of Chemistry, The Scripps Research Institute 
2 School of Chemistry and Biochemistry, Georgia Institute of Technology 
3 Department of Chemistry, University of Pittsburgh 
4 Chemical Process Development, Bristol Myers Squibb 
 

13. Interplay Between Solvent Molecules and Alkyl Chains and Consequences on 
Epoxidation 
David W. Flaherty,1,2 David S. Potts,1 Ohsung Kwon,1 Chris Torres1  
1University of Illinois at Urbana-Champaign 
2Georgia Institute of Technology 
 

14. Oxyanion Reduction Catalysis 
Alison R. Fout, Kelly L. Gullett, Jewel M. Moore, Hsien-Liang Cho 
Texas A&M University 
 

15. Speciation of Nanocatalysts Using X-ray Absorption Spectroscopy Assisted by 
Machine Learning 
Anatoly I. Frenkel 
Stony Brook University and Brookhaven National Laboratory (Joint Appointment) 
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16. Descriptors of Solvation at Water-Solid Catalyst Interfaces and Their Dependence 
on Both Adsorbate and Interfacial Properties 
Rachel B. Getman, Xiuting Chen, Ricardo A. García Cárcamo, Jiexin Shi, Xiaohong 
Zhang 
Department of Chemical and Biomolecular Engineering, The Ohio State University 
 

17. Gold Pincer Complexes for Aerobic Oxidations 
Karen Goldberg, Alexander Phearman, Yotam Ardon and  
Department of Chemistry, University of Pennsylvania 
 

18. Catalytic alkane dehydrogenation: "Non-classical" approaches 
Alan S. Goldman  
Department of Chemistry, Rutgers University 
 

19. First Principles Studies of Solvation and Electrocatalytic Reactivity Trends 
Jeffrey Greeley  
Davidson School of Chemical Engineering, Purdue University 

 
20. Understanding Molecular Catalysts for Oxidative Arene Alkenylation: A 

Comparison of Rh and Pd Catalysis 
T. Brent Gunnoea, Marc T. Bennetta, Kwanwoo Parka, Xiaofan Jiaa, Hannah E. Ketchama, 
Charles B. Musgrave IIIb, William A. Goddard IIIb, Sen Zhanga 
a Department of Chemistry, University of Virginia 
b Materials & Process Simulation Center, California Institute of Technology 

 
21. Oxidation of Amines Coordinated to Ruthenium Metal Centers: Our Quest for 

Mechanistic Insight 
Thomas W. Hamann, Chuan-Pin Chen, Milton R. Smith, III  
Department of Chemistry, Michigan State University 
 

22. Well-Defined Single-Site Catalysts Supported on Phosphine-, Arsine- and Stibine-
based MOFs as Solid-State Ligands 
Simon M. Humphrey 
Department of Chemistry, University of Texas at Austin 

 
23. Fluxionality of Supported Pt Clusters and Consequences for H2 Adsorption and 

Reaction 
Ayman M. Karim,1 Ricardo Pool Mazun,1 Vinson Liao,2 Hung-Ling-Yu,1 Md Raian 
Yousuf,1 Salman Khan,2 Dionisios G. Vlachos,2 
1 Virginia Polytechnic Institute and State University 
2 University of Delaware 
 

24. Polydentate Lewis Acids in FLP Catalyzed Hydrogenations of Aldehydes and 
Organosuperbase Catalyzed Sb-C Bond Formation 
Clemens Krempner, Jacob Culvyhouse, Elin Sarkissian 
Department of Chemistry and Biochemistry, Texas Tech University 



 

xi 
 

 
25. Catalyst design strategies for multifunctional metal-promoted zeolites in methane 

dehydroaromatization 
Sheima J. Khatib1, Md Sifat Hossain1, Gagandeep Singh Dhillon2,3, Liping Liu1, 
Hongliang Xin1, Apoorva Sridhar2,4, Emanuele J. Hiennadi1, Jiyun Hong5, Simon R. 
Bare5 
1 Department of Chemical Engineering, Virginia Tech, Blacksburg, VA 24061, USA 
2 Department of Chemical Engineering, Texas Tech University, Lubbock, TX 79409, 
USA 
3 Lydian Labs Inc., Cambridge, MA-02139, USA 
4 Intel Co, Hillsboro, OR 97124, USA 
5 SSRL, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA 
 

26. Mechanistic Investigations of Gas-Phase and Surface-Mediated Oxidative Coupling 
Reactions 
Coleman X. Kronawitter, Ambarish R. Kulkarni 
University of California, Davis 
 

27. Low-Temperature Electrocatalytic Manufacturing of Essential Chemical Building 
Blocks 
Brian M. Tackett, B. W. Boudouris, R. Gounder, Jeffrey P. Greeley, Jeffrey T. Miller 
Purdue University, Chemical Engineering 
 

28. Converting Carbon and Nitrogen Waste Products to Valuable C-N Compounds 
V. Sara Thoi 
Department of Chemistry, Johns Hopkins University  
 

29. Towards a polyolefin-based refinery: Understanding and controlling the critical 
reaction steps 
Huamin Wang, Johannes A. Lercher 
Institute for Integrated Catalysis, Pacific Northwest National Laboratory 
 

30. Linking operando spectroscopy with microkinetic modeling to unravel the catalytic 
mechanism for CH4 oxidation on IrO2(110) 
Jason F. Weaver1, Jovenal Jamir1, Minkyu Kim2, Connor Pope1, Aravind Asthagiri3  
1 Department of Chemical Engineering, University of Florida 
2 School of Chemical Engineering, Yeungnam University 
3 William G. Lowrie Chemical & Biomolecular Engineering, The Ohio State University 
 

31. Non-Orthogonal Tandem Catalysis in Compartmentalized Nanoreactors 
Marcus Weck,1 Eman Ahmed,1 Jinwon Cho,2 Seung Soon Jang,2 Christopher W. Jones,2 
Fangbei Liu,1 Joshua Polster,1 Jules Zambito,1 Wenyang Zhao2 
1 Department of Chemistry and Molecular Design Institute, New York University 
2 School of Chemical & Biomolecular Engineering and School of Materials Science & 
Engineering, Georgia Institute of Technology 
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POSTER SESSION II 

 
Wednesday, September 27  

 
32. Theoretical studies on BES Catalysis Core Program 

Líney Árnadóttir,a,b Greg Collinge,a Jack Fuller,a Bojana Ginovska,a Mal-Soon Lee,a 
Simone Raugei, a Greg Schentera  
a Physical and Computational Sciences Directorate and Institute for Integrated Catalysis, 
Pacific Northwest National Laboratory 
b School of Chemical, Biological, and Environmental Engineering, Oregon State 
University 
 

33. The Role of Surface Hydroxyls and Entropy in Hydrogen Spillover  
Bert D. Chandler,1,5 Akbar Mahdavi-Shakib,1 Todd N. Whittaker,2,3 Tae Yong Yun,1 K. 
B. Sravan Kumar,4 Lauren C. Rich,2 Shengguang Wang,4 Robert M. Rioux,1,5 Lars C. 
Grabow4   
1Department of Chemical Engineering, The Pennsylvania State University 
2Department of Chemistry, Trinity University 
3Department of Chemical and Biological Engineering, The University of Colorado, 
Boulder 
4Department of Chemical and Biomolecular Engineering, University of Houston 
5Department of Chemistry, The Pennsylvania State University 
 

34. Redesigning Polymers to Leverage A Circular Economy (RePLACE) 
Eugene Y.-X. Chen,1 Garret M. Miyake,1 Linda J. Broadbelt,2 Tobin J. Marks,2 Yuriy 
Román-Leshkov3 
1 Colorado State University  
2 Northwestern University 
3 Massachusetts Institute of Technology 
 

35. Metal Carbides/Nitrides and Bimetallic Alloys as Low-cost Electrocatalysts 
Jingguang Chen,1,2 Neal Biswas,1 Hansen Mou,1 Kevin Turaczy,1 Samay Garg,1 Qiaowan 
Chang,1 Shyam Kattel,3 Feng Jiao4 
1 Department of Chemical Engineering, Columbia University 
2 Chemistry Division, Brookhaven National Laboratory 
3 Florida A&M University 
4 University of Deleware 
 

36. Theory-guided Innovation of High-performance Electrocatalysts for CO2 Reduction 
Zhongfang Chen,1 William E. Mustain2 
1 Department of Chemistry, University of Puerto Rico at Rio Piedras 
2 Department of Chemical Engineering, University of South Carolina 
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37. Catalytic production of hydrogen and solid carbon from methane over MgO 
supported catalysts 
Steven Crossley,1 Daniel Resasco,1 Bin Wang,1 Anibal Boscoboinik2  
1 University of Oklahoma, Department of Sustainable Chemical, Biological and Materials 
Engineering 
2 Brookhaven National Laboratory, Center for Functional Nanomaterials 
 

38. Catalysts Research in Oxygen Reduction and Oxidation Reactions to Increase 
Representation in Energy Science in Puerto Rico 
Lisandro Cunci 
Department of Chemistry, University of Puerto Rico – Rio Piedras Campus 

 
39. Designing, Developing, And Understanding Electrocatalysts and Interfaces for 

Energy Conversion Reactions 
Thomas F. Jaramillo 
Department of Chemical Engineering, Stanford University 
Department of Energy Science Engineering, Stanford Doerr School of Sustainability 
Photon Science, SLAC National Accelerator Laboratory 
 

40. Following Ultrafast Reaction Dynamics and Capturing Rare Intermediates in 
Heterogeneous Catalysis 
Tony F. Heinz, Frank Abild-Pedersen, Alan Luntz, Anders Nilsson, Hirohito Ogasawara, 
Johannes Voss 
SLAC National Accelerator Laboratory 

 
41. Dithiolene-Based Coordination Complexes and Polymers For H2 Evolution and CO2 

Reduction 
Smaranda C. Marinescu 
Chemistry Department, University of Southern California 
 

42. Bimetallic Catalysts for Bio-oil Upgrading: A Multi-Scale Modeling Approach 
Jean-Sabin McEwena,c, Naseeha Cardwella, Isaac Onyangoa, Neeru Chaudharya, Alyssa J. 
R. Hensleya,b, Xianghui Zhanga, Sten Lambeetsc, Megan Rose Hawkinsa, Greg Collingec, 
Cody B. Cockrehama, Junnan Shangguand, Reinhard Deneckee, Yong Wanga,c, Cathy 
Chind, Di Wua, Pierre Gaspardf, Thierry Visart de Bocarméf, Daniel Pereac  
a Washington State University (WSU), Pullman, WA 99164, USA 
b Stevens Institute of Technology, Hoboken, New Jersey 07030 USA 
c Pacific Northwest National Laboratory, Richland, WA 99352, USA 
d

 University of Toronto, ON M5P 2G8, Canada 
e University of Leipzig, Leipzig, D-04103, Germany 
f Université Libre de Bruxelles, Brussels, B-1050, Belgium 
 

43. Tailoring the near-surface environment of Rh single-atom catalysts for selective 
CO2 hydrogenation 
Will Medlin, Alex Jenkins, Erin Dunphy, Charles Musgrave, Michael Toney  
Dept. of Chemical and Biological Engineering, University of Colorado 
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Presentation Abstract 
 

Platinum-group elements (PGEs) are critical materials used in heterogeneous 
catalysts, and there is a critical need for reducing their usage through increasing the 
catalytic efficiency or by replacing them with more abundant elements. Catalytic 
converters account for 33% of the world’s Pt use, 85% of Pd, and 90% of Rh, and 
improving their efficiency is crucial to decrease our dependency on these rare and 
expensive metals. Current usage of larger amounts of Pt, Pd and Rh than necessary is due 
to catalyst deactivation at high temperatures in the exhaust gas mixture, which leads to 
sintering and loss of activity. Our work demonstrates an approach where Pt/Pd-based 
catalysts are active and stable under air and steam conditions above 1,000 °C. These results 
prompted us to investigate and understand the reasons for such stability, as well as how to 
further improve these catalysts through a theory-driven approach supported by detailed 
operando characterization and precise synthesis. Overall, the project vision is to understand 
the catalytic activity and stability of PGE-containing materials and significantly improve 
their efficiency and reduce their usage by more than 50%. 

In this talk, I will discuss our recent work related to the fundamental understanding 
of catalyst stability, as well as the development of methods to further improve their activity 
and performance for emission control reactions. Using a combination of colloidal and 
atomic layer deposition synthesis, advanced characterization using synchrotron and 
microscopy techniques, as well as density functional theory calculations, we unveiled that 
oxide overcoats reduce the sintering tendency of Pt-based catalysts and that this method 
can be extended to several combinations of metal and oxide supported catalysts, including 
Pd- and Rh-based catalysts. Overall, our results improve our knowledge of sinter-resistant 
materials to improve the efficiency of PGE usage that can be extended to other areas of 
heterogeneous catalysis. 
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New Tools for Degradable Polyester Synthesis Incorporating CO and CO2 
Comonomers 

 
Ian Tonks 

University of Minnesota 
 

Presentation Abstract 
 

Polyesters are versatile plastics that are attractive platforms for the development of 
potentially degradable or recyclable materials. Our research group is interested in the 
design and implementation of new polymerization strategies that incorporate biorenewable 
monomers into degradable polyesters, with a focus on carbonylation and carboxylation 
strategies that use CO or CO2 to build the ester subunit during polymerization. In this talk, 
two main strategies will be discussed: first, the head-to-tail carbonylation of 
bioderived a,w-enols to generate branched polyesters; and second, the telomerization of 
butadiene with CO2 and subsequent ring-opening polymerization to generate vinyl-
sidechain functionalized polyesters containing 30% CO2 by weight. Fundamental 
organometallic studies into reaction mechanism, as well as ligand effects on catalysis, 
feature prominently in our continued reaction development. 
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Presentation Abstract 

 
The upcycling of polymers to monomers has emerged as an appealing strategy to 

mitigate the accumulation of plastic waste by fostering a circular economy. Poly(methyl 
methacrylate) (PMMA) is a widely used commodity polymer that offers a cheap, light-
weight, and shatter-resistant alternative to glass. Currently, approximately 90% of PMMA 
waste ends up in landfills. While PMMA can be commercially recycled back into 
monomers via pyrolysis, the high reaction temperature of 400 ºC often leads to impure 
monomer recovery and diminished energy efficiency. We have developed a doping 
strategy that facilitates chemical upcycling at a reduced temperature of 150 °C, enabling 
the reversion to MMA suitable for repolymerization. Central to this method is the 
incorporation of a nominal amount of an -substituted styrene co-monomer, which forms 
a weak head-to-head linkage between -substituted styrene dyads within the backbone of 
the polymer.  
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Presentation Abstract 
 
Dinitrogen is a challenging molecule to activate and reduce to useful products. The range 
of d-block metal complexes that can catalyze dinitrogen reduction to ammonia or 
tris(silyl)amines under ambient conditions has increased in recent years, and now includes 
more electropositive metal complexes, rather than the traditional electron-rich middle and 
late cations used by nature and industry. Conventional f-block metal complexes do not 
have filled d-orbitals that would enable binding of N2. We have used arene-bridged 
tetraphenolates to form metallacyclic structures by coordination to lanthanide or group 4 
cations that can bind dinitrogen in the cavity and catalyze its conversion to bis(silyl)amines 
in ambient conditions. The unusual double-substitution product is attributed to the steric 
control afforded by the metalacycle’s pocket. This is the first time that lanthanide 
complexes have been shown to catalyze nitrogen reduction. We will discuss the potential 
role of d- and f-orbitals by the f-block catalysts, by comparison of the series’ most active 
member, samarium, with uranium and group 4 analogues. We will also consider the role 
of the π-systems in the ligand in retaining stabilizing group 1 metal cations in the catalyst 
coordination sphere and electron transfer. Electron paramagnetic resonance (EPR), NMR, 
Raman and IR spectroscopies, X-ray diffraction, X-ray spectroscopies, and computational 
studies provide insight into the mechanism of the reductive functionalization. These results 
suggest new catalytic applications for members of the lanthanide series that are almost as 
abundant as copper, and less toxic than iron.  
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Presentation Abstract 

 
The advancement of clean hydrogen technologies relies on the discovery of high 
performing catalysts for the oxygen evolution reaction (OER) and oxygen reduction 
reaction (ORR). To achieve this goal, affordable and abundant alternatives to precious 
metal catalysts with sufficient stability and catalytic activity must be discovered. Ab initio 
simulations combined with machine learning (ML) methods can play an important role in 
screening a larger search space of potential catalysts materials of higher structural and 
compositional complexity. Here, transition metal oxides (TMOs) is a promising class of 
material where cation and/or anion mixing and doping can be applied to tune material 
properties.  
 
In this talk I will show how electronic and structural descriptors derived from bulk DFT 
calculations can improve ML models for the OER and ORR on transition metal oxides. In 
previous work [1] we demonstrated that the electronic structure of the bulk TMO, obtained 
as the crystal orbital Hamiltonian populations (COHP) of the metal-oxygen bond, is an 
excellent descriptor for O and OH adsorption. Here, I will discuss our extended model for 
O and OH adsorption across crystal structures and oxidation states, utilizing a new dataset 
of adsorption on binary (AxOy) oxide surfaces spanning the entire transition metal series. 
Building on our recent work, we extend the COHP-based model to a ML-based prediction 
of adsorption across multiple oxidation states to obtain a MAE < 0.2 eV for the O-OH and 
OH adsorption energy descriptors. These results can enable a more efficient screening of 
catalysts on the bulk level of DFT computation to significantly reduce the computational 
cost. 
 
Furthermore, I will discuss how the COHP analysis can be applied to oxide surfaces to 
understand the impact of metal valency, structural reorganization, and magnetization on 
adsorption energetics. Last, I will discuss recent progress on collecting and accessing 
computational and experimental data on catalysis-hub.org. 
 
 
[1] Comer et al. JPCC 2022 126 (18) 
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Presentation Abstract

Kinetics of reaction pathways involved in the conversion of CO2 to methanol and to CO 
on Cu/ZnO/Al2O3 are resolved using in situ chemical titration, steady-state kinetic 
measurements, and mathematical formalisms for reversibility to assess salient species 
governing methanol selectivity and yield during CO2 hydrogenation. Across a range of 
CO2:H2 = 1:1 to CO2:H2 = 1:80.5, active site density determined from in situ chlorine 
uptake remained invariant; hence, observed trends in rates can be interpreted as only arising 
from reaction kinetics and not from changing active site density. Kinetic and 
thermodynamic contributions to rates are decoupled to evaluate forward and reverse rates 
of methanol synthesis and reverse water-gas shift (RWGS) reactions. These kinetic 
analyses show that the forward rates of methanol synthesis exhibit persistent first order 
dependence on PH2 and are inhibited by H2O more significantly than those of RWGS. In 
contrast, the reverse rates of methanol synthesis and RWGS are both inhibited by H2. 
Consequently, without any modifications to the Cu/ZnO/Al2O3 catalyst formulation, 
methanol selectivity can be increased to >80% by increasing inlet H2 partial pressure and 
methanol yield can be enhanced by ~20% by adding water adsorbents even under 
conditions far from equilibrium.

DE-SC00019028: Polyfunctional catalysis for upgrading C1 feedstocks
Student(s): Brandon Foley, Neil Razdan, Xinyu Li, Ting Lin

Kinetic description of site ensembles on catalytic surfaces

The ubiquitously-used Langmuir-
Hinshelwood (LH) formalism is an 
incomplete kinetic description as it relies 
on the implicit assumption that adsorbed 
species are uniformly distributed. Even in 
simple catalytic reactions such as A + A 
→ A2 (Table 1), the LH model results in miscounted site pairs and, consequently, 
miscalculated rates, coverages, reaction orders, and degrees of rate control. In Table 1, the 
general rate expression of the surface reaction in step 2 is given by r = kr(z/2)θAA where z
is the coordination of the surface lattice and θAA is the fraction of pairs of sites which 
contain two A* species. By the LH formalism, the mean-field metric, μij = θij(θiθj)-1, is 
assumed unity for all site pairs ij, giving the site-pair coverage of θAA = θA

2. The veracity 
of this approximation is contingent on a sufficiently randomizing process – namely, 

Table 1: 2A(g) → A2(g) with adsorbate surface 
diffusion.

# Step Rate constants
1 A(g) + * ↔ A* kads = 1, kdes = 1
2 A* + A* → A2 + ** kr = 50
n/a A* + * ↔ * + A* kdiff = 1

8



arbitrarily-fast surface diffusion – to ensure there are no spatial correlations between sites. 
If diffusion of each adsorbate is not infinitely-fast compared to catalysis, rigorous 
description of resultant congregation (μij > 1) and partitioning (μij < 1) of surface species 
requires derivation of elementary step rate expressions unique to each multi-site ensemble.  

Explicit derivation of the surface reaction (step 2) rate equation for A*–A* pairs can 
be accomplished using a conditional-probability-based higher-order formalism to account 
for the loss of an A*–A* pair for each surface reaction event as well as the additional loss 
of an A*–A* pair if the reactive center is neighbored by another A*-occupied site. This 
yields  = − − 2 − 4    = − 1 + 6

 

where the second equality utilizes a truncation procedure to obtain an ensemble-specific 
rate equation in terms of one- and two-site coverages. Ensemble-specific rate equations 
such as these arise for each elementary step including surface diffusion, are critical to the 
improvements of higher-order kinetic descriptions, and capture clustering (μij > 1) and 
isolation (μij < 1) phenomena inaccessible to the LH formalism. 

Figure 1 shows select mean-field metrics (μ), reaction orders (Ψ), and degrees of 
rate control (XRC) for the reaction in Table 1 as a function of the partial pressure of A(g) 
(PA) on a 2D square lattice. For PA < 10–2, μAA calculated by the higher-order formalism is 
far less than unity (i.e. μAA = 0.13 < 1 in Fig. 1(A)), indicating an isolation of A* species 
unnoticed by the LH model. The dearth of A*–A* pairs results from (i) rapidity of surface 
reaction which quickly annihilates neighboring A* species (i.e. kr >> kdes) and (ii) surface 
diffusion rates which are insufficient to ally separated A* (i.e. kdiff ~ kdes << kr).  The LH 
formalism assumes infinitely-fast surface diffusion and miscalculates XRC,diff = 0. In 
actuality, as the higher-order formalism shows, the diffusive conveyance of A* species is 
the most kinetically-relevant step (i.e. XRC,diff ~ 0.7 in Fig. 1(C)) and is responsible for 
redressing the scarcity of A*–A* pairs necessary for A2(g) formation. The isolation of A* 
also places a kinetic burden on A(g) adsorption to generate A*–A* pairs to which the LH 
formalism is ignorant – resulting in the LH model underestimating ΨA by as much as ~0.4 
for PA = 10–4 – 100 (Fig. 1(B)). The presented higher-order formalism is general to site 
ensembles of any size, quantitatively accounts for surface diffusion, and can readily be 
modified to include energetic adsorbate interactions. 

Figure 1. Kinetic descriptors of the reaction system in Table 1 calculated by the Langmuir-
Hinshelwood (LH) and higher-order (High.-Ord.) formalisms.  
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Rates and reversibility of CO2 hydrogenation on Cu-based catalysts 
CO2 hydrogenation, in contrast with CO hydrogenation, can form both methanol 

and CO via the methanol synthesis reaction ( + 3 ⇄ + ) and the 
reverse water-gas shift (RWGS) reaction ( + ⇄ + ). The presence of two 
reaction pathways adds ambiguity to the reaction network, the relevant active site(s), and 
the surface intermediate(s) involved during catalysis. Regarding the active site for the 
conventional Cu/ZnO/Al2O3 catalyst formulation, the extent of Cu-Zn interaction has been 
postulated to vary with the reduction potential experienced by the catalyst. These dynamic 
changes, if prevalent, hinder kinetic analyses of rates and selectivity as rate measurements 
necessarily reflect a convolution of changing active site density and changing chemical 
activity of the species present. The elucidation of the intrinsic kinetic behaviors is further 
hampered by thermodynamics, which imposes severe equilibrium limitation and results in 
observed net reaction rates of methanol synthesis that include both kinetic and 
thermodynamic contributions. The assessment of methanol selectivity and yield of CO2 
hydrogenation from a kinetic standpoint must therefore address both the catalyst active site 
density and disambiguate kinetic and thermodynamic driving forces. 

Based on a constant Cl uptake measured during in situ methylene chloride titration 
across different H2:CO2 ratios, the active site density of Cu/ZnO/Al2O3 under working 
conditions was first demonstrated to remain invariant with changing H2:CO2 ratio. This 
observation does not preclude complex Cu-Zn interactions but simply demonstrates that 
measured trends in reaction rate and selectivity are derived solely from the underlying 
reaction kinetics. Accordingly, measured first order dependence of methanol synthesis on 
H2 partial pressure, which persists up to H2:CO2 = 100:1, indicates a dearth of H* species 
during catalysis. While the evaluation of apparent reaction orders is undoubtedly a fruitful 
and perhaps predominant approach to evince possible reaction mechanisms, validation of 
purported reaction pathways often requires derivation of rate expressions, which, in turn, 
requires assumptions regarding the reaction network connectivity. Instead, the reversible 
nature of CO2 hydrogenation can be leveraged to invoke formalisms grounded in 
thermodynamics and reversibility. These relations not only provide stringent requirements 
on network connectivity between methanol synthesis and RWGS but also enable the 
deconvolution of net rates of CO2 hydrogenation into their constitutive unidirectional 
forward and reverse components for intrinsic kinetic analyses. 

To discern whether methanol is formed directly from CO2 or from a sequential 
RWGS and CO hydrogenation ( + 2 ⇄ ) pathway, we utilize two 
thermodynamic constraints for reversible reactions: (i) the effective reversibility of an 
overall reaction is the product of the reversibility of its constituent elementary steps 
regardless of the network connectivity, and (ii) the reversibility of each constitutive 
elementary step in a closed catalytic cycle must be less than unity for the reaction to 
proceed in the forward direction per de Donder’s inequality. Consequently, a sequential 
RWGS and CO hydrogenation pathway for methanol synthesis requires the effective 
reversibility of methanol synthesis to be smaller than that of RWGS. , → = , → , → ⇒ , → ≤ , →  
Under the conditions studied, however, the measured overall reversibility for methanol 
synthesis is higher than that of RWGS (Fig. 2), contradicting the requirement for any 
postulated sequential RWGS and CO hydrogenation pathway for the generation of 
methanol. The CO2-to-CO-to-CH3OH sequential pathway is therefore thermodynamically 
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forbidden under the conditions studied; the reaction network of CO2 hydrogenation should 
instead be branched, with CO and CH3OH stemming from distinct pathways (Scheme 1). 

A branching pathway as shown in Scheme 1 enables the determination of rates 
specific to the methanol synthesis and RWGS pathways. By leveraging the characteristic 
equation of a plug flow reactor and by utilizing the definition of effective reversibility, 
unidirectional forward and reverse turnover frequency (TOF) can be determined based on 
measured net rates and reversibility values at different CO2 chemical conversions. This 
analysis showed that H2O preferentially inhibits the forward rate of methanol synthesis 
over the forward rate of RWGS, and that H2 inhibits the reverse rates of both methanol 
synthesis and RWGS despite H2 enhancing methanol synthesis forward rate (Fig. 3). 
Together, these results prescribe and demonstrate practical approaches to enhance 
methanol yield and selectivity from a kinetic standpoint – increasing PH2 by changing feed 
composition and decreasing PH2O by adding water adsorbents – all without changing the 
conventional Cu/ZnO/Al2O3 formulation.

Figure 3. Instantaneous unidirectional (a) forward and (b) reverse rates of methanol synthesis 
(red) and RWGS (black) at 523 K on Cu/ZnO/Al2O3 as a function of PH2 at PCO2 = 4.7 bar.

Figure 2. Methanol synthesis (red) 
and RWGS (black) overall 
reversibility as a function of PH2 on 
Cu/ZnO/Al2O3 at PCO2 = 4.7 bar.

Scheme 1. Postulated branching reaction 
network for CO2 hydrogenation. Stoichiometric 
amount of H2 and H2O are omitted for simplicity.
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Presentation Abstract 

 
Anthropogenic carbon dioxide (CO2) emissions continue to be the primary contributor 

to climate change. The development of catalytic processes for the efficient conversion of 
CO2 to useful chemical precursors or fuels could result in a ‘closed loop’ for carbon, if 
emissions from combustion are converted back into reduced and high-energy small 
molecules using renewable sources. The use of redox mediators (RMs), which transfer 
electrons and sometimes protons during a reaction of interest, is a possible solution to 
improving the activity and scalability of molecular electrocatalysts for CO2 reduction. 
However, fundamental advancements in our understanding of co-catalytic activation 
strategies are still required to realize this strategy.  

We are investigating the use of sulfone- and phosphole-based RMs with molecular Cr 
complexes for electrocatalytic CO2 reduction to carbon monoxide (CO). Our preliminary 
results show that sulfone- and phosphole-based RMs with aromatic components can 
interact with electrocatalysts that have redox-active aromatic ligand fragments after CO2 
binding and reduction. In these systems, association is driven by weak axial coordination, 
the interaction of the aromatic anion(s), and dispersion effects. We find that the strength of 
the interaction can be tuned to improve the activity of catalysis at lower overpotentials by 
modifying redox potential and aromatic character of the RM and the catalyst. Interestingly, 
proper design can lead to inverse potential scaling for the observed activity, suggesting that 
the redox potential of the catalyst and RM are good proxies for energy of the aromatic 
components involved in co-catalyst speciation. 
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Presentation Abstract 
 

The chemical conversion of carbon dioxide has gained widespread interest as an alternative 
route for producing commodity chemicals such as methanol while also mitigating 
greenhouse gas emissions through capture and reutilization. The commercial 
Cu/ZnO/Al2O2 catalyst for methanol synthesis suffers from limited conversion and 
selectivity for CO2 hydrogenation to methanol and alternative catalysts employing ZrO2 or 
other metal oxides as promoters exhibit improved performance. Mechanistically, the 
activation and binding of CO2 is thought to occur on the oxide components, while Cu 
provides H-atoms for hydrogenation steps via H2 dissociation and spillover to 
intermediates at the Cu-oxide interface. The active phases at the Cu-oxide interface, 
however, are still largely uncertain including the size-dependence of the Cu nanoparticles 
and presence of Cu+ sites. In this project, we are investigating the roles of Cu, ZnO and 
ZrO2 and their synergy in promoting CO2 hydrogenation using planar model catalysts 
composed of size-selected Cun clusters deposited onto ZnO, ZrO2 and ZrO2/ZnO supports 
(single crystal, powders and thin films). The formation and evolution of surface 
intermediates (e.g., formate and methoxy) are probed by XPS and infrared reflectance 
absorption spectroscopy (IRRAS) under near ambient pressures of CO2 + H2 and elevated 
temperatures. These results provide insight into the mechanism of CO2 hydrogenation 
reaction on Cu/ZrO2/ZnO catalysts, the influence of Cu particle size, and the relative 
importance of Cu-oxide and ZnO-ZrO2 interfaces which can aid the development of 
optimal catalysts for CO2 conversion to methanol.  
 
FWP-BNL-CO040: Catalysis for Advanced Fuel Synthesis 
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Presentation Abstract 

 
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 presentation, we will discuss 
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. Doping the surface with single atoms can provide tunability over oxygen 
electrophilicity, a critical parameter in controlling epoxidation rates. We have developed 
mechanistic understanding of how water is activated, providing means by which the 
selectivity for oxygen-atom functionalization can be rationally improved.  
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Presentation Abstract 

 
This presentation will describe our efforts in developing and applying single-

molecule imaging approaches to study (photo)(electro)catalysis on nano- and micro-scale 
particles. I will first give some background on single-molecule, super-resolution 
fluorescence imaging of catalytic reactions on single catalyst particles, with some 
examples. I will then focus on a recent study of photoelectrocatalytic properties of 
particulate semiconductor photocatalysts, which are paramount for many solar energy 
conversion technologies. In anisotropically shaped photocatalyst particles, the different 
constituent facets may form inter-facet junctions at their adjoining edges, analogous to 
lateral two-dimensional (2D) heterojunctions or pseudo-2D junctions made of few-layer 
2D materials. Using subfacet-level multimodal functional imaging, we uncover inter-
facet junction effects on anisotropically shaped bismuth vanadate (BiVO4) particles and 
identify the characteristics of near-edge transition zones on the particle surface, which 
underpin the whole-particle photoelectrochemistry. We further show that chemical 
doping modulates the widths of such near-edge surface transition zones, consequently 
altering particles’ performance. Decoupled facet-size scaling laws further translate inter-
facet junction effects into quantitative particle-size engineering principles, revealing 
surprising multiphasic size dependences of whole-particle photoelectrode performance. 
The imaging tools, the analytical framework and the inter-facet junction concept pave 
new avenues towards understanding, predicting and engineering (opto)electronic and 
photoelectrochemical properties of faceted semiconducting materials, with broad 
implications in energy science and semiconductor technology. 
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Presentation Abstract 
 
 Due to growing energy demands as well as environmental concerns, the production 
of fuels and building block chemicals from renewable sources has become an important 
area of research. In particular, the use of biomass as feedstock for the production of fuels 
and building block chemicals holds great promise due to its abundance, accessibility, and 
worldwide distribution. Owing to the considerable and continuing decrease in the cost of 
electricity provided by renewable energy sources, electrochemical processes have become 
viable and appealing routes for reductive and oxidative biomass conversion. The use of 
electrochemical potential to drive oxidation and reduction reactions has the advantage of 
performing the reactions at ambient temperature and pressure without requiring the 
continuous consumption of reductants and oxidants.  
 Most biomass intermediates contain multiple functional groups. Therefore, 
achieving reduction and oxidation of only the desired functional groups is critical for 
efficient and selective upgrading of biomass intermediates. For reductive biomass 
upgrading, many intermediates containing oxygenated moieties such as carbonyl and 
alcohol groups must be selectively reduced to form desired fuels and chemicals. Thus, 
controlling the selectivity between hydrogenation and hydrogenolysis is of great 
importance for these transformations. For oxidative upgrading, partial oxidation of biomass 
intermediates to molecules that have greater value than the starting molecules while 
avoiding their complete oxidation to CO2 is needed. Since most biomass intermediates 
contain multiple alcohol and aldehyde groups, the ability to selectively dehydrogenate only 
the desired functional group (alcohol vs aldehyde, primary alcohol vs secondary alcohol) 
will be vitally important for efficient and selective chemical production via biomass 
conversion.  
 In this presentation, we will discuss electrochemical hydrogenation, hydrogenolysis, 
and dehydrogenation processes and mechanisms that our group has been investigating for 
the conversion of biomass-derived molecules (e.g., 5-hydroxymethylfurfural, glycerol) to 
various valuable fuels and chemicals. Through this discussion, we hope to provide new 
insights to build general mechanistic frameworks for electrochemical hydrogenation, 
hydrogenolysis, and dehydrogenation reactions based on which more efficient and 
selective electrocatalysts and optimal reactions conditions to produce desired fuels and 
chemicals can be identified. 
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Presentation Abstract 

 
While plastics have enabled our modern society, the scale of commercial polymer 
production, dismal recycling levels, and the absence of environmental degradation 
pathways have led to the vast accumulation of plastics in the environment. This talk will 
discuss our work towards leveraging fundamental principles of organic chemistry to 
convert polymer waste into valuable commodity chemicals. Using polymer waste as a 
commodity chemical feedstock lessens dependence on fossil fuels and remediates plastic 
buildup in the environment. We are developing selective strategies for valorizing polymer 
waste using the fundamental kinetics and thermodynamics of C–H bonds and abstraction 
agents. We convert commercial polymers into divergent commodity chemical streams 
through selective C–H abstraction and modulation of reaction conditions. We also 
demonstrate selective valorization in mixed polymer waste based on kinetic and 
thermodynamic selectivity principles. Successful demonstration of these approaches will 
motivate new recycling approaches and research into the chemical upcycling of 
commercial polymer waste. 
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Presentation Abstract 
 
Activation of the thermodynamically strong, kinetically inert C‒H bonds of methane 
remains a major barrier to its broader use as a major chemical feedstock. To address this 
challenge, earth abundant metal-based frustrated Lewis pairs (FLPs) that facilely and 
selectively activate C‒H bonds have been designed. The metal complexes, which serve as 
the acidic FLP component, are supported by the flexible tripodal ligand, tris(2-
(benzylidene)aminoethyl)amine (TRIM). It was found that these FLPs readily and 
reversibly activate methane at room temperature, whereby the formation of isotopomers of 
methane and of the reaction solvents suggests that this reactivity is also selective for sp2 
and sp3 C‒H bonds (i.e., weaker C-heteroatom bonds are unaffected). In addition to this 
process, steps towards coupling this reactivity with known transformations facilitated by 
zinc-alkyl complexes for catalytic methane functionalization will be discussed. 
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Presentation Abstract 

 
Electric fields can modify the adsorption of polarized species and enhance the reaction 
rates and selectivity by a few orders of magnitude. These field-enhanced chemical 
processes provide a sustainable, energy-efficient, modular setup to store renewable 
electricity chemically. However, the high-cost of computations for field-dipole interactions 
on energetics has resulted in a trial-and-error approach for field-driven experimental 
processes. It is important to develop an interpretable deep learning approach to advance an 
in-depth understanding of field-dipole effects and promote electrostatic catalysis. 
 
In this research, we focus on a case study of carbon-neutral hydrogen production and 
utilization, e.g., ammonia cracking and synthesis, over earth-abundant metal catalysts. In 
particular, we will (1) probe the local fields of nanoparticles under working conditions, (2) 
predict field-driven adsorption energetics with an interpretable deep learning approach, and 
(3) discover the optimal field-dipole effects on catalysis. 
 
Interpretable deep learning of field-dipole interaction represents a new paradigm for 
designing high performance catalysis where large local field exists for renewable-energy 
related technologies, such as electrostatic catalysis, electrocatalysis, and fuel cells. The 
fundamental science of how field-dipole interactions has the potential to alter the energetics 
of ammonia cracking. In addition, synthesis of earth-abundant-based nanoparticle catalysts 
with low-coordinated sites will improve the energy efficiency of carbon-free hydrogen 
production, utilization, and storage. 
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Presentation Abstract 

 
A global shortage of propylene, a major commodity chemical intermediate, has 

resulted in recent years because of the milder petroleum cracking conditions currently 
employed in refineries to produce heavier fuels and the domestic shift to lighter natural gas 
from fracking (mostly CH4, minor C2H6 and traces of C3H8/C4H10). This has created a 
growing gap between propylene supply and demand. Olefin metathesis (C2H4 + 
CH3CH2=CH2CH3  2 CH2=CHCH3) by supported metal oxide catalysts has emerged as 
the fastest growing process for on-purpose propylene. In spite of the importance of the 
olefin metathesis reaction, much confusion still exists about this reaction by supported 
metal oxide catalysts. 
 The objectives of these studies are to determine the fundamentals of olefin 
metathesis by supported metal oxide catalysts and apply the new insights to molecularly 
design more efficient catalysts. The supported MoOx catalysts were selected for the current 
studies because of their importance for industrial olefin metathesis. The oxide support and 
its anchoring sites for MoOx were found to be critical in controlling the performance of the 
supported MoOx active sites (Al2O3 >> SiO2 >> ZrO2 ~ TiO2 ~ CeO2). The surface MoOx 
sites are easily activated on Al2O3 and only activated at high temperatures on SiO2 by 
propylene because of the weak redox characteristic of the Al and Si ligands with Al > Si. 
In contrast, the surface MoOx sites on the more redox supports (ZrO2, TiO2, and CeO2) 
become occupied by stable surface acetate groups that poison the activated MoOx sites by 
blocking them for olefin metathesis. These fundamental insights suggest a catalyst 
synthesis approach to enhance the performance of the model supported MoOx/SiO2 catalyst 
for olefin metathesis by controlling the support ligands and anchoring sites for MoOx. 
 The supported MoOx/SiO2 catalyst is considered a model system because it 
exclusively consists of isolated dioxo (O=)2Mo(-O-Si)2 sites, but ~40% of the MoOx sites 
volatilize at the required high temperatures during propylene activation for olefin 
metathesis. Designing supported MoOx/SiO2 catalysts that could be activated at lower 
temperatures would circumvent this technical problem. It was hypothesized that this may 
be achieved by surface modifying the SiO2 support with surface AlOx sites that are more 
efficient in activating surface MoOx sites than SiOx ligands. Subsequent to completely 
dispersing the alumina AlOx sites on the SiO2 support, surface MoOx sites were selectively 
anchored at the surface AlOx sites because of the greater affinity of AlOx than SiOx for 
MoOx (driven by their differences in surface free energy of Al2O3 and SiO2). The 
molecularly engineered supported MoO4/AlOx/SiO2 catalyst was indeed found to activate 
at mild temperatures (~100oC) and avoid volatilization of the surface MoO4 sites. This 
resulted in dramatically increasing the number of activates surface MoOx sites and their 
TOF for olefin metathesis. 
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Presentation Abstract 

 
Catalysis research seeks to connect the composition and structure of active sites to the 
catalytic activity and selectivity to desired products.  Intermetallics – multi-metal systems 
with a well-defined arrangement of the metal atom – offer a platform to control active site 
structure and composition.  We combined high throughput density functional theory (DFT) 
calculations, machine learning approaches, and microkinetic modeling (MKM) together 
with experimental synthesis, characterization, and catalytic testing to define active site 
requirements for selective hydrogenation catalysis.  The combination of DFT, MKM, and 
experimental studies is used to demonstrate catalytic differences between isolated Pd 
monomer, Pd3 trimer, and Pd-M-Pd (M=Cu, Ag, Au) sites exposed in gamma-brass 
intermetallic systems.  The development of a computational workflow to predictively 
design sites selective for a range of hydrogenation reactions will be discussed.  This 
computational workflow uses high throughput, automated DFT calculations, scaling 
relationships, and ML prediction of adsorption energies to mine libraries of intermetallic 
structures for surfaces that may offer selective hydrogenation of target unsaturated moieties.  
The use of this workflow to recommend intermetallics for semi-hydrogenation of acetylene 
will be presented.        
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Presentation Abstract 

 
Antimony compounds are known for their remarkable Lewis acidity, particularly in their 
pentavalent forms. Additionally, their redox-active nature, with facile transitions between 
trivalent and pentavalent states, presents unique opportunities for small molecule activation 
and catalysis. This presentation explores these aspects, focusing on two key areas. We will 
begin by detailing the synthesis of two novel distibines based on the 9,9-dimethylxanthene 
and 9,9-dimethyldihydroacridine scaffolds and their interactions with molecular oxygen. 
While no reaction occurs with oxygen alone, the reductive properties of these distibines is 
potentiated in the presence of electron-rich ortho-quinone such as phenanthraquinone. 
Indeed, in the presence of such an ortho-quinone, the reaction proceeds by oxidation of the 
two antimony atoms to the + V state in concert with reductive cleavage of the O2 molecule. 
As confirmed by 18O labeling experiments, the two resulting oxo units combine with the 
ortho-quinone to form an α,α,β,β-tetraolate ligand that bridges the two antimony(V) centers. 
The reaction mechanism, supported by NMR spectroscopy and computational modeling, 
suggests a pathway where one stibine is converted into a semiquinone/peroxoantimony 
intermediate before reacting with the second stibine. The resulting α,α,β,β-tetrolate 
distiborane derivative can be triggered to release two equivalents of water as O2 reduction 
product by acidolysis and reduction. These last steps also regenerate the original bis-
antimony(III) derivative, offering prospects for catalytic applications. In the second 
segment, we will demonstrate how redox modulation at the antimony center of 
phosphinostibine platforms can fine-tune the reactivity of late transition metals coordinated 
to the phosphine ligand. We will illustrate this concept using a phosphine gold complex 
featuring a triaryl stibine at the upper rim of a 9,9-dimethylxanthene scaffold. Structural, 
computational, and experimental data show that oxidizing the stibine moiety into a 
stiborane using an ortho-quinone activates the carbophilic reactivity of the gold center. 
Computational modeling further suggests that this reactivity enhancement stems from the 
Lewis acidity of the stiborane, which engages the gold-bound chloride anion via a 
pnictogen bond. Altogether, our study showcases organoantimony derivatives' versatile 
and promising role in small molecule activation and catalysis, offering new avenues for 
chemical transformations and applications. 
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Presentation Abstract 
 
This talk will describe synthesis and characterization of well‐defined organometallics on 
surfaces that behave similarly to weakly coordinating anions.1 We apply these reactive 
species to the hydrogenolysis of alkanes and/or alkane metathesis reactions depending on 
the active site generated in the grafting reaction. For example, we showed that sulfated 
aluminum oxide (SAO) reacts with Ta(=CHtBu)(CH2

tBu)3 to form organotantalum species 
that react with H2 to form electrophilic tantalum hydride (Ta–H+) sites that are active in 
hydrogenolysis and alkane metathesis reactions.2 In both reactions Ta–H+ is more active 
than related neutral Ta–H sites supported on silica. This reaction chemistry extends to melts 
of high-density polyethylene (HDPE), where Ta–H+ converts 30 % of a HDPE (Mn = 2.5 
kg mol-1; Đ = 3.6) to low molecular weight paraffins under hydrogenolysis conditions. 
Subsequent studies showed that the Ta–H+ sites react with isotactic polypropylene (iPP, 
Mn = 13.3 kDa; Đ = 2.4; mmmm = 94 %) to form atactic oils in good yield.3 Experiments 
with D2, and complementary trapping experiments with HBPin, show that Ta‐H+ sites react 
with iPP at both ‐CH3 and ‐CH2‐ groups in iPP, but not with ‐CH‐ groups. 
 
We also investigated reactions of Cp2Hf(CH3)2 and silica containing strong aluminum 
Lewis acid sites4 to form Cp2Hf–CH3

+ paired to aluminate anions.5 Solid-state NMR 
characterization shows that this reaction also forms neutral organohafnium and hafnium 
sites lacking methyl groups. Cp2Hf–CH3

+ reacts with iPP in the presence of H2 to form oils 
with moderate molecular weights (Mn = 290 - 1200 Da) in good yields. The aliphatic oils 
show characteristic 13C{1H} NMR properties consistent with complete loss of 
diastereoselectivity and formation of regioirregular errors under 1 atm H2. This latter set of 
results suggests that a typical Ziegler-Natta type active site is compatible in a common 
reaction used to digest waste plastic into smaller aliphatic fragments. 
 
References: 
1 Samudrala, K. K.; Conley, M. P. Chem. Commun. 2023, 59, 4115-4127. 
2 Gao, J.; Zhu, L.; Conley, M. P. J. Am. Chem. Soc. 2023, 145, 4964-4968. Related work: 
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Presentation Abstract 
 
Controlling the nuclearity of metal sites to enhance reactivity is central to homogeneous 
and heterogenous catalysis. Among transition metal hydride complexes, copper hydride 
(CuH) monomers are highly unstable and generally exist as multinuclear aggregates. 
Kinetic and structural studies on the insertion reactions of aldehyde, ketone, ester, amide, 
and unsaturated hydrocarbons with a series of [(NHC) CuH]2 dimers have enabled the 
design of N-heterocyclic carbene ligands that promote cooperativity of proximal and distal 
sites to destabilize the ground-state structure of the dimer in favor of monomer formation. 
Access to isolable CuH monomers has exhibited new insertion chemistry with internal 
alkenes and has facilitated mechanistic analysis of the aggregation process and the 
disaggregation of clusters back to the reactive monomer. Mechanistic observations in the 
insertion reactions of the dimer series also prompted the application of solid-gas reactions 
of single crystal to single crystal transformations, allowing for the identification of a rare 
pathway of direct CO2 insertion into the [Cu2H2] core without requiring formation of 
transient (NHC)CuH monomers by complete dimer dissociation. 
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2 mol % Zr(OtBu)3@SiO2/Al2O3
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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 but 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. In this regard, the 
development of heterogeneous catalysts for selective ethylene oligomerization operating 
via the oxidative cyclization mechanism is challenging. Several prominent homogeneous 
systems for ethylene involving metallacycles have been developed (eg. Phillips systems) 
and are mainly comprised of a redox-active transition metal complex (eg. chromium) and 
an alkylating agent (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 metallacyclopentane. Our group have developed an activator-
free system by leveraging the electronic properties of traditional inorganic supports. 
Chromium on lithium titanium oxide (Cr@LTO) mediates the formation of hexenes from 
ethylene with selectivity up to80%, 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@LTO/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). This trend confirms that chemical reactivity can be leveraged by 
changing the electronic properties of the support. 
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RECENT PROGRESS 

Goals. The overarching goal of the Catalysis Science Program at Argonne is to understand 
how catalytic processes can be controlled through modulation of the electronic interactions 
between supported organometallic catalysts and non-traditional or non-innocent surfaces. 
Our group has achieved success in each of our three cross-cutting core scientific areas—
experimentation, computation, and X-ray characterization. Our experimental efforts have 
focused on two sub-thrusts, the understanding of complex, multi-component active sites 
and the investigation of Li-ion battery cathodes as tunable, “redox non-innocent” catalyst 
supports. For the first task, we synthesized a well-defined, organoiridium catalyst on high-
surface area silica for selective hydroboration of methane. In this work, we have 
demonstrated that grafting of methane borylation catalyst on surfaces is an effective 
strategy to disfavor multinuclear deactivation pathways, increasing catalyst activity and 
selectivity toward desired monoborylated product. Furthermore, we have shown that 
Isolated Pd atoms supported on high surface area MnO2, prepared by the oxidative grafting 
of (bis(tricyclohexylphosphine-palladium(0)), catalyze the low temperature ( 325 K) 
oxidation of CO with results of in situ/operando and ex situ spectroscopic characterization 
signifying a synergistic role of Pd and MnO2 in facilitating redox turnovers. In addition, 
we are advancing computational methods for the prediction of X-ray absorption near-edge 
spectroscopy (XANES) features for supported and unsupported chromium, iron, and nickel 
catalysts. 

Methane Upgrading: Deactivation-Resistant Supported Organometallic Catalyst. 
Catalytic C-H borylation is an attractive method for the conversion of the most abundant 
hydrocarbon, methane (CH4), to a mild nucleophilic building block. However, existing CH4 
borylation catalysts often suffer from low turnover numbers and conversions, which is 
hypothesized to result from inactive metal hydride agglomerates. Herein we report that the 
heterogenization of a bisphosphine molecular precatalyst, [(dmpe)Ir(cod)CH3] 1-CH3 
(dmpe = ,2-bis(dimethylphosphino)-ethane; cod = 1,5-cyclooctadiene), onto amorphous 
silica (SiO2) dramatically enhances its performance, yielding a catalyst that is 12-times 
more efficient than the current standard for CH4 borylation (Figure 1). The catalyst affords 
over 2000 turnovers at 150 °C in 16 hours with a selectivity of 91.5 % for mono- vs. di-
borylation. Higher catalyst loadings improve yield and selectivity for the monoborylated 
product (H3CBpin) with 82.8 % yield and > 99 % selectivity being achieved for 1255 TON. 
X-ray absorption spectroscopy (XAS) and dynamic nuclear polarization (DNP)-enhanced
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solid-state NMR spectroscopic studies 
identify the supported precatalyst as an 
IrI species, and indicate that upon 
completion of catalysis, multinuclear Ir 
polyhydrides are not formed, consistent 
with the hypothesis that immobilization 
of the organometallic Ir species on a 
surface prevents bimolecular 
decomposition pathways.
Immobilization of the homogeneous IrI 
fragment onto amorphous silica 
represents a unique, and simple, strategy 
to improve the activity and longevity of 
a methane borylation catalyst.  

Atomically-Dispersed Pd on MnO2 Catalyzes the Low-Temperature (  50 °C) 
Oxidation of CO to CO2. Oxidative grafting is applied to introduce atomically-dispersed 
Pd on MnO2 and the resulting material (Pd/MnO2) is catalytically active (> 50 turnovers, 
17 h, 50 °C) for the low temperature (  50 °C) oxidation of CO (7.7 kPa O2, 2.6 kPa CO). 
Ex situ XAFS measurements indicate that the isolated Pd is reluctant to sintering (< 20% 
converted to metallic particles) over 7 hours of reaction (Figure 2). Transient structural 
changes to the catalyst are investigated by operando X-ray absorption and infrared 
spectroscopy measurements. Results indicate a correspondence between short-term (< 2 h) 
catalyst deactivation and saturation of MnO2 with carbonates, suggesting a synergistic role 
of Pd and MnO2 in facilitating redox turnovers. Specifically, in situ infrared spectroscopy 
and transient kinetic measurements point toward irreversible carbonate formation at 50 °C 
leading to short-term catalyst deactivation, although this influence can be mitigated 
through competitive adsorption with oxygen at high O2:CO concentrations. Additional 
XAS and XPS measurements were conducted to evaluate transient structural changes to 
the catalyst over multiple cycles of reaction and regeneration (O2 treatment at 300 °C), with 
preliminary XAS results indicating a near complete change in the oxide phase to Mn3O4 
following regeneration at 300 °C. The impact of MnOx phase on the catalyst reactivity (and 
propensity for carbonate poisoning) were further investigated by in situ infrared 
spectroscopy 
measurements. Participation 
of lattice oxygen and 
oxygen adatoms in CO2 
formation during initial 
reaction times were also 
considered by isotopic 
tracer experiments with 18O2 
during flow reaction 
experiments to probe the 
formation of mixed CO2 
isotopologues or oxygen 
exchange with the surface. 

Figure 1. Supported organoiridium (1+) bisphospine 
complex catalyzed the selective borylation of methane. 

Figure 2. Supported Single-atom palladium on MnO2 catalyzed the 
low temperature oxidation of CO to CO2. 
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Additionally, preliminary results of modulating the Pd loading on MnO2 reveal turnover 
rates (per mol Pd) increase systematically with decreasing Pd concentration despite low 
surface occupation of Pd atoms (0.23 atoms / nm2). Conversely, bulky PCy3 ligands 
retained on the catalyst may occlude 80 – 90 % of the surface and inhibit the catalytic 
performance. Pd modulation and influence of added phosphine ligands on the catalyst 
surface are considered in the overall context of the CO oxidation mechanism over Pd/MnO2 
in this follow-up study. 

Lithium-Ion Battery Materials as Tunable, "Redox Non-Innocent" Catalyst Supports. 
Building off results for the well-defined doping of Ni on LixMn2O4 through oxidative 
grafting of an organonickel(0) complex, we demonstrate the general exploration of 
oxidative grafting for supporting an array of organometallic and well-defined molecular 
complexes (M = V, Fe, Ni, Cu, Zr, Pd, Ag, and Au) onto manganese oxide supports 
(LiMn2O4 and MnO2). Addition of each metal was completed in a solution of benzene at 
room temperature and byproducts monitored by 1H NMR provide insight into the 
mechanism of grafting. The structure of the supported metals was evaluated by XAFS 
analysis, with results suggesting the formation of isolated surface atoms and molecular 
fragments for several of the metallic precursors. Moreover, the catalytic propensity of the 
MnO2-supported metals was evaluated for both the oxidation of cyclohexane (tBuOOH, 
70 °C, CH3CN) and carbon monoxide (O2, 25 - 50 °C), with results providing insight into 
the metal-dependent performance of the catalysts. In addition, the influence of support 
lithiation on the electronic properties of Cu species supported on LixMn2O4 was 
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 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 oxidation 

Figure 3. (a) Schematic representing the synthesis procedure for Cu/LixMn2O4. (b) Cu K-edge X-ray 
absorption near edge structure (XANES) of Cu/LixMn2O4 with increasing Li (x = #) content. (c) Results 
of the oxidative coupling of propyne over Cu/LixMn2O4 with various Li (x = #) concentrations indicating 
the rate of dimerization and product selectivity. 
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state by X-ray absorption spectroscopy (XAS) revealed a systematic decrease in Cu 
oxidation state with increasing lithiation, with Cu/MnO2 being close to completely Cu2+ 
and Cu/Li2Mn2O4 appearing to be fully Cu+ (Figure 3b), providing the speciation of grafted 
Cu is strongly influenced by the redox state of the support. Additional flow reaction 
experiments of the oxidative coupling of propyne (200 °C, C3:O2 = 1, 24 h) revealed that 
increasing lithium reduction not only increases the turnover rate of dimerization to 2,4-
hexadiyne, but also leads to improved selectivity over acetylene formation (Figure 3c). 
Future investigations of the reaction mechanism and influence of surface and Cu redox 
state on the activity for aerobic alkyne dimerization will be completed to gain further 
insight into impacts on individual elementary steps of oxidation and C-C coupling. 

Furthermore, to understand the redox non-innocent properties of lithium 
manganese oxide as catalyst support, DFT calculations were carried out for transition metal 
(Fe, Co, Ni, and Cu) single atom catalysts supported on LiMn2O4 and Li2Mn2O4. Based on 
Bader charge analysis, the metal centers on Li2Mn2O4 carries are more reduced than those 
over LiMn2O4. This means the further lithiation into the catalyst support can increase the 
charge densities at the active center to further tune the active site electronic properties and 
catalytic activity. To further approve this concept, the mechanistic study of hydrogenation 

of cyclohexene 
forming 

cyclohexane has 
been studied 
over these 

materials 
(Figure 4).  DFT 

calculations 
show that the H2 

activation 
happens at the 

single-atom 
metal sites via 

hetero-lytic 
cleavage route 
involving a 

lattice oxygen and a surface oxygen vacancy. In addition, the first step hydrogenation of 
cyclohexene forming C6H11* binds over single atom catalyst sites are the most endothermic 
steps in all cases, which makes it a potential rate limiting step. And the formation of 
cyclohexane from C6H11* is another thermodynamically favored step. More interestingly, 
the first hydrogenation step is much more endothermic over LiMn2O4 than Li2Mn2O4 
supports, which makes the reaction over LiMn2O4 less favorable, consistent with Bader 
charge analysis.  

Supported Single-Site Metals on Silicon Nitride Catalyze Non-Oxidative 
Dehydrogenation of Light Alkanes. In addition to understanding metal-surface electronic 
communication for organometallic sites on redox-tunable oxides, we are further probing 
the effect of the local surface environment by exploring nitride support materials. We have 
developed a method for synthesis of well-defined, high surface area silicon nitrides with 

Figure 4. Free-energy diagrams for the hydrogenation of cyclohexene catalyzed 
by Ni, Fe, Cu, Co on LiMn2O4 (blue) and Li2Mn2O4 (red). 
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finely tuned surface chemistry (i.e. SiNH2 and Si(NH)Si) that is suitable for grafting 
organometallic precursors (ZrBn4, Fe2Mes4, VMes3THF, Cr(Me3SiMe)4). The nitride 
coordination environment offers several potential catalytic benefits, including increased 
basicity for heterolytic bond activation and improved stabilization of low-valent reactive 
species due to increased orbital overlap and covalency.  The synthesis of silicon nitride was 
performed through dehalogenation of silicon tetrachloride followed by high temperature 
(1000 °C) ammoniolysis. Further treatment of the silicon nitride in vacuo at 200 °C results 
in a high surface area material (>450 m2/g) abundant in Bronsted acid sites (>5 H+/nm2), 
namely SiNH2 and Si(NH)Si, that is suitable for grafting organometallic precursors. 
Currently, we have developed a supported alkyl zirconium complex by grafting tetrabenzyl 
zirconium onto silicon nitride via deprotonation of the alkyl ligands. NMR spectroscopic 
analysis suggests that the resultant supported material is comprised of bisalkylated 
zirconium. Corresponding analysis by DRIFTS suggests selective grafting of the 
organozirconium precursor at SiNH2 sites over competing Si(NH)Si acid sites. Further 
analysis by solid state 15N NMR reveals the formation of Zr-N bonds consistent with 
grafting by alkyl deprotonation. The catalytic performance of this silicon nitride supported 
alkyl zirconium complex was assessed in the dehydrogenation reaction of propane into 
propene. Initial catalytic 
experiments employed 50 
mg of organozirconium 
on silicon nitride in a 
flow reactor with a 5 
mL/min flow rate of 2.3% 
propane in argon at 
450 °C (Figure 5). 
Analysis of product gases 
by GC-FID/TCD reveals 
propane conversion rates 
reaching over 30% and 
achieving excellent 
selectivity towards 
dehydrogenation to 
propene (>95%). A 
comparative experiment with the same alkyl zirconium precursor grafted on silica reveals 
that this silica supported analogue does not dehydrogenate propene under these conditions. 
Raman spectroscopic analysis of the recovered silica supported complex reveals the 
characteristic D and G bands of coking products, which may be causing the stifled catalytic 
performance. Overall, these results indicate that silicon nitride may be a favorable support 
material in heterogeneous catalysis with increased resistance to coking, improved product 
yields and selectivity. 
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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 three and a half years (2020-2023 time period), this program has led research 
published in 64 articles1-64 and collaborated on 25 additional articles led by external 
collaborators.65-89 In the last three years, major research achievements are:

Identification of general pathways for the bonding and activation of CO2 and CH4 on
metal-oxide, metal-nitride and metal-carbide interfaces.1,10,11,15,21,23,24,35,43,67,70

Development of novel metal-indium oxide interfaces for the selective conversion of
CO2 to methanol.8,9,32,64

Identification and study of the active sites in inverse oxide/metal systems (ZnO/Cu,
ZrO2/Cu, SnOx/Cu) and their role in CO2 and CH4 conversion. 8,13,14,16.22,32,58

Unraveling the active role that water can play in the synthesis of alcohols through
the partial oxidation of methane or the hydrogenation of CO2.22,66,

Studies identifying the effects of alkali promoters and water on the selectivity of CO2

hydrogenation towards methanol and ethanol synthesis.
Fundamental studies on the wet reforming of CH4 at low temperatures.58,59.

Combining CO2 reduction with propane oxidative dehydrogenation over
bimetallic catalysts.4,5,88

Using CO2 and ethane in the production of C3 oxygenates.3,4,26,60

CO2-assisted propane aromatization.2,26

Studies showing a correlation between the structural properties, chemical state, and
catalytic properties of alkali oxide islands dispersed on metals.7,44.56

Detailed proof via operando studies that metal/oxide and metal/nitride catalysts are
dynamic entities that change as a function of reaction conditions during CO2

hydrogenation and CH4 conversion reactions.43,55

Participation in the design and implementation of instrumentation to carry out in-situ
quick XAFS/IR and XRD/IR studies at the NSLS-II and APS. Active participants in
the Synchrotron Catalysis Consortium and the design of the end stations for three
beam lines (IOS, XPD, QAS) at the NSLS-II.67.74.75
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Development of theoretical tools for the study of catalysis science using machine
learning, reaction network analysis, and advanced Kinetic Monte Carlo.
Identification of fundamental descriptors for C1 catalysis. 77,86.,44,53

These are examples of the research done during the 2020-2023 period:

A. Inverse oxide/metal systems (ZnO/Cu, ZrO2/Cu, SnOx/Cu) as active catalysts
for CO2 and CH4 conversion

Mixtures of CuO-ZnO are frequently used as catalysts for the WGS and the synthesis 
of methanol.25,34,44,57 A recent transmission electron microscopy (TEM) study by 
Lunkenbein, et al. has revealed that strong metal-support interactions between Cu and ZnO 

lead to the formation of a ZnO overlayer on top of the Cu particles in an industrial 
Cu/ZnO/Al2O3 catalyst under reaction conditions.  Such formation of an oxide overlayer 
on Cu could create a catalytically active metal-oxide interface. We have performed a 
systematic study using scanning tunneling microscopy (STM) to investigate the growth 
modes of ZnO on Cu(111) under different preparation conditions.34,44 Zn was deposited on 
Cu(111) or CuOx/Cu(111) surfaces under various conditions. When Zn was deposited at 
300 K with subsequent exposure to O2 at higher temperatures (400-550 K), small particles 
of ZnO (< 20 nm in size) were produced on the surface. For Zn deposition onto 
CuOx/Cu(111) at elevated temperatures (450-600 K) in an oxygen ambient, large ZnO  
islands (300-650 nm in size) were produced which were very rough and spread over several 
terraces of Cu(111), see top of Figure 1.34,44 XPS/Auger spectra showed that all the
preparation conditions led to the formation of ZnO/CuOx/Cu(111) surfaces where the 
oxidation state of zinc was uniform.34,44

Figure 1. Multiple sites on ZnO/Cu2O/Cu(111) catalysts observed by STM (top left) and simulated by 
DFT (top middle) and KMC (top right) during methane oxidation. Different methanol selectivity (reactor 
testing, bottom left) and intermediates (XPS, bottom middle and right) upon exposure to different gas 
mixtures.44
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We studied the catalytic activity of the ZnO/CuOx/Cu(111) systems and found they 
were active for the oxidation of CO, the water-gas shift and the hydrogenation of CO2, see 
Figure 1.34,44 In our studies, we did not see graphite-like structures as seen for the powder 
catalyst under reaction conditions by Lunkenbein et al. However, in catalytic tests, we 
found that our ZnO/ CuOx/Cu(111) systems were very active for the synthesis of methanol 
from CO2 hydrogenation or the partial oxidation of methane.34,44 Figure 1 compares the 
catalytic activity of a Cu2O/Cu(111) system where ~ 30% of the copper oxide substrate 
was covered with ZnO. The addition of water to the reaction feed modified the surface 
reaction paths enhancing the generation of adsorbed CH3O (XPS data) and the evolution 
of CH3OH into gas phase (catalytic test). ZnO to the copper substrate enhanced the catalytic 
activity by two to three orders of magnitude.44 These experimental results are consistent 
with the predictions of DFT and KMC calculations which show that water has a triple role 
in the CH4 CH3OH, favoring the partial dissociation of the alkane and the desorption of 
the formed methanol.44

B. Model Cu-Oxide Ternary Catalysts
Some of the most active and selective catalysts for CO2 hydrogenation to CH3OH 

involve a combination of Cu, ZrO2 and ZnO, each of which appears to play a different and 
symbiotic role in the reaction.66 Mechanistically, the activation and binding of CO2 and its 
hydrogenated intermediates is thought to occur on the oxide components, while Cu 
provides H-atoms for hydrogenation steps via H2 dissociation and spillover to CO2 bound
at the Cu-oxide 
interface. 
Surfaces of Cu 
nanoparticles 
can also promote 
the reverse 
water-gas-shift
(RWGS) and 
methanation 
reactions that 
limit selectivity 
to CH3OH. The 
active phases at 
the Cu-oxide
interface, 
however, are still 
largely uncertain including the size-dependence of the Cu nanoparticles and presence of 
Cu+ sites. Our most recent work focused on Cu size-effects and uncovering 
multicomponent Cu2O/ Cu(111), which previously demonstrated its potential application 
as an excellent support in various catalytic processes, such as, water-gas shift reaction 
(WGS), CO oxidation, CH4 conversions, CO2 hydrogenations, etc., was used as a 
prototypical model surface to mimic the sites in active enzymes and zeolites for CH4
reforming.16,44,45,66 Using CH3OH as a probe molecule, one of desired products for C1 
catalysis, DFT studies showed a facile dissociation on Cu2O/Cu(111).35 Next, we 
investigated methanol surface interactions using model ternary catalysts prepared by size-

Figure 2: Temperature dependence of surface concentrations of reaction 
intermediates formed under CO2 hydrogenation conditions at 450 K on (a) 
ZrO2/ZnO(0001) and (b)  Cu4/ZrO2/ZnO(0001). The data were extracted from peak 
areas in C1s core level spectra taken by NAP-XPS.
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selected cluster deposition. Specifically, ZnO(0001) single crystals, ALD-prepared ZnO 
thin films or ZnO powders were used as a supports for the deposition of size-selected Cun
(n = 2, 4) clusters and ZrO2 nanoclusters.16

Reactivity under CO2 hydrogenation conditions was probed using NAP-XPS (Figure 
2). The presence of Cu2 and Cu4 clusters strongly enhances the formation of hydrogenation 
intermediates on the Cun/ZrO2/ZnO ternary system compared to the ZrO2/ZnO oxide-only 
system indicating high activity for H2 dissociation and spillover for ultra-small Cu clusters. 
Both carbonate and formate intermediates are present on the Cun/ZrO2/ZnO ternary and 
ZrO2/ZnO binary catalysts with the relative concentrations reflecting the coverage of ZrO2
(see Figure 38). The latter implies that the two oxides act independently, with both the 
“carbonate” and formate reaction pathways occurring simultaneously with H-atoms 
provided by the Cun clusters. Future experiments will explore the use of ZrO2 thin films as 
supports for Cun clusters with and without ZnO overlayers.

C. Alkali-promoted selective CO2 conversion to methanol and ethanol.

Experimental and theoretical studies 
indicate that cesium promotes the rates of 
methanol and ethanol formation on 
Cu/ZnO(000ī) catalysts.31 A combination
of XPS and calculations based on density 
functional theory and Kinetic Monte 
Carlo was used to study this phenomenon, 
see Figure 3. The results pinpointed the 
effects of doped alkali on the binding of 
reaction intermediates and transition 
states, and the operating reaction 
pathways, being able to promote the CO2
conversion and more importantly the selectivity to methanol and ethanol. Descriptors were
identified, which well described the catalytic behaviors and therefore were useful for the 
rational design of better Cu-based catalysts for CO2 hydrogenation. 31 This work provided 
a better understanding of C-C bond formation and developed a descriptor-based method 
for rational screening of complex catalysts at a theoretical level.31

D. CO2-assisted dry reforming and oxidative dehydrogenation of light alkanes
One of our objectives is to identify novel catalytic materials and approaches that can 

be used to control the reaction of CO2 with alkanes, with dry reforming and oxidative 
dehydrogenation as major targets.5,28,30 In tandem reaction schemes, the produced C2H4
can be subsequently reacted with CO and H2 to yield CH3CH2CHO plus CH3CH3CH2OH 
(hydroformylation process).49-52 During this funding cycle, we identified descriptors and 
predicted several classes of bimetallic catalysts supported on CeO2 with high selectivity 
toward either reforming or dehydrogenation.5,28,30.49-52

As shown in Figure 4, a combination of experimental and theoretical efforts 
allowed us to create a descriptor-based map for predicting selectivity toward ethylene 
(dehydrogenation – red region) and syngas (dry reforming – blue region).45,61 In general, 

Figure 3 The path for the formation of 
ethanol through Cs-mediated CHO to CHO 
coupling on Cu/ZnO(000ī).
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bimetallic-derived catalysts 
undergo reaction-induced 
surface phase transformation, 
and the resulting surface 
structure controls the 
selective C─H bond scission 
via the oxidative 
dehydrogenation of ethane 
(ODHE) and C─C bond 
scission via the dry 
reforming of ethane (DRE). 
To achieve high C2H4
selectivity, one of bimetallic 
components should be highly 
oxyphilic, to enable the 
formation of the oxide/metal 
interface, which favor 
ODHE rather than DRE by 
binding the *C2Hx species 
more strongly than *C2HxO, 

but moderately to allow facile removal of *C2H4. This descriptor-based correlation will be 
utilized as a guide for selecting catalysts that produce desired ratios of CO/H2/C2H4 for 
hydroformylation and CO/H2 for carbon-neutral H2 production.

E. Metal/carbide catalysts for methane conversion
Methane is an extremely stable molecule which interacts poorly with surfaces of

late transition metals such as Ni(111) or Pt(111). At room temperature, the sticking 
coefficient of methane on these surfaces is 
negligible (< 10-8).  Combining experiments 
with X-ray photoemission and accurate DFT 
based calculations, we have shown that small Ni 
clusters dispersed on TiC(001) are able to 
capture and dissociate methane at room 
temperature.10,54 In DFT calculations, a small 
energy barrier of < 0.5 eV is predicted for CH4
dissociation into adsorbed methyl and atomic 
hydrogen species (Figure 5).10 In addition, the 
calculated reaction free energy profile at 300 K 
and 1 atm of CH4 shows no effective energy 
barriers in the system.10 We found a similar 
trend for the deposition of small Pt clusters on 
the carbide surface. A comparison to other 
reported systems that activate methane at room 
temperature, including oxide and zeolite-based 
materials, indicates that the metal/carbide systems activate with distinct chemistry.  

Figure 5: Energy barrier (Eb) for CH4 to CH3+H 
dissociation on the Ni/TiC systems and on 
Ni(111) versus the reaction energy (Ereac).

Figure 4. Descriptor-based contour map (circles: bimetallic systems 
where C2H4 selectivity have been measured experimentally; 
asterisks: bimetallic systems that have not been explored yet).
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Publications for this grant (2020-2023)

In the 2020-2023 period, 69 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 
Science (1), Nature Communication (2), Angewandte Chemie International Edition (1), Journal of
the American Chemical Society (3), ACS Catalysis (14), Chem (1), Matter (1), Joule (1), Chemical 
Engineering Journal (1), Applied Catalysis B: Environmental (2) and ACS Central Science (1). In 
addition, there are 26 articles which this FWP has made a minor contribution. Graduate Students,
postdoctoral fellows and PIs funded under this FWP are highlighted.

Exclusively funded by this grant and/or jointly funded by this grant and other grants with leading 
intellectual contribution from this grant:

1. Computational and Experimental Identification of Strong Synergy of Fe/ZnO Catalyst in
Promoting Acetic Acid Synthesis from CH4 and CO2, Nie, X.; Ren, X.; Tu, C.; Song, C.;
Guo, X.; Chen, J.G. Chem. Commun. 2020, 56, 3983-3986.
https://doi.org/10.1039/C9CC10055E

2. CO2-assisted propane aromatization over phosphorous-modified Ga/ZSM-5 catalysts, Niu,
X.; Nie, X.; Yang C.; Chen, J.G. Catal. Sci. Tech. 2020, 10, 1881-1888.
https://doi.org/10.1039/C9CY02589H .

3. “Interfacial Active Sites for CO2-Assisted Selective Cleavage of C-C/C-H Bonds in
Ethane, Xie, Z.; Tian, D.; Xie, M.; Yang, S.; Xu, Y.; Rui, N.; Lee, J.H.; Senanayake, S.D.;
Li, K.; Wang, H.; Kattel, S.; Chen, J.G., Chem, 2020, 6, 2703-2716.
https://doi.org/10.1016/j.chempr.2020.07.011

4. Reactions of CO2 and Ethane Enable CO Bond Insertion for Production of C3 Oxygenates,
Xie, Z.; Xu, Y.; Xie, M.; Chen, X.; Lee, J.H.; Stavitski, E.; Kattel S.; Chen, J.G. Nature
Commun., 2020, 11, 1887. https://doi.org/10.1038/s41467-020-15849-x

5. Effect of oxide support on catalytic performance of FeNi-based catalysts for CO2-assisted
oxidative dehydrogenation of ethane, Yan, B.; Yao, S.; Chen, J.G., ChemCatChem, 2020,
12, 494-503. https://doi.org/10.1002/cctc.201901585

6. Recent Advances in Carbon Dioxide Hydrogenation to Methanol via Heterogeneous
Catalysis, Jiang, X.; Nie, X.; Guo, X.; Song, C.; Chen, J.G., Chem. Rev., 2020, 120, 7984-
8034. https://doi.org/10.1021/acs.chemrev.9b00723.

7. Potassium-Promoted Methanol Synthesis from CO2 Hydrogenation over CuxO/Cu(111)
(x≤2) Model Surface: Rationalizing the Potential of Potassium in Catalysis, Liao, W.; Liu,
P., ACS Catal. 2020, 10, 5383-5958. https://doi.org/10.1021/acscatal.9b05226

8. Growth and structural studies of In/Au(111) alloys and InOx/Au(111) inverse oxide/metal
model catalysts, Kang, J.; Mahapatra, M.; Rui, N.; Orozco, I.; Shi, R.; Senanayake, S.D.;
Rodriguez,  J.A. J. Chem. Phys. 2020, 152, 054702. https://doi.org/10.1063/1.5139237

9. Hydrogenation of CO2 to Methanol on a Au+-In2O3-x Catalyst, Rui, N.; Zhang, F.; Sun, K.;
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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-H and C=O bonds by tuning the local environment around 
the active sites on the surface and at the metal-oxide interface of complex oxides. We hypothesize that 
complex oxides including perovskites and high entropy oxides (HEOs), with their inherent large tuning 
space in cations, anions, chemical and electronic structures, can provide diverse local environments that 
can be harnessed to control and tune the catalytic activity, selectivity and stability for reactions involving 
C-H and C=O bonds.  Specifically, we study two types of reactions to probe local environment effects:
selective hydrogenation of unsaturated oxygenates, including CO2; methane activation and dry reforming
of methane (DRM). These reactions are chosen not only because of their sensitivity to local environment
of catalysts, they are also relevant to the efficient use of the abundant CO2 and shale gas as alternate carbon
feedstocks, and to the decarbonization of fossil fuels and close the carbon cycle.
In the following, we summarize our past research accomplishments into two sections: Part 1. tuning local 
environment of catalytic sites to impact hydrogenation reactions, and Part 2. tuning local environment of 
catalytic sites to impact C-H and C=O bond activation and conversion.  

Part 1. Tuning local environment of catalytic sites to impact hydrogenation reactions 
A. H2 activation and hydrogenation assisted with strong metanl-support interacatons (SMSIs)

A significant contribution of this program was on improving H2 activation and conversion via novel 
approaches to construct SMSI in supported metal catalysts. The key innovation of our approaches lies in 
the much lower temperatures down to room temperature for SMSI layer formation, thus preventing sintering 
of metal nanoparticles that can occur during traditional SMSI formation conditions (H2 treatment at >300 
°C).  The first example comes from the use of alcohol as a reducing agent of the oxide support to promote 
SMSI formation due to the fact that alcohols can reduce oxides easier than H2. We showed, via IR 
spectroscopy of CO adsorption and electron energy loss spectroscopy (EELS), that during 2-propanol 
conversion over Pd/TiO2, coverage of Pd sites occurs due to SMSI at low reaction temperatures, as low as 
~190 °C (Fig 1A).33 Such SMSI overlayers generated during reaction fully reverses upon exposure to O2 at 
room temperature for ~15 h, which may have made its identification elusive up to now. Inspired by this 
discovery of SMSI at low temperature upon 2-propanol treatment, our team developed a strategy to promote 
SMSI under ambient conditions via a photochemistry-driven methodology (Fig 1B).29 Encapsulation of Pd 
nanoparticles in Pd/TiO2 with a TiOx overlayer, the presence of Ti3+ species, and suppression of CO 
adsorption were achieved upon UV irradiation. The key lied in the generation of separated photoinduced 
reductive electrons (e–) and oxidative holes (h+), which subsequently triggered the formation of Ti3+ 
species/oxygen vacancies (Ov) and then interfacial Pd–Ov–Ti3+ sites, affording SMSI in Pd/TiO2. UV-
induced SMSI promoted full hydrogenation of the alkyne group in phenyl-acetylene, whereas the base 
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Pd/TiO2 led to semi and full 
hydrogenation. Such a photo-
induced SMSI formation is found 
general to other supported metal 
systems such as Pd/ZnO and 
Pt/TiO2.

Recently, we also devised several 
non-traditional approaches to 
synthesize artificial SMSI layers 
including mechanochemistry and 
ultrasonication routes with various supports such as boron nitride,6 reducible oxides – TiO2 and CeO2.57,63

A common theme in these studies is that with controlled SMSI encapsulation degree, metal catalysts (Pd, 
Pt etc.) showed much enhanced hydrogenation activity in alkyne and CO2 conversion over the counterparts 
without SMSI layers. These research efforts provide insights into the role of encapsulation and suboxide 
defects on metal centers in H2 activation and hydrogenation reactions. 

B. 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.),43 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 2). 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-

-conjugated networks (BN-
NCNs) FLPs which also showed promising 
hydrogenation performances in both gas phase 
hydrogenation of acetylene and liquid phase styrene 
hydrogenation.56 These results provide a promising 
approach to construct metal-free heterogeneous 
catalysts toward various hydrogenation reactions and 
potentially for the hydrogenation of CO2.

C. Enhanced hydrogenation activity from anion sites tuning of perovskites

C1. acetylene semi-hydrogenation over BaTiO2.5H0.5   We used first-principles density functional theory 
(DFT), coupled with microkinetic modeling, to investigate acetylene semi-hydrogenation on a prototypical 
perovskite oxyhydride (POH), BaTiO2.5H0.5 (BTOH).66 Two different mechanisms are examined on a 
representative surface of BTOH under the reaction conditions; 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 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 3). A selectivity analysis for 
the temperature range of 373 – 673 K shows that the product observed is essentially only ethylene. This 

Fig 1. In situ blocking of Pd sites by TiOx SMSI layer during 2-propanol 
conversion at relative low temperatures over Pd/TiO2. B) Photoinduced-
SMSI on Pd/TiO2 at ambient conditions in isopropanol.

212 °C

A)  B)

Fig 2. FLP sites created in BN with excellent 
capacity in activating H2 and  catalyzing 
hydrogenation reactions including CO2.
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work shows the potential of using lattice 
hydrides for selective hydrogenation, further 
demonstrated for CO2 hydrogenation to 
methanol below. 

C2. CO2 hydrogenation to methanol 
promoted by lattice hydrides    In an on-
going work, we utilized POH as a support for 
Cu NPs in CO2 hydrogenation. 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. Combined state-of-the-art 
operando techniques were employed to confirm and understand the contribution of hydrides to the 
improved methanol production. Our study demonstrated that about half of the formate species bonded too 
strongly to the surface of Cu/BaTiO3, which lowered the methanol formation rate. In comparison to 
Cu/BaTiO3, the hydrides in the support could directly participate in the reaction, and the created surface 
vacancy sites were able to promote 
hydrogen dissociation (Fig 4). 
Furthermore, the hydrides in the 
oxyhydride support could reduce the 
surface reactivity of the Cu sites at the 
metal/support interface by transferring 
electrons to those Cu sites, which de-
stabilizes the adsorbed formate 
intermediate and promotes methanol 
formation rate. The results from this 
work highlight a novel strategy in 
controlling the electronic metal – 
support interaction (EMSI) via anion 
site (hydride) tuning to enhance CO2
hydrogenation to the desired alcohol 
product, which will be further explored 
for promoting CO2 hydrogenation and C-C coupling reactions.

D. Stable and selective CO2 hydrogenation from cation sites tuning of high entropy oxides (HEOs)

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 - ) 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 5, 
CuFeCuNi 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.88 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 

Fig 3. Mechanistic overview of acetylene hydrogenation over 
a BTOH surface. 

Fig 4. Proposed reaction mechanism of CO2 hydrogenation to
methanol over Cu/BaTiO2.8H0.2. (unpublished results)

Fig 5 A) schematics of the intelligent 
behavior of HEOs; B) stable performance 
of HEO-derived catalyst in RWGS 
reaction.

A)

B)
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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).95 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. 

E. Atomic level local geometric and electronic structures via advanced electron microscopy

A key enabling capability of this program is the ability to reveal the local geometric and electronic 
environment down to atomic scale by advanced electron microscopy and spectroscopy.   On one hand, we 
develop and demonstrate an unsupervised machine learning method that allows us to reveal the presence 
and chemical information of the SMSI encapsulation layer that 
is otherwise hidden in STEM-EELS datasets.26 This method not 
only provides a robust tool for the analysis of trace SMSI in 
catalysts, but is generally applicable to any materials and 
spectroscopy datasets of any material systems where revealing 
a trace signal is critical.  On the other hand, we utilized four-
dimensional scanning transmission electron microscopy (4D-
STEM)-based differential phase contrast (DPC) imaging to 
directly probe the charge distribution at a metal – oxide support 
interface (Au/SrTiO3) down to the atomic scale (Fig 6),51

information that has previously been inaccessible by 
conventional microscopy and other experimental forms. By 
combining the experimental results with DFT calculations, the 
work reveals the atomic-scale mechanisms responsible for the 
highly active perimeter sites and demonstrates that the charge 
transfer behavior can be readily controlled using post-synthesis 
treatments. This work provides an effective method to elucidate 
the nature of EMSIs at the sub-nm scale, and presents new 
opportunities to better identify active sites and understand 
catalytic reaction mechanisms.

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 cooridnation environment

Although efforts have been made to improve the atomic 
efficiency of Pd-based catalysts in methane activation, there 
are intense and long-term debates on the active Pd species. 
The goal of this work is to 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.
In a recent work,68 we tuned the electronic structure of Pd 
single atoms by controlling the defects on the surface of ceria 
support and found that a simple thermal pretreatment to ceria 
prior to Pd deposition could create a unique anchoring site for 
Pd. 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. 7). In addition to modifying the local 
electron density of Pd single atom sites, recently, we are 

Fig 6. ADF-STEM (left) and 
corresponding charge density map (right) 
of Au nanoparticles on hydrogen treated 
SrTO3 (STO, top row) and oxygen treated 
SrTO3 (bottom row), respectively.  

Fig 7. Comparison of TOF
activation energy (Ea) on 1Pd supported on 
two differently treated ceria.
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tuning the Pd-Pd distances between single atom sites and find that paring Pd single atom sites and 
controlling their interatomic distances could help further improve the C-H bond activation capability. 
Currently, we are summarizing the results obtained from STEM, XAS, XPS, DRIFTS, and DFT 
calculations to reveal the reasons for the improved properties and associated working mechanisms. The 
concept of tuning metal size in the range of single atoms to clusters can 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 work46 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 8). 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 utilized in our future studies of HEOs for DRM and CO2 hydrogenation.  

C. Achieving stable activity in dry reforming of methane (DRM) over high entropy oxides (HEOs)

Two major challenges in DRM are the coke formation and metal center sintering under harsh reach 
conditions. We postulate that both challenges can be addressed via the entropic factor offered by HOEs 
which can well stabilize single atoms or small clusters of active metal centers that are thermally stable and 
will not coke due to their isolated nature. To test the hypothesis, we studied DRM over an HEO catalyst 
(NiMgCuCoZnOx) where 5 elements were included,  including Ni and Mg (indispensable for DRM 
activity), along with Cu, Co, and Zn to provide structural stability due to similar atomic sizes. HEO 
synthesized using proper metal precursors exhibited superior stability during DRM at 650 °C. X-ray 
absorption spectroscopy (XAS) analysis of the spent samples showed mixed valence states of Ni species, 
indicating a high resistance to reduction of the Ni sites stabilized in HEO. This resistance could potentially 
decelerate the commonly observed sintering of Ni species during DRM. In addition, the HEO catalyst 
showed negligible carbon deposition, further contributing to the stable DRM performance. These 
observations support our above hypothesis.  
To discern the role of each element in enabling the reaction mechanism for DRM, we synthesized 4-element 
oxide catalysts, where one metal from the HEO structure was removed at a time. As shown in Fig 9, When 
Ni or Mg was removed from the structure, the catalyst was inactive for DRM. When only Cu was removed 

Fig 8. 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. 

84



from the structure (NiMgCoZnOx), the catalyst exhibited superior 
reactivity in comparison to the HEO, even surpassing the widely-
studied NiMgOx sample with higher Ni loading.  Notably, when 
only Co is removed from the structure (NiMgCuZnOx), the catalyst 
exhibited enhanced stability. XAS was used to track the oxidation 
state change of Ni, the presumed active sites. Overall,  the 
outstanding resistance to coke of HEO, and varying performance 
upon modification of the structure, evidences the promise of 
harnessing HEO surfaces for stable DRM, which will be further 
understood and exploited in our research.  
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. 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 input 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 (unpublished work).

Fig 9. Promising stability of certain 
complex oxides and HEOs in DRM. 
(unpublished work).
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The core objective of our Basic Energy Sciences (BES) Catalysis Sciences research program is 
to investigate three primary influences that minimize the difference between the excess chemical 
potentials of reacting substrates in their initial and transition states. These are (i) the structure and 
electronic attributes of the active centers, (ii) the steric configuration surrounding these centers, 
which encompasses the nature and orientation of functional groups, and (iii) the nature and 
interactions of co-adsorbates and solvents. While the structure and electronic properties of the 
catalytic center are critical in delineating the reaction trajectory, the steric arrangements around 
the active center facilitate directing molecules into specific orientations, bringing two molecules 
together, and stabilizing or destabilizing ground and transition states. Co-adsorbates and solvents 
can alter the active sites' specific chemical and electronic properties and influence the substrate's 
reactivity by attractive and repulsive interactions. Consequently, the program's structure 
addresses the three aspects that can control catalytic transformations: the active center, its 
adjacent environment, and the dynamic environment represented by interacting molecules 
nearby. Collectively, they define the catalytically active site and its characteristics. Our approach 
centers on critical C-C and C-H bond forming and C-O bond cleaving steps on acid-base and 
metal active sites to develop a predictive understanding and control of catalyzed processes. We 
combine kinetic measurements with spectroscopic characterization of the interacting reaction 
intermediates and the working catalysts.

RECENT PROGRESS
Operando mechanistic studies of reversible CO2 hydrogenation by ruthenium complexes 
using high-pressure NMR spectroscopy. The ability to both reduce carbon dioxide with dihy-
drogen to formate and conduct the reverse reaction with the same catalyst is of interest for poten-
tial fuel generation and use. Ruthenium 
bis(diphosphine) complexes with and with-
out pendant amines were reacted with mix-
tures of CO2/H2 gases in the presence of 
added base to catalytically yield formate. 
When the base was triethylamine, the reac-
tion was found to be reversible, thereby cata-
lytically regenerating H2 and CO2. The reac-
tions were monitored using high-pressure, 
operando 1H and 31P{1H} NMR spectrosco-
pies at 18 °C in THF under 40 atm of a 1:1 
mixture of H2 and CO2 (Figure 1). The rate 

Figure 1. Through operando, high-pressure NMR spec-
troscopy, reversible hydrogenation of CO2 was observed 
using a catalyst based on a ruthenium complex. 
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of production of formate was correlated with the observation of specific catalytic intermediates 
by NMR spectroscopy under catalytic conditions, including an observed hydrido-dihydrogen 
complex. From this operando study, a mechanism is proposed with two competing catalytic cy-
cles, for which the predominant cycle is dependent on which base and catalyst are used. The role 
of the base is shown to be vital both for the observed catalytic rate and for the reversibility of the 
chemical transformation, indicating base selection should be carefully considered.
Mechanism-guided reaction discovery and ligand design by controlling the nuclearity of 
the Cu-H active site. Kinetic analysis 
for the insertion reactions of 
[(NHC)CuH]2 dimers (NHC = N-heter-
ocyclic carbene) with various sub-
strates indicate two operating rate-lim-
iting steps of formation of transient 
monomers from dimers or hydride 
transfer from a CuH-substrate complex 
(Figure 2). The rapid insertion of CO2
into [(NHC)CuH]2, which is proposed 
to proceed by the formation of the tran-
sient CuH monomer, contradicts the 
timescale for CuH monomerization 
from [(NHC)CuH]2. An alternative mechanism is a direct CO2 insertion into the [Cu2H2] core 
without complete dimer dissociation to CuH monomers. To do so, we eliminated the plausibility 
of complete dimer dissociation by performing single-crystal to single-crystal (SC-SC) transfor-
mations of [(NHC)CuH]2 and CO2. The reaction proceeds by stepwise CO2 insertion into 
[(NHC)CuH]2 to produce a dicopper formate hydride complex followed by a dicopper bisformate 
complex. These dicopper complexes rupture in solution to produce corresponding monomeric 
formate complexes. SC-SC transformations of an organometallic complex and gaseous CO2 pro-
vide a link between homogeneous and heterogeneous chemistry. The SC-SC approach provides a 
compelling opportunity to uncover new reactivity and unstable intermediates for other com-
plexes with bridging hydrides for fundamental studies at the confluence of heterogeneous, homo-
geneous, and gas phase chemistry.  
Impact of outer coordination sphere functional groups on 
catalytic activity. The outer coordination sphere around the 
active site of an enzyme is demonstrated to be important, yet 
the design principles controlling that importance are not well 
established. In this work, we use a CO2 reduction complex co-
valently attached to a well-structured protein to explore the 
mechanistic details of the outer coordination sphere, which 
showed activation of this complex for CO2 reduction by plac-
ing it inside this protein scaffold, with the CO2 + dihydride 
formate being the rate-limiting step. Due to the covalent at-
tachment of the complex in the scaffold, various isomers can 
be formed, orienting the Rh-H2 active site and the interacting 
CO2 differently. QM/MM free energy calculations (Figure 3) 
of the WT isomer where the guanidinium group of arginine 90 
can hydrogen bond with CO2 reduces the barrier, suggesting 

Figure 2. SC-SC reactions of [(NHC)CuH]2 and CO2 enabled the 
structural characterization of unusual dicopper formate intermedi-
ates by stepwise insertion of CO2 into the [Cu2H2] core.

Figure 3. Arginine hydrogen-bond-
ing interaction with CO2; Arginine–
CO2 hydrogen bond reduces the bar-
rier of hydride transfer (cian) in the 
proposed rate-determining step. 
Lack of H-bonding results in in-
creased barrier in the protein (red).  
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that this interaction may be driving the activity in the enzyme, while the other isomers, that lack 
this interaction, do not. Previously, we had identified that the activity in variant D100R of the en-
zyme accelerates the rate 3-fold by positioning another arginine near the active site, possibly al-
lowing for Arg-CO2 hydrogen bonding in multiple isomers. Our current work is further exploring 
this hypothesis. We further probed the influence of the scaffold charge by introducing negative 
charges, expecting the opposite outcome, i.e., a reduction in rates. Our measurements show no 
statistically significant impact of the negative charge on catalysis, with the exception of the com-
plex with four mutations in the outer coordination sphere, D100R/R98D/K191E/K111D, where 
the increase in rate is attributed to the positive charge added by replacing the aspartic acid (D) 
with arginine (R), rather than the negative charge.
The role of surface hydroxyls in the mobility of carboxylates on anatase TiO2(101). The dy-
namics of reactive intermediates are important in catalysis for understanding transient species, 
which can drive reactivity and the transport of species to reaction centers. We investigated the 
dynamics of acetic acid on anatase TiO2(101) using scanning 
tunneling microscopy experiments and density functional the-
ory calculations. We demonstrate the concomitant diffusion of 
bidentate acetate and a bridging hydroxyl (Figure 4, top) and 
provide evidence for the transient formation of molecular, 
monodentate acetic acid. The diffusion rate is strongly depend-
ent on the hydroxyl position and adjacent acetate(s). A facile 
three-step diffusion process (Figure 4, bottom) consisting of 
acetate and hydroxyl recombination, acetic acid rotation, and 
acetic acid dissociation is proposed. We further show that the 
location of an adjacent bridging hydroxyl relative to acetate is 
critically important. A significantly higher diffusion rate is 
demonstrated for bidentate acetate with a bridging hydroxyl on 
an adjacent O2c 5c row relative to acetate (Ea = 0.36 eV) 
than a bridging hydroxyl on the same O2c 5c row (Ea = 0.74 
eV). Further, we show that the presence of adjacent bidentate 
acetate(s) decreases the diffusion rate of bidentate acetate, re-
sulting in clustering that is a prerequisite for bimolecular reac-
tions. This study demonstrates that bidentate acetate's dynam-
ics could be important in forming monodentate species, which 
are proposed to drive selective ketonization. 
Unraveling facet-dependent catalysis of anatase TiO2 via blocking defect-bound hydroxyls 
with silanols. Model anatase nanoparticles with varying percentages of (001) and (101) faceted 
interfaces were synthesized to probe facet-dependent redox properties. From HAADF-STEM im-
aging, (001) planes were found to be composed of a significant curvature, with single and double 
atomic step edge sites separating segments of flat (001) terraces. To delineate their contribution 
in kinetic measurements, step edge sites were passivated by chemically grafting SiO2. Probing 
with methanol oxidative dehydrogenation (ODH) revealed that incorporating only 0.1Si/nm2 by 
atomic layer deposition led to a ~4-fold decrease in total redox areal rate, underscoring the nota-
ble catalytic influence of step edge sites. Further kinetic assessment before and after SiO2 graft-
ing revealed step edge sites did not change the rate-determining step for methanol ODH but only 
lowered the energy barrier for the ODH transition state. Methanol adsorption in DRIFTS and 13C 
solid-state NMR revealed SiO2 grafting suppressed methanol dissociative adsorption and further 

Figure 4. Top: Time-lapsed STM 
images allow for the determination 
of the concomitant diffusion of ace-
tate and hydroxyl species. Bottom: 
Interconversion mechanism of bi-
dentate acetate with a bridging hy-
droxyl on the same O2c 5c row to 
a bridging hydroxyl on the adjacent 
O2c 5c row.
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conversion to a formate intermediate (Error! Reference 
source not found.), suggesting a minority of reactive lat-
tice oxygen at step edge sites are responsible for the ma-
jority of surface redox functionality. Hydroxyl profiles in 
IR showed SiO2 anchoring to the surface occurred via 
preferential consumption of terminal OH groups an-
chored to step edge sites. Further confirmation of SiO2
placement at step edge sites was ascertained via 17O 
NMR and iDPC-STEM imaging, affirming the hypothe-
sis of selective passivation of O atoms at step edge sites, 
leaving exposed faceted terraces accessible for catalytic 
probing. This work outlines a versatile method to passiv-
ate anomalously reactive lattice sites on model oxide sur-
faces, thus enabling definitive kinetic assessment of site-specific catalytic functionality.
Dynamic evolution of Pd1/TiO2-A single atom catalysts during the reverse water gas shift 
reaction. In this work, we investigated the dynamic structural evolution of Pd/TiO2-anatase sin-
gle-
atomic dispersion of Pd (at the low loadings of <0.05 wt%) was confirmed by high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM), X-ray absorption spec-
troscopy (XAS), and CO adsorption IR (CO-IR) measurements. These catalysts showed a slow, 
gradual increase in intrinsic activity with time-on-stream (Figure 5). The roles of individual gas 
components of the mixture the catalyst experiences during the rWGSR were studied in detail. 
Hydrogen greatly increased, while CO reduced the activity of the Pd1/TiO2 catalysts.  In situ/op-
erando XAS revealed that the bulk reduction of TiO2 by H2 or the reaction stream partially 

vironment of Pd sites facilitates rWGS turnover through the carboxyl pathway, which overcomes 
the minor sintering of some Pd1 into disordered, flattened particles. Such changes in the Pd coor-
dination environment are reversed under air, which, at 400 °C, also redisperses Pdn into Pd1 and 
promote both the rWGS turnover 
and TiO2 reduction by removing 
the auto-adsorbed carboxylate lay-
ers on TiO2. On the other hand, the 
deactivation by CO is due to Pd1
sintering into metallic nanoparti-
cles. This work elucidated the 
complicated dynamics of Pd1/TiO2
under pretreatment and operando 
conditions and established struc-

s on 
these SACs.
Pt single-atoms and rafts sup-
ported on Fe3O4: Impact of nuclearity on reverse water-gas shift and acetone aldol conden-
sation reactions. Here, we controlled the structure of Pt species supported on Fe3O4, ranging 
from single atoms to 
ity of these structures for the reverse water-gas shift and aldol condensation reactions, aiming to 
uncover the ensemble effects across different catalytic reactions and to characterize the stability 

Figure 5. rWGS
rate vs TOS at 
400 °C on 
0.0125 wt % 
Pd1/TiO2. In the 
first 15 h under 
the rWGS stream 
(red, 40% H2, 
10% CO2), 40% 
H2 (green), 5000 
ppm CO (black), 
and 40% H2 + 
5000 ppm CO 
(blue) at 400 °C.

Figure 6. DRIFTS spectra (left) and 13C cross-polarization MAS 
NMR (right) of methanol adsorption on 0.33Si/{001}57% compared 
to 57%{001}
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of Pt species under dissimilar environments. We discov-
ered that the rates of rWGS do not depend on the struc-
ture of Pt species at low temperatures (<290 °C), sup-
porting a dual-site mechanism that H2 and CO2 adsorp-
tion occurred on Pt and iron oxide surfaces separately 
(Error! Reference source not found.). In the presence 
of H2
glomeration of Pt single atoms and phase transition of 
the Fe3O4 into a mixture of reduced iron and iron car-
bides, consistent with reaction profiles and post-reaction 
characterizations. The instability of Pt single atoms un-
der reductive environments at high temperatures is at-
tributed to the interplay between the rates of hydrogen 
spillover towards the support and hydrogen addition to 
surface intermediates. Surprisingly, the flat Pt clusters 
are remarkably stable, maintaining the morphology of Pt 
and the phase of iron oxide support up to 350 °C in the 
rWGS. On the other hand, the rates of aldol condensa-
tion of acetone increase as the nuclearity of Pt species 
decreases, reaching a maximum with single Pt atoms. This arises from the ability of the single 
site to stabilize an enol intermediate form before the C-C coupling step.  In summary, we provide 
valuable insight into how the properties of Pt species and their coordination with the support im-
pact their catalytic properties and evolution under dissimilar reaction environments. 
Proton-relay in heterogeneous electrocatalysis. Proton transfer is critically important to many 
electrocatalytic reactions, and directed proton delivery could open new avenues for the design of 
electrocatalysts. Here, we report that a metal oxide proton relay can be built within heterogene-
ous electrocatalyst architectures and improve the kinetics of proton-involved reactions. We de-
velop proton transfer material on the solid/liquid interface  (Pd/C interface with H2O) and show 
how the rate of hydrogen evolution reaction (HER) can be controlled as a function of pH by var-
ying the pKa of the deposited metal oxides (such as MoO3, CeO2) on the solid-liquid interface. 
By combining experimental and computational simulation efforts, we show that rate enhance-
ment of the HER reaction occurs when (i) the proton transfer energy barrier between the metal 
oxide surface and Pd nanoparticle is slower compared to that between water and Pd nanoparticle 
(Figure 8) and (ii) the pKa
of a proton relay matches 
the pH of the electrolyte 
solution. These findings 
demonstrate the possibility 
of controlling proton de-
livery and enhancing the 
rate by tuning the chemical 
properties and interfacial
structure of metal/metal 
oxide junctions in hetero-
geneous electrocatalysts.

Figure 7. RWGS reaction on different Pt ge-
ometries: turn-over frequencies (TOFs) of 
the Pt catalysts (top) and scheme of rWGS 
mechanisms (bottom).

Figure 8. Computed electronic energy (eV) diagram of the Volmer reaction for 
(a) GO-PdH-acid and (b) GO-PdH-MoO3 systems. 
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Impact of the environment of BEA-type zeolites for sorption of water and cyclohexanol. We 
have studied the interactions between water and cyclohexanol with the pore walls and functional 
groups of Brønsted acidic BEA-type zeolites (H-BEA). As water is adsorbed into the H-BEA 
micropore, it forms hydrated hydronium ions in conjunction with Brønsted acid sites, generating 
aqueous domains within the micropore (Figure 9). Meanwhile, organic molecules, like 
cyclohexanol, fill the remaining available space. The pore 
size of the zeolite H-BEA stabilizes hydrated hydronium 
ions (H+(H2O)10) that are two H2O molecules larger than 
those formed in the smaller pore zeolite H-ZSM-5 due to the 
lower entropy loss in the larger H-BEA pore. The "quasi-
solid electrolyte" environment within the zeolite micropore, 
created by hydronium ions and the negatively charged 
framework, influences all adsorbed molecules. The higher 
the concentration of the hydronium ions (higher ionic 
strength), the higher the excess chemical potential of ad-
sorbed molecules, leading to a lower equilibrium constant. 
This excess chemical potential destabilizes adsorbed cyclo-
hexanol, and together with the better stabilization of the 
charged transition state, it may result in a lowered free en-
ergy barrier for dehydration. 
Molecular understanding of the self-organization of short-chain alcohols in zeolites. Explor-
ing how alcohols interact with zeolite pores offers profound insights into molecular dynamics at 
the nanoscale. We gravimetrically and calorimetrically studied the adsorption of C1–C4 alcohols 
in MFI (Silicalite-1 and H-ZSM-5) and Beta (siliceous Beta and H-Beta) framework zeolites. By 
examining the heat of adsorption for 1-alcohols in relation to their molecular weight on siliceous 
frameworks and frameworks containing BAS (Figure 10), we quantitatively assessed three dis-
tinct types of interactions between the alcohol molecule and the zeolite: (i) the interaction be-
tween the alkyl chain with the zeolite pore (approximately 10 kJ·mol-1 per carbon atom); (ii) the 
interaction between the alcohol-OH group and the zeolite pore (35 kJ·mol-1 in MFI framework 
and 30 kJ·mol-1 in BEA framework); and 
(iii) the additional interaction between the
alcohol-OH group and the BAS (37 kJ·mol-

1 in both MFI and Beta frameworks). This
indicates that the alcohol OH groups inter-
act with the silica walls of zeolites more
strongly than the -CH2- or -CH3 groups.
From this, we conclude that the primary
constraint for water adsorption arises be-
cause its heat of condensation (45 kJ·mol-1)
surpasses its adsorption enthalpy (35
kJ·mol-1). Though the size of protonated
water clusters around Brønsted acid sites is
constrained by entropy loss, their higher ad-
sorption enthalpy allows otherwise simi-
larly adsorbed alcohol molecules to fill the
pores completely.

Figure 9. Adsorption isotherm and heat 
of water adsorption on H-BEA zeolites 
varying Si/Al ratio from 15 to 400.  

Figure 10. Differential heat of adsorption of C1-C4 pri-
mary alcohols as a function of carbon atom numbers on 
MFI- and BEA-type zeolites. Three different kinds of in-
teraction between a primary alcohol molecule and BAS 
containing zeolite and their correlated contributions to the 
heat of adsorption are deconvoluted. 
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RECENT PROGRESS

Task 1: Catalysis Data Science and Computational Infrastructure

The data science task focuses on integrating catalysis data on our platform catalysis-hub.org and 
on developing machine-learning models for catalytic performance from combined experimental 
and computational data.

We have extended our catalysis data platform catalysis-hub.org from computational heterogeneous 
catalysis data to experimental data. In an evolving data infrastructure, we have begun to integrate 
experimental data on water catalysis as first prototype examples. In this initial data integration 
phase, collected data currently consists of catalyst materials properties, such as composition, 
morphology, crystal structure and oxidation states, as well as XRD and XPS characterization 
spectra. In addition, catalytic performance metrics are stored together with testing conditions and 
the catalyst matrix, including CV curves and derived onset potentials. These experimental data are 
accessible through our Python Cathub API (https://github.com/SUNCAT-Center/CatHub). As a 
first use-case of this integrated computational and experimental data, we have devised human-
interpretable machine learning models imposing physicality constraints
(https://github.com/vossjo/gplearn) to predict realistic catalyst performance metrics for ORR 
catalysts. These data integration efforts serve as a starting point aiming at incorporation of more 
types of catalysis data within and beyond the SUNCAT FWP.

On the computational catalysis data science and 
method development side, we have developed a 
solver for microkinetic models with improved 
convergence and the ability to deal with 
complicated adsorbate-adsorbate interactions 
models
(https://github.com/sudarshanv01/catmap-
mirror/tree/update-numbers-solver). To extend 
the range of electronic descriptors that can be 
extracted from our catalysis data and to enable 
predictions on complex catalyst structures out of 
reach for DFT simulations, we have devised 
tight-binding parametrizations for alloys of all 
transition-metals. 

We have developed a generalizable ML model 
for O and OH adsorption on (AxOy) transition 
metal oxides. Higher accuracy is achieved by 
utilizing descriptors derived from bulk DFT 
calculations that are of lower computational cost. 
In previous work we demonstrated that the 
electronic structure of the bulk TMO, obtained as 
the crystal orbital Hamiltonian populations 
(COHP) of the M-O bond, is an excellent descriptor for both *O and *OH adsorption1. In this 
work, we extend our model to a ML-based prediction of adsorption across multiple materials and 

Figure 1. Performance of 5-descriptor Gaussian 
Process regression model for the prediction of OH 
adsorption energies across +2, +3, +4, +5 and +6 
transition metal oxides. Descriptors include the bulk 
M(d)-O(20) ICOHP combined with non-DFT bulk and 
surface descriptors. The MAE is obtained from an 
average over leave-on-out cross validation across 
140 training points.
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oxidation states, with a low mean absolute error of 0.21 eV for the O-OH adsorption energy 
difference. These results will enable a more efficient screening of materials active for OER and 
ORR by enabling a more accurate prediction of adsorption energies (Figure 1) already at the bulk 
level of DFT computation.

Task 2: Fundamentals of Electrochemistry

The electrochemistry task focuses on developing tools and fundamental insights into 
electrochemical phenomena as to design optimal microenvironments and highly active and durable 
electrocatalysts. Our focus phenomena range from catalyst-liquid interfaces and reaction 
mechanisms to synthesizing and characterizing catalysts with unique binding motifs and tracking 
material dynamics during reactions. 

Many electrochemical technologies, e.g. electrolyzer for hydrogen evolution and carbon dioxide 
reduction, rely on the sluggish oxygen evolution reaction on the anode of their device. Looking 
into alternative reactions or device con has led to the combined experimental and theoretical study 
of benzyl alcohol oxidation (BAO)2 as an OER replacement, or the ammonia oxidation reaction 
(AOR) as a hydrogen carrier and fuel cell alternative. Focusing on BAO, in a recent study we 
electrodeposited nickel hydroxide electrocatalysts and tested their performance in alkaline media.  
Experimentally, our results indicated, that in similar to the OER, Fe contamination impacted BAO.  
However, in contrast to the OER activity enhancement seen with Fe incorporation, the 
contamination increased the overpotential for BAO. Notably, this trend was characterized by 
tracking the Ni2+/3+ redox wave, 
which is hypothesized to facilitate 
the reaction.  Our complimentary 
mechanistic DFT calculations 
supported this hypothesis and 
gave further insights into the 
nature of the adsorption site and 
the pathway (Figure 2A). 

In the past several years there has 
been a growing emphasis on the 
need to design durable materials.  
With the continued development 
of new tools capable of in situ and 
operando characterization, the 
field has gained many insights into the nature of the active site during reactions. In an effort to 
distill the knowledge that has already been acquired we focused on understanding Co-based 
materials for the OER and ORR. Broadly, based on our review of this material class we concluded 
that it is well known that starting structure, pH, and applied potential play a large role in the in 
situ/operando surface.  However, there are still many outstanding questions for example, the 
specific surface composition, role of the support, catalysis, time, and the dynamics in a device-like 
microenvironment3. In an effort to address one of these areas we used in situ and operando x-ray 
absorption spectroscopy to characterize the Mn on the surface of a layered Ag-MnOx thin film 
during electrochemistry4.  By tracking the Mn oxidation state at a series of different potentials with 
and without oxygen present we were able to disentangle the relationship between oxygen reduction 

Figure 2. (A) Calculated free energy diagram for BAO at 1.32 vs RHE 
applied potential for Ni (dashed) and Ni-Fe (solid) oxyhydroxide. (B) 
Average Mn oxidation state for Ag-MnOx ORR electrocatalyst with 
(closed symbols) and without (open symbols) oxygen present in 
alkaline conditions.
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and potential. We show that at the same potential (0.8 V vs RHE) that during ORR (e.g. with O2
present) that the catalyst is more reduced (Figure 2B). This work highlights the importance of 
correlating the rate of catalysis to operando characterization.

Recently, we have expanded our suite of reactions to include reactive nitrogen species, and 
supplemented electrocatalysis approaches with selective electrochemical separations. Reactive 
nitrogen species include NH3, NO3

-, NO2
-, NH2OH, N2H4, N2O, NO, and NO2. The interconversion 

between these species plays critical roles in interactions between humans and the environment. 
For example, Haber-Bosch fertilizer production generates NH3 and the Ostwald process converts 
NH3 to NO3

-. Reactive nitrogen emissions can also interconvert, leading to timely opportunities to 
valorize these emissions using electrocatalysis and electrochemical separations. We recently 
published a perspective in ACS Catalysis detailing efforts and an outlook on concentrating dilute 
emissions streams, using electrocatalysis to remove pollutants and/or generate valuable products, 
and creating high-purity commodities5. This perspective grounds our ongoing work on 
electrochemical nitrate reduction, as well as future work on carbon-nitrogen bond formation. The 
reactive separations approach will integrate polymer films (i.e., ionomers) onto electrode surfaces, 
as well as immobilize catalysts into membrane architectures for simultaneous catalysis and 
separations. We are particularly interested in the next funding period in closing nitrogen mass 
balances using gas and aqueous characterization and monitoring reactive intermediates with 
operando techniques. 

Task 3: Fundamentals of Thermal Catalysis

During the past funding period, we have focused our attention on the dynamics of catalytic systems 
operating under conditions relevant to a variety of applications, and in particular to hydrocarbon 
activation in dehydrogenation and oxidation reactions. We developed the precise synthesis of bi-
and trimetallic colloidal particles based on platinum and added with base metals to understand how 
surface chemistry evolves under reaction conditions and determines reactivity. This work is being 
done in strong connection with the alfa scheme developed by theory, with the goal to develop a 

predictive scheme able to determine the 
evolution of such multimetallic systems and 
their dynamics to identify valuable 
candidates for specific catalytic reactions.
The synthesis of precise multimetallic 
particles was performed using seed-
mediated approaches that rely on 
monodisperse Pt nanoparticles and that give 
us the opportunity to tune particle size 
through the initial seed size. The addition of 
base metals (Cu, Ni, Co, Zn) is then achieved 
by introducing their precursors into colloidal 
synthesis, thus tuning the Pt/metal ratio via 
simple control of precursor concentration. 
An example of a library of catalysts that can 
be produced with this method is reported in 
Figure 3. The particles are supported on a 
desired high-surface area oxide (e.g., 

Figure 3. (a, c, e) TEM Images Of Pt/Cu bimetallic particles and
obtained particle size distributions of the as-synthesized
nanocrystal solutions, (b, d, f) representative TEM images 
after dispersion on Al2O3 with their respective particle size 
distribution of the nanoparticles drop casted from solution 
(dashed bars) and those supported on γ-Al2O3 (solid bars).
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alumina), and the catalysts are activated through a calcination process to remove ligands. The 
catalysts are probed with EDS mapping and XAS characterization before and after catalysis to 
determine dynamic behavior, in particular, how the alloying and dealloying at the bulk and surface 
level are related to their catalytic activity. These processes are connected to alfa schemes 
developed in tight collaboration with computational colleagues.
In these past few years of research, we demonstrated that the formation of surface alloys containing 
Cu, Ni and Co are beneficial for hydrocarbon C-H activation on Pt surfaces with low Pt content. 
The results demonstrate that the electronic structure of these surfaces is very sensitive to the 
composition, and that optimal arrangements of atoms deliver much greater rates of C-H activation. 
We put these results into perspective in a recent publication that highlights the needs in this 
community to develop tools that can give us more insight into the dynamic behavior of catalysts6.

We also explored how dynamics can be 
controlled to determine selectivity in propane 
dehydrogenation catalysts. We found that Cu-rich 
Pt/Cu surfaces are very active in the reaction, but that 
dynamic changes restructure the surface and lead to 
deactivation. We controlled the surface structure by 
adding a third base metal, resulting in the stabilization 
of the dynamic behavior and an increase in rate and 
selectivity of dehydrogenation, confirmed by electronic 
structure calculations (Figure 4). The introduction of
Co in Pt/Cu bimetallic catalysts stabilizes the surface 
structure of the particles, leading to isolated Pt sites that 
are electronically affected by the Cu and Co atoms as 
to reduce side-reaction of coke formation, and improve 
C-H activation towards propene.

We are continuing the work of describing the dynamic behavior in multimetallic systems 
and of predicting such dynamics using computational tools. The goal is to predict the dynamic 
behavior and its role in catalytic reactivity from first principles.
In addition, we made significant advances in 
understanding the connection between site 
stabilities and reaction rates (Figure 5). Our 
model approach connects instantaneously 
evaluated active site stabilities with the reaction 
energetics which then propagates through a 
microkinetic framework based on simple energy 
correlations to probe catalytic activity. To 
illustrate this, we modeled the simple NO 
decomposition reaction and identified a 
significant increase in rates when alloying Pt 
metal with Au. The ability to immediately obtain 
information about specific site activities also 
allows for the evaluation of rates as a function of 
particle size and shape thus enabling activity 
metrics of more realistic systems. The developed 
method is applicable not only for single element 

Figure 5. Stepwise approach for predicting active site-
specific reaction rates on nanoparticles.

Figure 4. Predicted propane dehydrogenation 
rates and selectivity 
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sites but also able to evaluate the catalytic activity of mixed metal sites in various coordination 
and chemical environments7. In a constant effort towards better understanding the effect of 
electronic properties on catalytic activity we have derived a physics-based chemisorption model 
for alloyed transition metal surfaces employing primarily metal d-band properties. In contrast to 
previous approaches this model accounts for perturbations in both the substrate and adsorbate 
electronic states upon interaction. We show that changes induced by the adsorbate on the 
adsorption site affects the chemical environment which again leads to a second-order response in 
the chemisorption energy proportional to changes in the d-filling of the neighboring atoms8.

Task 4: The Consortium for Operando and Advanced Catalyst Characterization via Electronic 
Spectroscopy and Structure (Co-Access)

This past year has been a challenging year due to there being no beam available to users from 
December 2022 through to July 2023. Nevertheless, we took this opportunity to develop new data 
processing tools for our collaborators, design and construct new equipment, continue the 
development of BL 10-2, educate and teach, be intimately involved in the processing of XAS data 
and the subsequent writing of many manuscripts, and to develop closer ties with Tasks 1, 2 and 3. 
These are briefly summarized below.

One of our goals is to increase the standard in the application of XAS in the catalysis community. 
As such, we: (i) Informed the catalysis XAS community about some of the limitations in XAS for 
proving that single atoms are present on a catalyst. (ii) Developed a robust method for determining 
the presence of Ga(I) in a catalyst, and (iii) Wrote a perspective article on the current and future 
research directions of bridging the computational and experimental catalysis communities.

New Tools for Users| We have made significant progress on software and hardware for the XAS 
catalysis user community. We published and made available, CatMass, a software package used 
to calculate the ideal sample mass for X-ray measurements and guide detection schemes. 

We have continued the development of CatXAS software (Hoffman) which allows for rapid 
processing of time resolved XAS data and correlating it to the process parameters and product 
analysis. The code has been able to characterize ligand exchange kinetics of single-site catalysts, 
identifying the rate limiting process (Hoffman), redox cycling and carburization of catalytic 
materials (Hoffman, Khatib, Genz, Roman, Scott). Combined with codes developed elsewhere 
(Scott) it has used to determine the enthalpy between reduced and oxidized single-site Ga used for 
PDH.

Equipment| We have upgraded our existing ambient and high-pressure flow systems expanding 
the safety infrastructure (more alarms and safe state triggers) and increasing functionality though 
reworking the interface with plans to expand the hardware to support more flow channels. We 
have designed a new in-situ XAS cell that allows the users to study multiple samples 
simultaneously, under various conditions, and purchased an XAS cell that can study samples under 
at temperatures close to LN2 temperatures (Linkam cell). We have also expanded our Echem 
ability by purchasing a 2-channel potentiostat for use in the Co-ACCESS lab or beamline. In the 
Co-ACCESS lab, we have purchased a low temperature DRIFTS cell to study samples at lower 
temperatures close LN2.
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Outreach and Training| We have continued our efforts in outreach and training, driven by our goal 
to make the X-ray absorption spectroscopy technique at synchrotrons more accessible and 
effectively harnessed by the catalysis community for their research. We assist the research 
collaborators in writing competitive beamtime proposals and planning the actual beamtime to 
ensure the feasibility and safety of experiments. At the beamline, we provide extensive hands-on
training for the students and postdocs in all aspects of an XAS experiment. Once the data are 
collected, we further mentor the students in data processing, data analysis, data interpretation, and 
data reporting. These mentoring sessions span from one-on-one meetings via Zoom or in-person, 
monthly office-hours via Zoom, group boot camp sessions to larger training sessions at national 
meetings. In the past year, Co-ACCESS has hosted XAS workshops at the 2022 SSRL Summer 
School, the 7th International Congress on Operando Spectroscopy, the 28th North American 
Catalysis Society Meeting, and the SUNCAT Summer Institute 2023. We also mentored a SULI 
student in summer 2023 and mentored two SCGSR students.

Collaboration with Other Tasks| We have continued our integration with the other three tasks in 
SUNCAT. We collaborate closely with all co-PI’s in Task 2 and 3, and attend the sub-Task 
meetings. ASH collaborated with Michaela Stevens on an LDRD proposal, SRB and Kirsten 
Winther collaborated on a DOE proposal, and ASH led the planning and organization of the 
SUNCAT Summer Institute.

SSRL Beamline 10-2|At Beamline 10-2 SSRL is working on installing the optics for the beamline 
retrofit. The multi-element detector for characterizing dilute samples is on order and expected to 
be delivered in October 2023. SSRL had also installed the fire suppression and exhaust to the Co-
ACCESS procured gas cabinets. We are actively working with Swagelok on the design and 
procurement of a permanent gas handling capability. Looking forward: 10-2 commissioning will 
occur in the winter 23/24, together with installation of the has handling system, first data will be 
collected in spring 24.

Subcontract with Prof. Ambarish Kulkarni, UC Davis| In the past year, we have worked on two 
major advancements related to QuantEXAFS. These are: (i) Adding new workflows to the 
QuantEXAFS code that can serve to enhance the knowledge acquired from XAS, and (ii) 
Extending the application of QuantEXAFS to a wider variety of supported catalysts to emphasize 
the approach of site identification for well-defined catalytic systems. For (i), related to code 
development, we have added capabilities of predicting site fraction in QuantEXAFS. Essentially, 
from the database of plausible structures the code uses density function theory (DFT) calculations 
and XAS features to predict the fraction of different sites present in the system including the 
minority species. This method is extremely useful to quantify the sites and this important 
information can be further utilized in understanding the reaction mechanisms, and synthesis of 
tailored catalytic sites. We benchmarked the code using the data that we collected from well-
controlled beamline experiments. The code was further tested on simulated data and then on real 
catalytic samples. 

Pertaining to (ii), we are working towards making QuantEXAFS available for the user community. 
While the current version of codes is released on GitHub, we have also worked towards consistent 
collaborations with members of the catalysis community to gain insights into their catalytic 
samples. Graduate students in the Kulkarni group have been trained to use the code to test zeolite 
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samples (Pt/ZSM5, Cr/Si-MFI, Mo/ZSM5 and atomically dispersed samples (Pt/MgO, Pd/MgO 
for ethylene hydrogenation). We are gradually working towards consistent improvements of the 
code to make it robust and eventually, we will soon release a packaged version for the user 
community. With the emphasis to synthesize tailored sites, we started exploring Ni sites supported 
on MgO. Currently, we have identified unique atomically dispersed Ni sites on MgO surface and 
subsurface using XAS experiments and QuantEXAFS analysis. We are in the process of testing 
the properties of these sites under reaction conditions using infrared spectroscopy in the Co-
ACCESS lab and tracing the evolution of Ni using operando XAS experiments that can be 
analyzed using QuantEXAFS. This study will be an exemplary case to use a theory, synthesis and 
XAS analysis as an integrated approach for catalysis.

Subcontract with Prof. Fernando Vila, Univ. Washington |Theory-assisted interpretation of X-ray 
spectra for complicated systems like catalysts is essential to maximizing the amount of information 
extracted from experiments. Simulations provide a deeper understanding into the structure of the 
active site, and how changes due to chemical processes are correlated to spectral features. Given 
the complexity of some of these approaches, the main objective of this subcontract is to provide 
SUNCAT and Co-ACCESS users with end-to-end support in the optimal use of codes for X-ray 
spectroscopies, and their integration to density functional theory studies of structure. A few 
examples of how this support was used in the past year are: 1) We developed a rigorous analysis 
of Ga spectral signatures based on theoretical data. This allowed us to extract concentrations of 
Ga(I) during reduction processes. 2) The quick turnaround of theoretical results was used to 
compute ab initio EXAFS Debye-Waller (DW) factors for Lanthanide–EDTA complexes in 
solution. The theoretical DW factors can be used to both aid the EXAFS fits and assess the quality 
of the structural DFT simulations. 3) Theoretical insights formed the backbone of a “Perspective” 
published in ACS Catalysis where Co-ACCESS members highlighted how developments in 
analysis software, computational models, and data science can be used to improve the speed, 
accuracy, and reliability of EXAFS interpretation.

Statistics – Users, Beamtime, and Publications (Figure 6)

Figure 6. (left): Manuscripts submitted, published, or where Co-ACCESS was 
acknowledged in a given calendar year. (right): Beamtime use per cycle for each 
run year. Percent of a beamline used is determined by comparing the number of 
user-hours supported by Co-ACCESS staff and/or equipment to the user-hours of 
a beamline per year, approximately 1689 hours/cycle. 
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Presentation Abstract 
 
Computational and theoretical studies are an integral part of the BES Catalysis core program at 
PNNL. This component seeks to provide atomistic insights and predictability into catalytic 
processes in close collaborations with experiments. To effectively describe the often complex 
experimental conditions, including dynamic active sites, confinements, and solvents, a multi-level 
approach is needed where the methods are tailored to the complexity of the problem. To better 
capture this complexity, we apply and combine computational methods that span multiple lengths 
and time scales. In this poster, we will highlight recent progress in different areas of the programs.  
DFT studies of CO oxidation of single-site Cu atoms on CeO2 show how facile charge transfer 
between the active site and support opens different reaction channels and contributes to the catalyst 
adaptability under reaction conditions. Through AIMD free energy calculations we describe 
propanol interactions with H-MFI micropores and dimer and trimer species formation within the 
H-MFI micropores.  Using a combination of in situ and MD Al K-edge XNAES we show the 
transition of the Al T-site with the formation of monomer, dimer, and trimer 1-propanol species. 
The importance of co-absorbates and solvent representation is illustrated in two separate studies, 
through combined STM and DFT study we show how neighboring OH helps facilitate acetic acid 
diffusion on TiO2 and the formation of an ordered phase at higher coverage. The importance of 
QM dynamical representation of water is highlighted in the difference in predicted reaction energy 
landscape and rate-determining steps for CO2 hydrogenation with a Rh molecular catalyst when 
modeled with QM and continuum solvent vs. adaptive QM/MM MD, coupled with AIMD for 
validation. The addition of explicit water through an adaptive QM/MM MD approach enables us 
to identify reaction paths that bypass the high-energy transition states identified using QM 
continuum model calculations. These highlights illustrate the integration of complexity and 
multiple level approaches to modeling and underscores the strong integration of computational 
and theoretical studies in the BES Catalysis core program at PNNL. 
 
FWP 47319: Impact of catalytically active centers and their environment on rates 
and thermodynamic states along reaction paths   
 
PI: Johannes Lercher 
Co-PI’s: Aaron Appel, Líney Árnadóttir, David Dixon (U Alabama), Zdenek Dohnálek, John 
Fulton, Bojana Ginovska, Jian-Zhi Hu, Enrique Iglesia (UC Berkeley), Abhi Karkamkar, Bruce 
Kay, Sungmin Kim, Gregory Kimmel, Libor Kovarik, Mal-Soon Lee, John Linehan, Greg Schenter, 
Wendy Shaw, Janos Szanyi, Ba Tran, Huamin Wang, Yong Wang (Washington State U), Eric 
Wiedner, Nancy Washton. 
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Gold Catalyzed Polymerization Reactions of Unsaturated Substrates: Towards New 

Functional, Recyclable, and Upcycled Aromatic Polymers  
 

Jason D. Azoulay, Eric King, and Naresh Eedugurala 
Georgia Institute of Technology 

 
Presentation Abstract 

Synthetic aromatic polymers are ubiquitous and indispensable to modern life, industry, and the 
global economy. The presence of planar, rigid aromatic, or pseudo-aromatic heterocycles within 
these polymers imparts robust properties that enable their broad utility in commodity, specialty, 
and high-performance applications. Despite their vital technological roles, these macromolecules 
rarely possess the same fidelity in their chemistry when compared to their aliphatic counterparts, 
aromatic “plastics” are largely unsustainable, and the demands of emerging technologies require 
functionalities and forms that remain inaccessible. Thus, there remains a critical need to create new 
synthetic technologies that cannot be accommodated within the scope of traditional polymerization 
reactions, that revolutionize the lifecycle of these plastics, utilize unusable industrial and consumer 
waste, and which reduce environmental impacts. Here, we demonstrate new patterns of catalytic 
reactivity for homogenous gold catalysts that promote efficient and chemoselective transformations 
between traditionally unreactive bonds in monomers and polymers. This has enabled the direct C–
H activation polycondensation of alkyne-containing comonomers and heteroarene nucleophiles 
with high reactivities to give high molecular weight (> 100 kg mol-1) products. This represents one 
of the first examples of multiple successive intermolecular reactions mediated by Au. We further 
demonstrated a practical approach to functionalize aromatic polymers in a mild and chemoselective 
manner, activating unsaturated carbon-carbon (C–C) bonds towards the attack of a wide variety of 
nucleophiles in the presence of H2O, O2, acids, and functional groups that poison other catalysts. 
Results are consistent with the direct C(sp2)–H functionalization of commercial polystyrene (PS), 
polyethylene terephthalate (PET), and polysulfone (PSU) using highly functionalized alkenes and 
alkynes. This reactivity is without precedent and opens completely new opportunities for the 
chemical transformation of aromatic polymers. Additional efforts have demonstrated that gold 
catalysis also offers completely new paradigms for monomer utilization, polymer synthesis, and 
advanced materials development.  
 
Grant or FWP Number: DE-SC0021161 
Gold Catalyzed Polymerization Reactions of Unsaturated Substrates: Towards New 
Functional, Recyclable, and Upcycled Aromatic Polymers  
 
PI: Jason D. Azoulay 
Postdoc: Naresh Eedugurala 
Student(s): Eric King, Samuel Hunt 
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RECENT PROGRESS 

 
Gold Catalyzed C–H Functionalization Polycondensation for the Synthesis of 
Aromatic Polymers. Homogeneous gold (Au) complexes have demonstrated tremendous 
utility in modern organic chemistry; however, their application towards the synthesis of 
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polymers remains rare. Here, we demonstrate the 
first catalytic application of Au complexes toward 
the polycondensation of alkyne-containing 
comonomers and heteroarene nucleophiles. 
Polymerizations occur through successive 
intermolecular hydroarylations to produce high 
molecular weight aromatic copolymers with 1,1-
disubstituted alkene backbone linkages. Clear 
correlations between the rate and degree of 
polymerization (DP) were established based on 
catalyst structure and counterion pairing enabling 
polymerizations that proceed with remarkable 
efficiency, high reactivities, and exceptional DPs.
The reactivity is broad in scope, enabling the 
copolymerization of highly functionalized aromatic 
and aliphatic monomers. These results highlight the 
untapped utility of Au in the construction of new 
macromolecular chemistries.

Gold-Catalyzed Post-Polymerization Modification of Commodity Aromatic Polymers
Synthetic aromatic polymers are ubiquitous and indispensable to modern life, industry, and 
the global economy. The direct functionalization of these materials remains a considerable 
challenge on account of their unreactive aromatic C–H bonds and robust physical 
properties. Despite the exploration of a vast chemical space, methods for the PPM of 
aromatic polymers are harsh, non-selective, necessitate multiple steps, and cause 
significant degradation (i.e., chain scission). Here, we demonstrate that homogenous gold 
catalysis offers a mild, chemoselective, and practical approach to functionalize high-
volume commodity aromatic polymers. Utilizing a gold-catalyzed intermolecular 
hydroarylation between a highly functionalized alkyne, methyl propiolate, and 
nucleophilic arenes within polystyrene (PS) results in direct C–H functionalization of 
phenyl rings with 1,2-substituted 
methyl acrylate functional groups. 
The reactivity and functionalization 
depend on the steric and electronic 
environment of the catalyst, 
counterion pairing, and method of 
activation. The reactivity is broad in 
scope, enabling the functionalization 
of arenes within commercial 
polysulfone (PSU) and waste 
polyethylene terephthalate (PET). 
These reactions open new 
opportunities to chemically 
transform aromatic polymers and 
modify their physical properties.

Figure 1. (Top) Gold catalyzed 
copolymerization using (hetero)arenes 
(Ar) and alkyne monomers (M). 
(Bottom) Proposed gold catalytic cycle 
for the copolymerization of arenes to 
generate polymers (P).

Figure 2. A) Gold-catalyzed post-polymerization 
modification of PET, PS, and PSU. B) Upcycling of waste 
PET and PS into methacrylate functionalized products. C) 
Functionalization of PS using reactive extrusion.
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The facile modification of commodity polymers is advantageous since it makes use 
of optimized industrial processes for value-added materials and enables the use of discarded 
plastic as a resource. Several attributes of this reactivity are novel and noteworthy: (i) the 
reactions proceed using very mild conditions (i.e. 25–80 ºC); (ii) unprecedented levels of 
functionalization are achieved; (iii) the reactivity can be controlled using different catalysts 
and conditions; (iv) a very broad functional scope can be achieved; (v) the reaction proceeds 
in the presence of H2O, O2, acids and additives/contaminants–exemplified by the 
functionalization of commercial waste including PET (i.e. a soft-drink bottle) and PS foam 
(Fig. 2b).  Moreover, the novel reactivity of Au enables new paths towards chemical cross-
linking using commercial PS and a single monomer resulting in a highly functionalized 
network in a single step (Fig. 2). We have also demonstrated a practical and scalable 
reactive extrusion process (Fig. 2c). This reactivity is without precedent and opens 
completely new opportunities for the chemical transformation of aromatic polymers and 
manifold opportunities for chemical separation and upcycling. 
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Presentation Abstract 

 
Co-ACCESS (Task 4 of the SUNCAT FWP) focuses on developing operando catalysis 
characterization capabilities at SSRL that benefit the catalysis community at large. This 
poster will highlight a few of our developments, often in collaboration with our users in 
the following areas: (i) The limits of detection for X-ray absorption spectroscopy of 
heterogenous single atom catalysts where we make recommendations for the community 
to follow, (ii) The rigorous oxidation state assignments for supported Ga-containing 
catalysts using theory-informed XAS signatures from well-defined Ga(I) and Ga(III) 
compounds with a method that allows users to determine the amount of Ga(I) in their 
catalyst, and (iii) the development and application of CatMass and CatXAS as software 
tools to aid in the planning of their experiments and enhanced data processing, 
respectively. 
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Presentation Abstract 

 
Combining redox mediators with photo- and/or electro-active materials is a promising 
strategy for synthesizing higher value products from biomass feedstocks. This poster 
presentation will highlight recent work in probing the kinetics for chloride-mediated 
ethanol oxidation on glassy carbon. Rotating-ring disk electrodes combined with UV-Vis 
spectroelectrochemistry reveal two distinct electron-transfer steps: a Volmer step in which 
chloride adsorbs to the glassy carbon followed by subsequent chloride-ion transfer to form 
an ethyl hypochlorite intermediate. This intermediate likely decomposes to acetaldehyde 
(not observed), which then rapidly condenses with ethanol solvent to form the product, 1,1-
diethoxyethane. This mechanistic insight explains why no chlorinated products are 
observed and helps to direct future efforts in the broader class of mediated oxidation 
reactions. 
 
 
DE-SC0006587: Tandem Electrocatalysis and Particle-based Catalysis as a Strategy 
for Mediated Alcohol Oxidation Reactions 
 

RECENT PROGRESS 
 
Chloride-Mediated Ethanol Oxidation 
 
Recent work has focused on elucidating details of 
chloride-mediated ethanol oxidation on dark 
electrodes (glassy carbon). Koutecky-Levich 
analysis in Figure 1 shows that the rate constant 
for the electrochemical chloride oxidation 
reaction (COR) is four order of magnitudes faster 
than that of direct alcohol oxidation (10–3 s–1 vs. 
10–7 s–1). This data corroborates the observed 
current density difference during cyclic 
voltammetry measurements in our previous 
publication (J. Am. Chem. Soc. 2021, 143, 
15907). By varying the chloride ion 
concentration, we propose a one-electron transfer 
mechanism in which chloride adsorbs onto the 
glassy carbon electrode (a Volmer step). However, the lack of chlorinated products falsifies 

 
Figure 1. Forward rate constants as a 
function of applied potential for chloride 
oxidation in ethanol. 
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the formation of long-lived chlorine radical and 
suggests a fast or concerted reaction with 
ethanol solvent. This Volmer mechanism is 
further supported by observing a linear-
dependence of peak current with scan rate after 
chloride adsorption in an inert solvent (Figure 
2). UV-Vis spectroelectrochemistry in ethanol 
shows one sole chloride oxidation product (the 
ethyl hypochlorite intermediate with max of 237 
nm, data not shown) among the range of applied 
potentials 1.3 – 2.0 V vs. Fc+/0, indicating that 
no mechanistic change occurs with increasing 
bias. Current efforts include expanding the 
hydrodynamic analysis towards oxidation 
reactions in other neat alcohol systems and 
using in situ IR spectroscopy to show adsorbed 
chlorine on the glassy carbon electrode. 
 
Quantifying Surface Defects on Synthesized HxWO3 Particles 
A second focus for recent work is establishing the titration methods needed to quantify 
surface defects on oxide materials. Lewis basic sites (surface oxygen vacancies) and 
Brønsted acidic sites (surface hydroxyl groups) can be distinguished by reactions with 
CO32– (both a Lewis and Brønsted base) and lutidine (only a Lewis base). We prepare 
HxWO3 powders by spin coating ammonium metatungstate as a precursor and annealing in 
air according to the balanced equation: 152  12 6 13  
We find a nearly 10-fold greater density of Lewis acid sites than Brønsted acid sites at high 
temperatures, and not surprisingly, the density of 
Lewis acid sites increases as annealing temperature 
increases, illustrated in Figure 3. Together, these data 
suggest that the intercalated protons in the cubic sites 
of HxWO3 are not strongly Brønsted acidic, and that 
there are few surface hydroxyls. Consequently, 
oxygen vacancies dominate the surface chemistry. 
Current work focuses on decoupling electronic 
structure imparted by the intercalated ion from the 
surface reactivity for both the chloride oxidation and 
oxygen evolution reactions by probing the activity for 
each reaction in electrolytes composed of varying 
alkali cations and on films annealed at varying 
temperatures. 
 
  

 
Figure 2. CV scans to higher potential at 
varying scan rate for 10 mM Bu4NCl and 90 
mM Bu4NPF6 dissolved in DCM. The 
working electrode is a GC disk with a Pt wire 
auxiliary electrode and a Ag wire pseudo-
reference electrode normalized against the 
Fc+/0 couple. Inset. ipa vs.  for the second 
oxidation wave. 

Figure 3. Density of acid sites on tungsten 
oxide as a function of annealing temperature. 
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Presentation Abstract 
 
Understanding the electrocatalyst deactivation pathways and how deactivation impacts 
electrochemical reactions of biomass-derived species is important for continuing 
development and improvement of the reactions. The electrochemical hydrogenation and 
hydrogenolysis of furfural to furfuryl alcohol and 2-methyl furan, respectively, is a 
promising way to produce chemical intermediates and alternative fuel candidates. To 
produce 2-methyl furan, highly acidic electrolytes and copper electrocatalysts are 
required. This highly acidic condition also drives undesired homogeneous side reactions 
of the furanics and fouls the electrode surface. Through an intentional electrode fouling 
study, the fouling was identified as potential-dependent and coming from the starting 
material furfural, not the products. At less negative potentials at the cathode, 
poly(furfuryl alcohol) was formed as the deactivating layer. At more negative potentials 
at the cathode, coke was formed as the deactivating layer on the electrode. The 
polymerization and coking was found to be electrochemically-driven, not forming in the 
absence of an applied potential. Additionally, under an applied potential with only the 
furfuryl alcohol, which would mimic the products in the electrolyte, no fouling was 
observed. With the enhanced understanding of electrode fouling, mechanisms can be 
developed to incorporate the fouling and better systems can be designed to mitigate the 
fouling. 
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RECENT PROGRESS

Progress on understanding of electrode fouling and relation to electrochemical 
hydrogenation and hydrogenolysis

Electrochemical hydrogenation and hydrogenolysis (ECH) of furfural (FF) results in the 
formation of furfuryl alcohol (FA) and 2-methyl furan (MF) being formed. To form MF, 
copper electrocatalysis and acidic conditions are required. The very acidic conditions 
required to achieve high selectivities toward 2-methyl furan during ECH also drive 
undesired side reactions both in solution and on the electrode surface. To better 
understand the behavior of the side reactions at the electrode surface that result in 
electrode fouling, a study was performed to intentionally foul the electrode surface. High 
concentrations of furfural (200 mM) and highly acidic electrolyte (0.5M H2SO4 in 20:80 
v:v acetonitrile:water) were used to drive the fouling. Copper foil electrodes were used in 
fresh electrolyte three times to increase the build-up of fouling for characterization (Fig. 
1a). Two cathodic potentials were investigated: -560 mV vs. RHE and -700 mV vs. RHE. 
At both potentials the fouling worsened the reaction performance with electrode reuse 
(Fig. 1b-d). The resistance of the electrodes also increased with reuse, further supporting 
that fouling had occurred.

Figure 1. (a) A schematic showing the experimental procedure of this work, noting that 
the ECH cell depicts only the cathodic chamber of the full cell used. Conversion of FF 
during 3 hour ECH with recycle showing (b) ECH1, (c) ECH2 (d) ECH3. Conditions: 
200 mM FF, 0.5 M H2SO4, 80:20 vol% water:acetonitrile, 60 mL N2 sparging, 25 °C, 
Cu electrode. (e) Polarization resistance before ECH determined using electrochemical 
impedance spectroscopy.
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The fouled Cu electrodes were characterized to identify the species present and the 
coverage. After the three uses, the Cu electrodes were completely covered in a 
carbonaceous material. At -560 mV vs. RHE, the material on the electrode was found to 
be polyfurfuryl alcohol, as evidenced via FTIR (Fig. 2.). The -700mV vs. RHE fouled 
electrode did not have a spectra that resembled polyfurfuryl alcohol, rather it behaved 
like a black body.
Further analysis of 
the fouled 
electrodes using 
Raman 
spectroscopy (Fig. 
3) revealed that 
coke or soot was 
formed on the -700 
mV vs. RHE 
electrode, rather 
than a polymer.

Additional 
experiments were 
performed to determine the source of the 
fouling. To determine if the fouling was 
electrochemically driven or if the fouling 
was a result of homogeneous reaction 
products adsorbing to the surface of the Cu 
electrode, the electrode was submerged in a 
simulated reaction electrolyte containing 
100mM FF and 30mM FA (the MF during 
ECH of FF is in situ evaporated out of the 
electrolyte to a solvent trap using inert gas 
sparging). Species characteristic of humins 
were identified on the Cu electrode after the 
submersion experiment. No evidence of 
polymerization was observed, indicating 
that the polyfurfuryl alcohol formation was 
an electrochemically-driven reaction.

To better identify if furfural or furfuryl 
alcohol is the initiating species for the 
electrode fouling, ECH was performed on 
Cu electrodes with FA as the starting 
reactant instead of FF. Characterization of 
the electrodes did not reveal any 
polyfurfuryl alcohol, coke or humins. This 
result indicates that FA is not the source of 

Figure 2. FTIR spectra of -560 mV RHE fouled Cu polymer,
commercial pFA, and 10x magnified -700 mV RHE fouled Cu. 
Shaded areas indicate key pFA band.s

Figure 3. Raman spectra of -700 mV 
RHE fouled Cu showing D, G, and 2D 
bands, spectra of -560 mV RHE fouled 
Cu showing spectra from a carbonized 
area of electrode and a polymerized area 
of the electrode.
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electrocatalyst fouling, rather FF is the source.  

FA was significantly converted over the reaction periods during the ECH of FA 
experiments, however. Fig. 4 includes the conversion and mass balance for a single 
experimental run at -560 mV vs. RHE. Previously in our group and others, it has been 
shown that FA does not further react to form MF. Similarly, in this work, MF was not 
detected. During the ECH of FA experiment at -560 mV RHE, the conversion of FA 
reached an average of (40.9 ± 2.59)%. FA is known to undergo side reactions 
homogeneously due to the acidic conditions, and using the homogeneous kinetics from
our previous work, the expected conversion in FA was found to be 39.4%. The unreacted 
FA and the estimated consumption due to side reactions accounted for 98.7% of the 
initial FA, showing that it was unlikely that mass was lost due to electrochemical 
reactions of FA.

Figure 4. The composition of the FA ECH electrolyte before and after 3hr ECH. (b) 
The conversion and mass balance from FA ECH experiments. Conditions: -560 mV 
RHE, 80:20 vol% acetonitrile:water, 0.5M H2SO4, 15 mM FA, N2 sparging 60 
mL/min, Cu electrode.  

Through this study, we were able to identify that FF, not FA is the source of the fouling 
and that the fouling is electrochemically-driven and the species are potential-dependent.
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Presentation Abstract 

 
Catalytic metals are frequently combined with secondary, promoter metals to improve 
dispersion, enhance activity, and/or prevent side reactions. Unfortunately, when working 
with supported nanoparticles, mixing metals will usually create heterogeneous alloys. This 
makes it difficult to rigorously quantify reaction rates on these “technical catalysts.” For 
most alloys, the concept of an active site is ambiguous. Moreover, individual components 
of an alloy may respond differently to their environment, so they are apt to restructure 
under reaction conditions. Dynamic, ill-defined active sites provide a challenging basis for 
defining turnover frequencies, which prevents a meaningful assessment of how nominal 
changes in alloy structure or composition impact catalytic activity. As a potential resolution, 
we consider the use of transient response methods, like steady state isotopic transient 
kinetic analysis (SSITKA), for characterizing catalyst activity. We compare results with 
those obtained through conventional packed bed experiments and titrant chemisorption. 
The aim is to develop a suite of tools that allow facile, accessible, and accurate 
determination of turnover rates for materials with poorly defined active sites. Coupling 
these techniques with appropriate in situ characterization methods should enable a better 
understanding of how the structure and composition of metal alloys impacts their function. 
Data are presented here for Pt and PtxSny alloys supported on SiO2 and -Al2O3 and 
employed for the hydrogenation of CO and acetone, and we consider the impact of changes 
in alloy composition and the identity of the metal support. 
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RECENT PROGRESS 
We have characterized CO methanation over monometallic Pt/SiO2, monometallic Pt/ -
Al2O3, and bimetallic PtxSny supported on SiO2 and -Al2O3. Sn introduction is detrimental 
to the extensive rate of CO hydrogenation over Pt, but as long as alloys remain randomly 
ordered, it has little impact on the intrinsic activity of Pt. In most cases, PtxSny catalysts, 
resemble partially deactivated Pt catalysts. The one exception is that when we observe the 
formation of ordered, intermetallic phases, like PtSn. We find that these intermetallics have 
no activity for CO hydrogenation. FTIR spectra suggest that CO binds atop at Pt atoms 
comparably in monometallic Pt, random alloys, and intermetallics, whereas we see a loss 
of bridging CO bands in intermetallic phases. As such, we attribute the inactivity of 
intermetallics to the loss of Pt-Pt site pairs, which presumably lowers the rates of 
elementary steps that involve site pairs, such as C-O dissociation, C-H formation, and O-
H formation. We thus conclude that loss of CO hydrogenation activity in PtSn 
intermetallics is more a geometric effect than an electronic one. For most samples, we 
observe agreement in turnover frequencies calculated from (1) steady state methane 
formation rates in a packed bed and (2) SSITKA experiments utilizing 12CO/13CO switches. 
We are developing open-source tools in Julia to enable a more rigorous quantification of 
elementary kinetic parameters (e.g., barriers and pre-exponential factors) by modelling 
reactor dynamics in response to isotope switching. 
As we conclude analysis of CO 
methanation, we have shifted to acetone 
hydrogenation as a model system. 
Macroscopic trends are similar to those 
observed during CO methanation over Pt 
and PtxSny. Specifically, adding Sn reduces 
extensive rates of acetone hydrogenation. 
While evidence points to a geometric 
effect in CO methanation, the mechanistic 
origin of the activity loss is unclear during 
acetone hydrogenation. This system is 
more complex, and we see a prominent 
support effect, which makes resolving 
contributions from Pt and Sn considerably 
more difficult. Specifically, Pt/ -Al2O3 is 
roughly 5 times more intrinsically active 
than Pt/SiO2. To exclude potential impacts 
of heat transfer, mass transfer, and particle 
size effects (structure sensitivity), we 
considered a Madon-Boudart type plot for acetone hydrogenation rates measured over 
Pt/SiO2 and Pt/ -Al2O3 (Figure 1). In both systems, rates scale linearly with titrant (CO) 
uptake for a given sample—this is independent of average metal cluster sizes between 1 
nm and 20 nm. This suggests that acetone hydrogenation is structure insensitive on both 
Pt/SiO2 and Pt/ -Al2O3 and that rates are kinetically controlled. We therefore attribute the 
factor of ~ 5 difference in rates observed over Pt/ -Al2O3 to an intrinsic support effect that 
cannot be explained by dispersion effects, particle size effects, or transport control.  

 
Figure 1: Madon-Boudart plot for acetone
hydrogenation over Pt/SiO2 and Pt/ -Al2O3. Slopes of 
regressed lines are 1, indicating kinetic control and
structure insensitivity. 
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Presentation Abstract 

Hydrogen spillover involves the migration of H atom equivalents from metal nanoparticles 
to a support.  While well-documented, H spillover is poorly understood and largely 
unquantified. Here, we measure weak, reversible H2 adsorption on Au/TiO2 catalysts, and 
extract the surface concentration of spilled-over hydrogen.  The spillover species (H*) is 
best described as a loosely coupled proton/electron pair distributed across the titania 
surface hydroxyls. In stark contrast to traditional gas adsorption systems, H* adsorption 
increases with temperature.  This unexpected adsorption behavior has two origins.  First, 
entropically favorable adsorption results from high proton mobility and configurational 
surface entropy.  Second, the number of spillover sites increases with temperature, due to 
increasing hydroxyl acid-base equilibrium constants.   Increased H* adsorption correlates 
with the associated changes in titania surface zwitterion concentration.  This study provides 
a quantitative assessment of how hydroxyl surface chemistry impacts spillover 
thermodynamics and contributes to the general understanding of spillover phenomena. 
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RECENT PROGRESS

Supported Au catalysts have excellent selectivity 
for a number of important hydrogenations and semi-
hydrogenations but have notoriously low activity.  We 
have been studying hydrogen adsorption on Au/TiO2
catalysts to better understand how to improve their 
activity. Hydrogen chemisorption on Au surfaces is 
widely recognized to be thermodynamically 
unfavorable; however, our recent work indicates 
hydrogen adsorption occurs via heterolytic activation at 
the metal support interface, not on the Au.  To date no 
one has examined weak hydrogen adsorption on Au 
catalysts.

Figure 1 shows isotherms for reversible hydrogen 
adsorption on a 1% Au/TiO2 catalyst.  Each isotherm 
was measured with a combination of volumetric 
adsorption and infrared spectroscopy to confirm no water was removed from the surface.  
Isotherms are completely reversible via evacuation at the adsorption temperature and was 
repeated at least four times (error bars show standard deviations).  Weak, reversible 
adsorption shows a surprising trend:  the total amount of adsorption increases with 
temperature.

Figure 2A shows H2 adsorption isotherms for three Au/TiO2 catalysts in which the Au 
particle size was held constant, but the Au loading varied, normalized to the surface Au 

Figure 1.  H2 adsorption 
isotherms for Au/TiO2. 
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fraction.  The increase 
in total adsorption with 
decreasing Au loading 
indicates the adsorbed 
H does not migrate to 
the Au surface; rather, 
the adsorption occurs 
on the support. 
Normalizing the 
adsorption by 
accounting for the 
relatively stronger (but 
still readily reversible) 
adsorption at the metal-
support interface (MSI) 
yields identical 

isotherms (Figure 2B), consistent with this conclusion. We therefore conclude these 
isotherms are a combination of H2 adsorption at the MSI and spillover hydrogen (H*) on 
the support; to our knowledge, these are the first reported quantitative H* measurements 
in the literature.  Adsorption at the MSI does not change across the temperature range in 
Figure 1, allowing us to extract the H* portion of the isotherms (Figure 2C); both types of 
adsorption are shown schematically in Figure 2D. 

H* isotherms do not fit Langmuir or Temkin adsorption models; however, a 
progressive Langmuir analysis allows us to extract coverage dependent adsorption 
parameters.  Figure 3A shows Gads values determined from extracted adsorption 
equilibrium constants.  At constant H* coverage, the adsorption free energy increases with 
temperature; this suggests entropically favorable adsorption.  A van’t Hoff analysis 
(Figure 3B) shows the H* enthalpy of adsorption to be essentially thermoneutral.  The 
van’t Hoff analysis also suggests the number of adsorption sites populated at 25 Torr 
increases with temperature.    

There are few reported similar cases of 
entropically favorable adsorption in the 
literature.  Figure 4 shows H2 adsorption 
is entropically favorable when the surface 
entropy is greater than ~65 J/molK; this is 
a relatively small value.  For H*, the 
surface entropy is composed of three 
components: vibrational, translational, 
and configurational entropy.  Treating the 
adsorbed H* as a weakly coupled proton-
electron pair (surface proton, sub-surface 
electron in the titania conduction band), 
we determined the generated surface 
TiOH2

+ species to have a maximum 
vibrational entropy of ~10 J/molK. This 
value is small relative to the total surface 

 
Figure 3.  H* adsorption energetics and site density 
determined with a progressive Langmuir analysis. 
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entropy and on the order of 
our measurement errors.  
Vibrational entropy 
contributions were 
therefore excluded from 
our subsequent analysis.   

Translational entropy is 
dominated by the average 
area per adsorbate; Figure 
5a shows, translational 
entropy is sufficient to 
drive H* adsorption at very 
low coverages.  The inset 
shows the experimental 

data are not well described by translational entropy alone.  When a configurational entropy 
term is added (Figure 5b) the total surface entropy change is well described only when the 
number of adsorption sites increases with temperature.  We note the number of adsorption 
sites is a fitted parameter likely describing the complex configurations of protons across 
the surface.  
 Aqueous slurry titrations (reported last year) 
previously showed significant changes in the surface 
point of zero charge as temperature increases.  We 
surmised temperature-dependent changes to the surface 
protonation state might be associated with the observed 
increase in H* site density.  Note, the surface equilibrium 
resulting in greater amounts of proton transfer at higher 
temperatures is essentially the same as the well-known 
increase in the water autodissociation constant (Kw) with 
temperature; this is also an effect of entropy.  The 
autodissociation of surface hydroxyls results in the 
generation of a surface zwitterion; the surface 
concentration of these zwitterions depends on 
temperature dependent changes in the surface Ka and Kb 
values.  The surface zwitterion concentration can be 
estimated based on the values determined in water; as 
Figure 6 shows, the H* surface concentration is strongly 
correlated with both estimates of the surface zwitterion 
concentration.  
 
 
 
 
 
 
 
 

Figure 5.  Translational (A) and Translational + 
configurational entropy contributions to the H* Sads. 
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Figure 6.  H* surface 
concentration plotted 
against two estimates of the 
surface zwitterion 
concentration.   
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Presentation Abstract 

 
The CuxRh3-x(BTC)2 catalyst (abbreviated CuRhBTC, BTC3- = benzene tricarboxylate) provides 
excellent dispersion of active metal sites coupled with well-defined structures for hydrogenation 
and hydroformylation reactions.  This material therefore serves as a unique prototype for 
understanding catalytic activity in metal organic frameworks (MOFs).  The mechanism of gas-
phase hydrogenation at the bimetallic metal nodes of a MOF has been investigated in detail for the 
first time using in situ spectroscopy and diffraction experiments combined with density functional 
theory (DFT) calculations.  The reaction occurs via a cooperative process in which the metal and 
linker sites play complementary roles; specifically, H2 is dissociated at a Rh2+ site with a missing 
Rh-O bond, while protonation of the decoordinated carboxylate linker stabilizes the active sites 
and promotes H2 dissociation.  In situ Raman spectroscopy and diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS) experiments demonstrate that propylene adsorbs at both Rh2+ 
and Cu2+ ing.  Cu2+ is catalytically inactive, but at Rh2+ sites, a propyl intermediate 
is observed when H2 is introduced into the propylene feed.  Furthermore, the appearance of the O-
H stretch of COOH at ~3690 cm-1 in the DRIFT spectra is characteristic of defects consisting of 
missing Rh-O bonds. These experimental results are consistent with the reaction mechanism 
proposed by DFT, in which the decoordinated carboxylate linker is protonated, and the active Rh2+ 
site remains available for readsorption of reactants in the subsequent catalytic cycle.  Gas phase 
ethylene hydroformylation studies have also been carried out on CuxRh3-x(BTC)2 as well as other 
Rh-containing MOFs with Rh in different coordination environments.  Rh-containing MOFs have 
higher selectivity for the desired propanal product over ethane compared to oxide-supported 
metallic Rh particles. 
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Gas-phase hydroformylation of alkenes on Rh-containing MOFs were studied in order to 
design catalysts with high selectivity toward the aldehyde product.  Given that gas-phase 
hydroformylation on supported metallic Rh particles results in the fully hydrogenated alkane as a
major product, there is a need to develop catalysts with better selectivity to the more valuable 
aldehyde.  Although solution-phase hydroformylation with Rh-containing organometallic 
compounds, such as Wilkinson's catalyst, have high selectivity to the aldehyde, heterogeneous gas-
phase catalysis is more economical due to ease of separation.  Rh-containing MOFs offer the 
synthetic flexibility to create the highly dispersed, isolated ionic Rh sites found in the 
organometallic catalysts while enabling heterogeneous catalysis in the gas phase.  

The CuxRh3-x(BTC)2 (BTC3-=benzene tricarboxylate, 
abbreviated CuRhBTC, Fig. 1) was the first MOF studied for 
hydroformylation since our previous studies of this system 
showed that this MOF is capable of hydrogen dissociation and 
hydrogenation of alkenes. The CuRhBTC MOF was synthesized 
by exposing Cu3(BTC)2 (HKUST-1, abbreviated CuBTC) to a 
solution of RhCl3 at elevated temperature, and Raman 
spectroscopy experiments established that Rh ions were 
substituted for Cu ions in the paddlewheel node, based on the 
appearance of Cu-Rh and Rh-Rh stretches.  Furthermore, X-ray 
photoelectron spectroscopy (XPS) and X-ray Absorption Near 
Edge Structure (XANES) experiments established that the Rh ions 
have an unusual +2 oxidation state in CuRhBTC.  Ethylene was 
chosen as the reactant since it is a simple alkene and the rate of 

hydroformylation for ethylene is higher than that for 
larger alkenes. Reaction conditions were 
ethylene:hydrogen:CO=22:22:2 sccm at 80 °C and 3 atm. 
The exact conditions of temperature, pressure, feed gas 
composition were chosen to maximize activity and 
selectivity for propanal, while minimizing MOF 
decomposition via reduction of the metal nodes. Prior to 
reaction, the CuRh(3.4%)BTC was dried under N2 for 90 
min.  Notably, in situ activation under He for 3 hrs at 
100 °C to remove coordinating ethanol solvent resulted in 
substantial deactivation.  Fig. 2 shows the rate of propanal 
and ethane production as a function of time on stream;  no 
other products were detected although the residual ethanol 
solvent was observed for the first 10 hours on stream.  

Fig. 1: Structure of the CuBTC 
MOF showing the paddle-wheel 
metal node and the structure of 
the H3BTC linker. 

Fig. 2: Hydroformylation activity on 
CuRh(3.4%)BTC for propanal (red) and 
ethane (blue).
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During the period of time when ethanol is still 
desorbing from the MOF, the production of both 
propanal and ethane decreases.  However, the rate of 
product formation is stable at longer times on stream, 
decreasing by less than 7% between 40 and 67 hours.  
Post-reaction solvent extraction of residual products 
retained in the MOF demonstrate that a small amount 
of diethyl ketone (DEK) is present (1% selectivity), 
while the trapped propanal accounts for only 2% of 
the total propanal production.  Post-reaction powder 
X-ray diffraction (PXRD) shows that the MOF 
retains its crystallinity under reaction conditions, 
given that there is no evidence for metallic Rh 

formation or MOF degradation in the 2 =40-50° region of the diffraction pattern (Fig. 3).
Furthermore, in situ XPS experiments on the CuRhBTC illustrated that the Rh oxidation state did 
not change under reaction conditions even at temperatures as high as 140 °C although the 
maximum pressure that could be reached was only 50 mTorr due to experimental constraints.  For 
hydroformylation on a CuRh(29%)BTC catalyst at 80 °C at 9 atm, the PXRD data indicate that 
MOF degradation occurs at this higher pressure, and the color of the post-reaction sample is black,
in contrast to the green as-synthesized material.  Activity for propanal formation increased by a 
factor of three at 9 atm, but this may be due to reaction on metallic Rh or Rh sites associated with 
the partially decomposed MOF.  One question about the activity of Rh2+ at the paddlewheel node 
is whether there are sufficient Rh coordination sites to facilitate hydroformylation, given that only 
the axial position on Rh2+ is accessible to absorbates.  Preliminary DFT calculations by the 
Henkelman group suggest that adsorption of ethylene, CO, and dissociation of H2 can be achieved 
at a Rh site with only one cleaved Rh-O bond due to the small size of the adsorbed H.

A comparison of activity/g Rh for metallic Rh particles 
on SiO2 vs. the CuRhBTC is presented in Fig. 4. Metallic 
Rh has a higher rate of propanal production, and the 
selectivity for propanal is greater compared to
CuRh(3.4%)BTC (60% vs. 40%).  However, the activity 
for metallic Rh continues decreases by 40% after 24 hours
on stream, most likely due to fouling.  CuBTC itself has 
no activity for hydroformylation under these conditions.  
The pure RhBTC was also studied but has both lower 
activity for propanal formation/g Rh and poorer selectivity 
for propenal; it should be noted that RhBTC is much less 
crystalline than CuRhBTC based on PXRD data.  In 
addition, hydroformylation was investigated on the ionic Rh catalysts: Rh3+/SiO2, Rh2+/SiO2, and 
a Rh-Y zeolite prepared from exchange of Rh3+ into the Na-Y zeolite (Fig. 5).  All of these catalysts 
have lower activity/g Rh than CuRhBTC, and all except Rh2+/SiO2 have lower selectivity to 
propanal.  Diethyl ketone (DEK) is observed as a minor product for the ionic Rh catalysts (Fig. 6)
and is also observed on RhBTC and the reduced Rh3+/SiO2(metallic Rh particles).  DEK is not 
observed CuRhBTC catalysts that have been thoroughly washed in a Soxhlet extractor after Rh3+

transmetallation, but DEK is observed on less extensively washed materials.  The amount of DEK 

Fig. 3: PXRD of CuRh(3.4%)BTC before 
(red) and after (blue) hydroformylation.

Fig. 4: Hydroformylation activity of 
CuRh(3.4%)BTC, Rh/SiO2 and RhBTC.
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production also decreases with 
increasing reduction temperature 
and time for Rh3+/SiO2, and 
therefore DEK is believed to 
originate from reaction at ionic Rh 
sites.

Other Rh-containing MOFs 
were prepared in order to create 
Rh sites that are more accessible to 
adsorbates and can incorporate the 
Rh3+ oxidation state that is known 
to be active for hydroformylation 
in homogeneous catalysts.  Rh3+

ions were coordinated at missing 
linker defect sites in UiO66, which 
is comprised of
Zr6O4(OH)8(H2O)4 nodes with 

4,4-biphenyldicarboxylate linkers (Rh3+@UiO66(defective)).  At 80 °C and 3 atm, 
Rh3+@UiO66(defective) had no activity for hydroformylation, but activity was observed at 9 atm, 
and a return to 3 atm resulted in the formation of propanal and ethane (Fig. 5), suggesting that an 
activation process occurred at 9 atm. However, both the activity/g Rh and selectivity were not as 
high as for the CuRhBTC.  For comparison, the undefective UiO66 was also exposed to RhCl3 to 
the MOF pores directly with Rh3+ ions (RhCl3-UiO66(nondefective). This MOF did not have any 
activity for hydroformylation at either 3 atm or 9 atm, which suggests that the activity of 
Rh3+@UiO66(defective) is not due to the reduction of Rh3+ to metallic Rh under reaction 
conditions.  Furthermore, metallic Rh was not detected in the post-reaction PXRD for either MOF.

A MOF containing highly dispersed Rh3+ ions that are stable under reducing conditions was 
also prepared.  Specifically, Rh3+ was coordinated in 18-crown-6-based organic linker (4,4 -
(2,3,5,6,8,9,11,12,14,15-decahydrobenzo[b][1,4,7,10,13,16]hexaoxacycloocta-decine-17,20-
diyl)dibenzoicacid, Fig. 7) This Rh3+-crown ether complex was incorporated into the PCN700 
MOF structure
(Zr6O4(OH)8(Me2BPDC)4 where 
H2Me2BPDC= 2,2 -dimethyl-
4,4 -biphenyldicarboxylicacid), 
as shown in Fig. 7 via 
coordination of terminal 
carboxylate groups of the linkers 
at the unsaturated metal nodes.  
Although the rate of propanal 
production/g Rh was lower than 
for CuRhBTC (Figs. 4 and 5), the 
activity was extremely stable 
over time with 100% selectivity 
for propanal over ethane at 80 °C
and 3 atm.  XPS and EXAFS 

Fig. 5: Hydroformylation activities of various Rh-containing catalysts 
for propanal and ethane production at 80 °Cand 3 atm.

Fig. 6: DEK production in the hydroformylation reaction on various 
Rh-containing catalysts at 80 °Cand 3 atm.
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Fig. 7: Structure of the Rh-crown-PCN700 MOF.

experiments are underway on the post-reaction MOF to characterize the properties of the active 
Rh sites.
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RECENT PROGRESS 

 
Motivation 

It is well known that the electronic and catalytic properties of transition metals can 
be modified by the formation of carbides, nitrides and bimetallic alloys, which often 
demonstrate properties that are distinctively different from those of the parent metals. In 
particular, in some cases transition metal carbides (TMCs) and nitrides (TMNs) of Groups 
4-6 elements show catalytic properties that are characteristic of Pt-group metals (PGM: Pt, 
Pd, Ir, Rh, Ru).   
 Many electrochemical devices, such as electrolyzers, fuel cells and 
photoelectrochemical cells, currently require PGM electrocatalysts. The high costs and 
limited supplies of these precious metals create potentially prohibitive barriers to market 
penetration and scale-up production of devices requiring large catalyst loadings. The 
ultimate goal of our research program is to identify TMC, TMN and bimetallic 
catalysts to either substantially reduce or completely replace PGM in electrocatalysis. 
We aim to achieve this goal by exploring the electrochemical properties of TMCs and 
TMNs, using them either as electrocatalysts or as catalytic supports for low loadings of 
PGM for several types of electrocatalytic reactions. In addition, we also explore the 
utilization of TMCs/TMNs-supported PGM and bimetallic catalysts for tandem catalytic 
reactions that couple electrocatalysis and thermocataysis. 
 
Recent Results 

Results from the current funding have led to 20 publications in the past 3 years, as 
listed at the end of this report. The topics of these publications include the utilization of 
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TMC, TMN and earth-abundant metals as catalytic materials, as well as our recent efforts 
in exploring tandem electrocatalytic-thermocatalytic processes. In this report we will 
briefly summarize our work in developing a tandem process for converting CO2 to C3 
oxygenates (propanol and propanal). 

The conversion of CO2 is inherently challenging because of the stability of the 
carbon-oxygen double bonds. Effective catalytic processes are necessary to lower the 
activation barrier and minimize energy inputs. Various CO2 conversion approaches, such 
as thermochemical, electrochemical, photochemical, and biological, are currently being 
explored. A purely thermocatalytic approach relies upon fossil fuel derived feedstocks (for 
example, the production of hydrogen via high-temperature steam methane reforming), 
which have their own associated CO2 emissions. This results in an overall process that does 
not necessarily have net-negative CO2 emissions. Alternatively, an electrocatalytic route 
can convert CO2 by exploiting carbon-free electricity sources, such as wind or solar. 
However, direct electrochemical CO2 conversion into high-value products with more than 
two carbons has low product selectivity and yields, as well as requiring large energy inputs 
to separate dilute oxygenate products from an aqueous electrolyte. 

We instead propose a tandem two-stage electrocatalytic and thermocatalytic 
approach, wherein CO2 (and water) are electrochemically reduced into ethylene, CO, and 
H2, which are then directly fed to an ambient pressure thermochemical hydroformylation 
reactor to produce multi-carbon oxygenates, propanal and 1-propanol (Figure 1). 
Oxygenated products, such as aldehydes and alcohols, are important feedstocks used in 
plastics, automotive, pharmaceutical, and other chemical industries. At present, the 
precursors to oxygenate production are typically obtained from fossil fuel-based sources 
(e.g., alkenes are produced from alkane/naphtha cracking, and syngas is produced from 
coal/heavy hydrocarbon gasification or steam reforming). Instead, the proposed process 
can be powered by renewable energy and uses CO2 as the carbon source to generate the 
intermediate precursor molecules. Directly coupling the two reactors also eliminates the 
need for intermediate separation of gaseous products from the CO2 electrolyzer, as well as 
avoids safety risks associated with the transportation and storage of flammable and toxic 
feedstocks for hydroformylation reactions. To our knowledge, the tandem electrochemical-
thermochemical production of C3 oxygenated species from CO2 has not yet been 
demonstrated. 

We explore the possibility of achieving the tandem strategy to produce C3 
oxygenates from CO2. We first perform electrochemical CO2 reduction reaction (CO2RR) 
experiments using commercial Cu catalysts in a vapor-fed membrane electrode assembly 
(MEA) device. Then, the thermochemical hydroformylation reaction is tested separately 
with a Rh1Co3/MCM-41 catalyst and using a C2H4/CO/H2 feed ratio that matches the 
product ratio obtained from the CO2RR experiments. Following the individual CO2RR and 
hydroformylation catalytic tests, the reactors are connected in a tandem configuration to 
validate the feasibility of the proposed reaction strategy, as illustrated in Figure 1. 
Additionally, in situ X-ray absorption spectroscopy is used to identify the oxidation states 
of Cu and Rh during CO2RR and hydroformylation reactions, respectively.  

Initially, the electrochemical CO2RR and thermochemical hydroformylation 
reactions were evaluated separately to test catalytic performance and optimize operating 
conditions. CO2RR experiments were conducted in a zero-gap, vapor-fed 5 cm2 
electrolyzer with an MEA consisting of a cathode (Cu-coated carbon gas diffusion layer), 
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a Sustainion anion exchange membrane, and an anode (IrO2 on a platinized titanium fiber 
felt). Due to its intermediate binding energies of H* and CO*, Cu is the only monometallic 
catalyst that is able to electrochemically produce ethylene with appreciable selectivity. In 
this work, we study CO2RR on commercial Cu catalysts with different oxidation states (i.e., 
Cu and oxide-derived Cu catalysts), as well as with modifications to the gas diffusion layer 
(GDL) hydrophobicity (i.e., fluorinated ethylene propylene (FEP) reinforced carbon). 

 

 

Electrochemical experiments were conducted in a 5 cm2 electrolyzer to determine 
the optimal current density and CO2 feed rate. In general, higher current densities and lower 
CO2 flowrates favored increased ethylene Faradaic efficiencies (FE); however, mass 
transport limitations were observed at current densities above –220 mA cm-2 and CO2 
flowrates below 10 sccm, which consequently resulted in excessive hydrogen production 
and cell instability. Changes in the Cu catalyst oxidation state and GDL hydrophobicity 
altered the CO2RR product selectivities, as both the oxide-derived Cu catalyst (59.9% 
ethylene FE) and reinforced carbon GDL (55.9%) cathodes demonstrated increased 
ethylene Faradaic efficiencies relative to the Cu/C cathode (50.1%). The FEP-reinforced 
carbon GDL was also able to suppress the hydrogen evolution reaction (HER), lowering 
the H2 Faradaic efficiency from 26.6% to 19.2%. For the oxide-derived Cu catalyst, the 
enhanced ethylene production was accompanied by a decreased CO Faradaic efficiency of 
5.3%. electrolyzer operation is evident in all cases, which is essential for the downstream 
thermochemical reactor to achieve a steady state production of C3 oxygenates. 

Next, the hydroformylation reaction was investigated using a thermochemical 
reactor with C2H4/CO/H2 feed ratios mimicking those from the CO2 electrolyzer. A Rh1Co3 
bimetallic catalyst supported on a high surface area MCM-41 substrate was selected. Our 
group has previously performed an in-depth study on the heterogenous hydroformylation 
reaction at ambient pressure, which included optimization of Rh/Co metal ratio in the 
bimetallic catalyst, in situ X-ray absorption analysis, and density functional theory 

Figure 1. Tandem electrochemical-thermochemical reactors for CO2 conversion to C3 oxygenates. 
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calculations. In the current study, we primarily focus on the effect of the C2H4/CO/H2 feed 
gas ratio, which may vary as a result of the upstream electrochemical performance. 
Depending on experimental conditions, the product ratios obtained from electrochemical 
CO2RR experiments were 1:1.1:3.2, 1:0.5:2.2, and 1:1.3:2.0 C2H4/CO/H2. These molar 
ratios, along with a benchmark test of a 1:1:1 C2H4/CO/H2 ratio, were simulated as the feed 
to the hydroformylation reactor with a total feed rate of 15 sccm.  

Following the independent CO2RR and 
hydroformylation studies, the two reactors were 
coupled together in a tandem configuration, with 
the outlet from the CO2 electrolyzer being directly 
fed as the inlet to the thermochemical 
hydroformylation reactor. The same CO2RR 
cathodes (Cu/C, oxide-derived Cu/C, 
Cu/reinforced C) at –220 mA cm-2 and 
hydroformylation temperatures (160 °C, 200 °C) 
from the single reactor tests were used. Unlike the 
single reactor experiments, the tandem system 
contained a small concentration of unconverted 
CO2 in the feed to the hydroformylation reactor. 
Additionally, the limitations of using a lab-scale 
electrolyzer resulted in a lower product flowrate 
(and therefore, higher residence times) than the 
flowrates used in the single hydroformylation 
reactor tests. 

Figure 2a shows the selectivity on a 
reduced CO2-basis of products for the tandem 5 
cm2 CO2 electrolyzer and the thermochemical 
hydroformylation reactor. The largest C3 
oxygenate selectivities observed were 18.4% 
(16.2% 1-propanol, 2.2% propanal) for the oxide-
derived Cu/C cathode + 160 °C hydroformylation, 
and 18.0% (16.7% 1-propanol, 1.3% propanal) 
for Cu/Reinforced C cathode + 200 °C 
hydroformylation. The conditions with the 
greatest C3 oxygenate production were also 
consistent with that of the hydroformylation-only 
tests (i.e., 1:0.5:2.2 C2H4/CO/H2 ratio at 160 °C 
and 1:1.3:2.0 C2H4/CO/H2 ratio at 200 °C). 
Although the primary focus of this work was to 
demonstrate the production of C3 oxygenates, the 
conversion of CO2 to ethylene, ethane, and other 
multi-carbon products is also valuable. The total 
selectivity of C2+ products varied between 54% to 
70% among all tandem reaction conditions.  

The tandem system was also tested with a 
25 cm2 CO2 electrolyzer to increase the C3 

Figure 2. Tandem electrochemical-
thermochemical performance. (a) CO2-
based selectivity of products for 5 cm2 
Cu/C, oxide-derived Cu/C, and 
Cu/reinforced C cathodes at –220 mA 
cm-2 in combination with 160 °C and 
200 °C hydroformylation temperature. 
Production rate of species as a function 
of time on stream for (b) 25 cm2 oxide-
derived Cu/C and (c) 25 cm2 
Cu/reinforced C.  
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oxygenate production rate and demonstrate scalability (Figure 2b and 2c). The CO2 feed 
rate was increased to 40 sccm to avoid mass transfer limitations in the larger area device. 
The production rates of the major and minor products for 25 cm2 oxide-derived Cu/C + 
160 °C and Cu/Reinforced C + 200 °C are shown in Figure 3b and Figure 3c, respectively. 
The steady state production of total C3 oxygenates from the tandem system was 9.3 μmol 
min-1 for oxide-derived Cu/C + 160 °C, and 11.8 μmol min-1 for Cu/Reinforced C + 200 °C. 
Previous studies have also independently shown stable CO2RR-to-ethylene for up to 150 
hours and heterogenous hydroformylation for up to 60 hours, further demonstrating the 
potential for long-term C3 oxygenate production.  

In order to make an equivalent comparison with the direct electrochemical CO2 
reduction to C3 oxygenates, the FEs and current densities reported in literature were 
converted to selectivities (based on the total amount of CO2 being reduced) and molar 
production rates. Compared with direct CO2RR in flow cells, the tandem system exhibited 
higher C3 oxygenate production rates, as well as improvements in C3 oxygenate selectivity 
by nearly a factor of 5. State-of the-art CO2RR H-cell studies have demonstrated higher 1-
propanol FEs (~15%) than flow cells, however their production rates are 1–2 orders of 
magnitude smaller and cannot be easily scaled. Moreover, purely electrochemical systems 
would require highly energy-intensive separations to isolate dilute C3 oxygenate quantities 
from a mixture of other liquid products (i.e., formate, acetate, methanol, ethanol) in an 
aqueous catholyte solution. In contrast, the tandem electrochemical-thermochemical 
system allows for easily separable liquid oxygenate products from the gaseous outlet 
stream of the second hydroformylation reactor. More research efforts will be needed to 
further improve the overall efficiency of the tandem electrochemical-thermochemical 
process, such as increasing the CO2 utilization by suppressing carbonate formation and 
enhancing C3 oxygenate selectivity by optimizing catalyst compositions in both 
electrochemical and thermochemical reactions. 

In summary, this work validates the feasibility of the proposed electrochemical-
thermochemical reactor scheme to convert CO2 into C3 oxygenate products. The tandem 
system achieved C3 oxygenate selectivities up to 18.4% and production rates up to 11.8 
μmol min-1, demonstrating a distinct advantage over direct electrochemical CO2 
conversion. This work serves as a useful proof-of-concept. Similar tandem approaches can 
also be explored by encompassing other reactions, such as CO2RR followed by the 
thermocatalytic aromatization (3C2H4 → C6H6 + 3H2) or hydrocarboxylation (C2H4 + CO 
+ H2O → CH3CH2COOH) reactions. There remain many opportunities for future 
optimizations and innovations in tandem electrochemical-thermochemical CO2 conversion 
processes. 
 
Future Plans 
 In the next year we will further explore the activity, selectivity and stability of 
TMC/TMN and non-precious bimetallic catalysts. We will also explore the utilization of 
these catalysts for the electrochemical-thermochemical conversion of CO2 to produce 
value-added products, paying particular attention in identifying reaction descriptors from 
the correlation between experimental results and DFT calculations. 
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In this reporting period (since September 2022), we have achieved the following: 
i) theoretically identified a new class of bi-atom catalysts with unique inverse sandwich
structures; ii) designed an electrocatalyst for CO2-to-C2H4 conversion by anchoring a Cu5
cluster to a MoS2 monolayer; iii) contributed to a collaborative experimental project by 
providing insights into the mechanisms for developing new CO2 reduction-active platinum 
complexes; iv) made significant progress in synthesizing Pt and Fe-based catalysts with 
high density of single atoms; v) initiated the synthesis of non-Pt catalysts with the goal of 
realizing the structures predicted by theory.  
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Scheme 2. Polymer development and chemical recycling.
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Materials Engineering 

2) Brookhaven Naitonal Laboratory, Center for Functional Nanomaterials 
 

Presentation Abstract 
 
The catalytic conversion of methane to hydrogen and solid carbon involves multiple 
interfaces that evolve during the various stages of carbon nucleation and growth. 
Designing a catalyst that retains metal catalysts on the support throughout growth while 
also exhibiting rapid rates of methane activation and slow rates of catalyst deactivation is 
a daunting challenge. Here we show the importance of strong metal support interactions 
that manifest through mixed oxides with MgO, coupled with bimetallic mixtures of active 
metal particles. We explore how the interface between the metal and support influences 
base growth mechanisms, and how coupling of different metals with metal oxides, such 
as MoO3, that form carbides during growth leads to exsolution of stable nanoparticles. 
We further show how this combination of strong interfaces is critical to ensuring that the 
catalysts exhibit high rates of methane activation while also remaining adhered to the 
surface fo the catalyst and thus promoting base growth. A combination of methane 
conversion rates with accompanying deactivation rates are contrasted with XRD, TEM, 
TPR, and operando XPS results to reveal the dynamic nature of these promising catalysts 
under reaction conditions. We show how critical the pre-reduction step is, as slight over-
reduction leads to particle segregation but excessively mild prereduction leads to carbon 
encapsulation prior to nanotube nucleation and growth. We further show how alteration 
of reaction conditions and catalyst ratios can lead to remarkably high yields of carbon per 
gram of catalyst. 
 
 
DE SC0023497: Interrogating complex and dynamic interfaces during carbon
free H2 production 
 
Postdoc(s): Laura Alejandra Gomez (3 months) 

 
RECENT PROGRESS 

 
Influence of metal support combination 
First, catalyst screening with known active metals was carried out to evaluate the most 
appealing metal‐support combinations. Table 1 reveals the fascinating synergistic 
benefits upon combining Ni with Mo and MgO. Ni alone on various supports results in 
modest yields. Ni on MgO alone under these conditions results in no measurable growth, 
which we hypothesize is due to excessively strong Ni interactions with the support. Mo 
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incorporation, however forms a unique interface upon which Ni anchors, and during the 
exsolution process results in nanoparticles that lead to enhanced growth, orders 
of magnitude higher than the metal‐support combinations alone. Altering the Ni to Mo 
ratio reveals an optimal amount of Mo incorporation upon which exsolution results in 
stable particles that yield high amounts of hydrogen and solid carbon as can be seen in 
Figure 1. Increased temperature results in much higher yields as well, which alters both  
the evaluation of the catalyst as well 
as steady state growth 
and deactivation rates. We plan to 
work at temperatures within this 
range to avoid additional 
contributions from 
noncatlaytic thermal reactions that 
occur at temperatures above 
1000°C.  
Increasing reaction temperatures 
reveals drastically enhanced rates 
with increased temperautres, with 
rates in excess of 3000% yield (g 
carbon per gram of catalyst) at 
elevated temperatures, with less than 
50% loss in catalyst life after 3 
hours time on stream. 
 
 
Dynamic role of Ni/MoOx/MgO interactions  
 
Catalyst particles undergo a series of significant transformations during growth, including 
the formation of a mixed MgMoO4 phase after initial calcination which is disrupted upon 
the addition of Ni. As seen in Figure 1, as the Ni loading is increased, the appearance of a 
mixed oxide phase becomes less pronounced, with no observed peak observed at Ni to 
Mo ratios of 1:1 or in excess Ni. This implies that the initial catalyst, prior to reduction 
exhibits widely differing metal support interactions as the strong affinity of Ni for both 
the Mo as well as the MgO support alter the starting state of the catalyst. Upon reduction, 
even in instances of minority Ni concentration where a clear MgMoO4 phase is present 
(Figure 2a), this oxide phase is reduced. It is important to note that these pre-reduction 
conditions are too mild to reduce Mo alone in the absence of Ni, and pre-reduction of 
catalysts in the absence of Ni results in no measurable reduction in the mixed MgMoO4 
phase XRD peaks. 
Not only does the mixed Mo-support interface evolve during reduction, but new carbide 
phases begin to form during reaction as well. After only 5 minutes of reaction, one 
observes the presence of Mo carbide features that often occur during carbon nanotube 
growth on supports that do not interact strongly with Mo, such as silica (Figure 2b). 
This, in turn, results in exsolution of small Ni metal particles which serve as nucleation 
centers for carbon nanotube growth.  

Catalyst 
Support 

Ratio 
Ni:Mo  

Reaction 
Temperature 

C Yield/ 
g catalyst 
(%) 

ZrO2 Ni 800 10% 
SiO2 Ni 700 32% 
TiO2 Ni 700 18% 
MgO Ni 700 0% 
MgO Mo 700 0% 
MgO-
Al2O3 

Ni 700 0% 

Al2O3 Ni,Mo 
(1:5) 

700 0% 

MgO Ni,Mo 
(1:5) 

700 305% 

Table 1: catalyst screening over various supports, Reduction 
tempearature 650°C, reaaction temperature 700°C in flowing 
methane. 
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The catalyst particle dynamics and growth is a complex process, which we illustrate by 
modifying the initial pre‐reduction temperature. Literature reports vary widely regarding 
approaches to pre‐reduce catalysts. One may hypothesize that excessive reduction 
temperatures will lead to large metal particles, while no‐pre‐reduction delays methane 
activation and increases the risk of carbon encapsulation prior to nanotube growth. For 
this series of catlaysts, pre‐reduction plays a significant role in this reaction, with 
significantly higher yields observed with a mild pre-reduction step which serves to 
activation methane molecules and inhibit particle encapsulation. 
Growth kinetics follow an induction period followed by gradual decline in catalyst 
activity with time. We have carried out reactions at varying temperatures as well as 
methane partial pressures, and constructed a preliminary kinetic model involving said 
induction period, steady state rates, as well as deactivation constants. This will be 
coupled with in-situ characterization in coming months to reveal predominant 
mechanisms of catalyst deactivation. This catalyst combination has proven to be quite 
promising thus far, with yields of carbon per gram of catalyst exceeding 3,000%. Further, 
as revealed in a representative image in Figure 2d, catalyst particles remain anchored to 
the support during growth as opposed to retained within the tips of the nanotubes as 
would be observed in tip growth mechanisms. Achieving catalsyts that are active, stable, 
and also exhibit base growth are essential factors for promising catalytic pyrolysis 

MgO
MgMoO4

In
te
ns
ity

(a
.u
)

After 5 min growth

After 5 min growth

Figure 1: a) XRD of calcined Ni-Mo-MgO catalysts at different ratios, b) XRD after reduction 
(R) and methane introduction after 5 minutes reaction time, highlighted region revealing Mo 
carbide features, c) reaction rate of hydrogen production as a function of time on stream for a 
(1:5) Ni-Mo catalyst at differen reaction temperatures d) representative TEM image revealing 
the lack of encapsulated metal particle at the tip of growing nanotube.

a) b)

c)
d)
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experiments. Coupling our kinetic results with in-situ characterization in the coming 
months will allow for great advances in our fundamental understanding of these 
promising but highly dynamic catalyst particles under reaction coniditons.  
 
Varying behavior of base metal in MoOx/MgO systems  
 

 
An interesting finding regarding the metal combinations, is that while Ni is generally 
believed to be one of the most active metals for methane pyrolysis, Co and Fe when 
combined with Mo offer similar benefits as can be seen in Table 2, with 
Fe outperforming Ni at a reaction temperature of 700°C. Further, not shown here, the 
catalyst lifetimes are markedly different in these systems, with not only enhanced rates, 
but greatly improved stability over the Ni catlaysts in some cases. We plan on exploring 
these metals in much more detail in coming months, as the inclusion of Fe is appealing 
for many reasons, both due to its low cost and reduced toxicity. While in‐situ XPS and 
XRD will reveal the dynamics of the system in much more detail, simple characterization 
of the catalysts reveals that the system is quite intriguing.  
 
 
 

Table 2: Carbon yields after 3 hours growth with different metal combinations over 
MgO supports 
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Catalysts Research in Oxygen Reduction and Oxidation Reactions to Increase 
Representation in Energy Science in Puerto Rico 
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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. These reactions are currently limited 
by sluggish kinetics and catalyst degradation, and platinum group-based catalysts are the 
most active but also the most expensive and scarce. By gaining a deeper understanding of 
how electrochemical reactions affect the atom-atom distances in catalysts under in situ and 
operando conditions, our lab hopes to improve the activity and durability of non-platinum 
group catalysts and reduce the reliance on expensive and scarce materials. By doping 
onion-like carbon (OLC) nanoparticles with heteroatoms, carbon-based supports can 
enhance the activity of non-PGM catalysts. Nitrogen-doped and phosphorus-doped 
OLC/FeCo catalysts have shown catalytic activities similar to Vulcan/Pt catalysts for the 
ORR. Our group has found an increase in interatomic distances at potentials where ORR 
is more active, suggesting that the higher interatomic distances in the surface of FeCo 
nanoparticles may be responsible for the enhanced ORR activity.  
Dr. Cunci is the Lead PI of the BES RENEW project titled “Partnership to Increase 
Representation in Energy Research in Puerto Rico”. This project was approved in 
February, 2024 and started in April, 2023. One graduate student and six undergraduate 
students were recruited from underrepresented populations and 57% are women. During 
the last summer we co-organized the Electrochemistry Hands-On (ECHO) Workshop at 
the National Renewable Energy Laboratory with Dr. Bryan Pivovar. One graduate student 
and three undergraduate students participated in this workshop during an entire week (May 
22-26, 2023) with seminars, tours, hands-on work, and demonstrations at NREL. After the 
first week, the students worked for 9 more weeks at NREL in different projects with four 
mentors from NREL. 
 
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) started 
last April, 2023 to increase the 
number of Hispanic students 
working in basic energy research. 
We were able to recruit one graduate 
student and six undergraduate 
students with 57% 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 2023 at NREL, the graduate student and three undergraduate students (50% 
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. From left to 
right: Dr. Bryan Pivovar (Co-PI of PIRES-PR, NREL), mentor Dr. Carlos Baez-Cotto 
(NREL) and his mentee Kevin Torres (UAGM-Cupey), mentor Dr. Audrey Taylor (NREL)
and her mentee Alejandra Rodriguez (UPR-Cayey), mentor Dr. Melissa Kreider (NREL) 
and her mentee Ambar Maldonado (UPR-Rio Piedras), mentor Emily Volk (NREL) and 
her mentee Hector Rodriguez (UPR-Humacao), and Dr. Shaun Alia (NREL).

Kick-off Meeting for PIRES-PR in Puerto Rico

.
Figure 2 – Kick-off Meeting for PIRES-PR on March 10th, 2023

In March 8-10, 2023, we organized the Kick-off Meeting for PIRES-PR. We had 
researchers from NREL traveling to Puerto Rico for three days. The first and second day, 
we organized several presentations at different universities in Puerto Rico to help recruit
students and promote the participation in DOE-funded programs in Puerto Rico, NREL, 
and other National Laboratories. The third day, March 10th, we hosted the Kick-off Meeting 
for PIRES-PR where each of the researchers presented their proposed projects and their
preliminary results. Moreover, our students were able to network with researchers from 
NREL and paired each potential mentee with their respective mentor for the Summer 
Internships 2023 at NREL. Figure 2 shows pictures of the Kick-off Meeting and 
presentations at different universities in Puerto Rico.

fffffffffffff ggggggggggggggg fffffff

Figure 1 – Final presentation in Sumer Internship 
at NREL.
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Seminar Series in Energy Research with NREL Researchers
We have also organized a series of seminars at different universities of Puerto Rico in April 
26-29, 2023. During these four days, we brought researchers from NREL, SLAC, UCDavis, 
and Stanford University to several universities spanning the entire Puerto Rico, from UPR
– Mayaguez in the far west to the University of Puerto Rico – Humacao in the far east. We 
were able to promote the research efforts and DOE-funded programs in energy research in 
Puerto Rico and US mainland to underrepresented students in primarily undergraduate 
institutions as well as research universities. During the seminars, researchers talked about 
different projects, and we had the opportunity to have Dr. Murali Baggu, who oversees the 
Puerto Rico Grid Resilience and Transitions to 100% Renewable Energy Study (PR100) 
led by the U.S. Department of Energy’s Grid Deployment Office and six national 
laboratories, give talks about this important study. Figure 3 shows pictures of the different 
activities as well as the flyers shared to the universities of the different talks.

Figure 3 – Pictures and flyers of presentations organized between PIRES-PR and 
universities in Puerto Rico and the US mainland.
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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 three research efforts together, namely the Partnership to Increase 
Representation in Energy Research in Puerto Rico (i.e., this BES RENEW project), Center 
for Interfacial Electrochemistry of Energy Materials (NSF-PREM), and the students from 
the Puerto Rican effort that is part of the High Magnetic Field X-Ray Beamline 
Development of the Cornell High Energy Synchrotron Source (Mid-scale RI-2). 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.  
 
Publications Acknowledging this Grant in 2020-2023 
Nothing to report. This project started in April 2023. 
 
Awards or leadership activities during 2020-2023 calendar years  
We are currently partnering with the Puerto Rico ACS Local Section to help organize the 
ACS Senior Technical Meeting, an annual research meeting, that will be held at the 
beginning of November 2023. We will have two researchers from NREL give plenary talks 
in Puerto Rico and network with researchers to foster collaborations. 
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Electrocatalytic Oxygen Evolution (OER) via Catalytic Condensers 
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Presentation Abstract 

 
Heterogeneous catalysis is well-known to be sensitive to electron accumulation or 
depletion on surfaces, but electron density is usually controlled by chemical doping (e.g., 
promoters) in the case of thermocatalysis, or electrochemical potential in the case of 
electrocatalysis. The recent advent of ultrathin two dimensional (2D) catalysts prepared 
either by exfoliation or thin film growth methods opens up new opportunities to exploit the 
transverse field effect—so central to silicon CMOS technology—to modulate the carrier 
density in the catalyst (or electrocatalyst). In this approach the 2D catalyst material is 
deposited on top of a metal/dielectric stack to make a condenser; application of a voltage 
between the catalyst and the metal causes positive or negative charge to accumulate in the 
catalyst, depending on the sign of the voltage. This charge in turn tunes the reactivity of 
active sites in the catalytic layer, accelerating the rate of reaction on its top surface. Here, 
we describe results for catalytic condensers applied to electrocatalysis for the oxygen 
evolution reaction (OER) via kinetic modeling, device fabrication, and experimental 
evaluation. In general, catalytic condensers provide a platform for fundamental 
investigation of electronic effects in electro- and thermocatalysis, as well as a strategy for 
dynamic control of reaction rates. 
 
 
Grant or FWP Number: DE-SC0021163 
Title: Electronically-Controlled Electrocatalytic Interfaces: Optimizing Surface Chemistry 
by Means of the Field Effect and Dynamic Resonance 
Student(s): Sallye Gathman, Amber Walton, Shreya Singh, Yuxin Wang 

 
 

RECENT PROGRESS 
 
1. A Microkinetic Model for Dynamic Potential Control in OER. 
 The key bottleneck in water electrolysis is the sluggish kinetics of the oxygen 
evolution reaction (OER: 2H2O  O2 + 4H+ + 4 e-), which occurs in tandem with hydrogen 
evolution (HER: 2H+ + 2e-  H2) and which accounts for the majority of applied 
overpotential and low H2 production rates. Figure 1A shows data ( ) and our kinetic 
model (line) of the Sabatier or ‘volcano’ plot depicting electrocatalytic activity for different 
metal oxide electrodes versus a key descriptor of OER activity, namely volc =  - 

. The volcano plot results from two rate-limiting surface reactions in the multi-step 
OER mechanism, namely (1) OH* scission (step 2), and (2) OOH* formation (step 3). The 
left side of the volcano plot describes a surface covered in O* such that increasing volc 
leads to faster rates of OOH* formation; the right side of the volcano describes a surface 
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volc. IrO2, the 
best known electrocatalyst for OER, exists at the peak of the plot where volc has been 
optimized with respect to both steps; this is known as the Sabatier limit. 

Figure 1. Microkinetic modeling of the oxygen evolution reaction. (A) Static kinetic model of OER fit to 
experimental data. (B) Programmable dynamic model with variable applied frequency and average current 
density exceeds the Sabatier peak and DOE target.

In the simulated dynamic trials, we leveraged recently postulated dynamic control 
of surface energy to accelerate OER beyond the Sabatier limit, Figure 1B. The idea was to 
switch a catalyst between two (or more) electronic states that sequentially favor one rate 
limiting step (e.g., surface reaction 2) and then the other (e.g., surface reaction 3), but the 
inclusion in the microkinetic model accounted for the possibility of any elementary 
reaction contributing to the overall rate (current density). Simulation at variable 
frequencies of square waveforms indicated proportional catalytic rate current response, 
with catalytic rates exceeding the Sabatier volcano at 0.1 Hz and exceeding the DOE target 
at ~1000 Hz, ultimately providing significant catalytic rate benefit for oxygen evolution.

2. Accelerating Electron Transfer Rate Constants by 30X with Enhanced Condenser 
Capacitance.

We report steady-state voltammetry of outer-sphere redox species (TCNQ) at back-
gated ultrathin ZnO working electrodes in order to determine electron transfer rate 
constants kET as a function of independently-controlled gate bias, VG, see Figure 2. We 
demonstrate that kET can be modulated as much as 30-fold by application of VG V. The 
reason is that VG shifts the band alignment between ZnO and the redox accepter states in 
solution, making it more favorable. Key to this demonstration was integrating the ultrathin 
(5 nm) ZnO on a high dielectric constant insulator, HfO2 (30 nm), which was grown on a 
Pd metal gate. The high-k HfO2 dramatically decreased the required VG values and 
increased the gate induced charge in ZnO compared to previous studies. Importantly, the 
enhanced gating power of the Pd/HfO2/ZnO stack meant it was also possible to observe a 
non-monotonic dependence of kET on VG, which reflects the inherent density of redox 
acceptor states in solution. This work adds to the growing body of literature that 
demonstrates that electrochemical kinetics (i.e., rate constants and overpotentials) at 
ultrathin working electrodes can be tuned by VG, independent of the conventional 
electrochemical working electrode potential. 

High Surface 
Coverage of 
OH*

High Surface 
Coverage of 

O*

A B
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3. Growth of electroactive Co3O4 films by atomic layer deposition.

OER catalysts such as Co3O4 are being integrated as ultrathin films into catalytic 
condensers. We grow films of Co3O4 as thin as a few nm by atomic layer deposition, Figure 
3. Film growth optimization has allowed us to achieve good linear growth of Co3O4 vs 
ALD cycle number. We have also been able to verify the stoichiometry by XPS and XRD. 

Figure 2. Catalytic condenser increases electron transfer rates. (a) Electrochemical setup for 
voltammetry at ZnO based catalytic condenser. Location of device is shown by red box. (b) Photo 
of ZnO catalytic condenser showing source and drain contacts. (c) Cross-sectional scheme of the 
catalytic condenser showing microfluidic channel with flowing electrolyte. (d) Steady state 
voltammetry of TCNQ redox chemistry at ZnO as a function of VW and VG. Redox reaction is 
shown. (e) Analysis of the reaction current in (d) yields the electron transfer rate constant kET vs 
VG for the reaction. It is clear that kET increases strongly as VG increases.   
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The XRD in particular confirms the presence of spinel Co3O4. These films are OER active 
and gating experiments for OER films in condensers (p+-Si/HfO2/Co3O4) are underway.  

Publications Acknowledging this Grant in 2020-2023

(I) Intellectually led by this grant

Wang, Y.; Wang, Y.; Frisbie C.D. Electrochemistry at Back-Gated, Ultrathin ZnO 
Electrodes: Field Effect modulation of Heterogeneous Electron Transfer Rate Constants by 
30X with Enhanced Gate Capacitance. ACS Appl. Mater. Interfac. 2023, 15, 9554-9562.

Wang, Y.; Frisbie, C.D. Four Terminal Electrochemistry: A Back-Gate Controls the 
Electrochemical Potential of a 2D Working Electrode. ACS Appl. Mater. Interfac. 2023, 
submitted.

S. Gathmann, O. Abdelrahman, C. Bartel, C.D. Frisbie, P.J. Dauenhauer, “Catalytic 
Resonance of the Oxygen Evolution Reaction” In preparation.

(II) Jointly funded by this grant and other grants with intellectual leadership by other 
funding sources

None

Figure 3. Growth of ultrathin Co3O4 OER catalyst by atomic layer deposition.
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Presentation Abstract 

 
Hydride transfer is an important reaction in stoichiometric and catalytic transformations 
with applications in hydrogen storage, hydrogenation and dehydrogenation of CO2, and 
petrochemicals; transition metal hydrides often play a crucial role in such processes. 
Hydricity is the energy for heterolytic bond cleavage of A-H to remove a hydride (H-) 
where A is the hydride acceptor. A hydricity scale for esters and ketones in MeCN and 
THF has been built using the G3MP2 method for the gas phase calculations and 
COSMO/ -D/aug-cc-pVDZ(-PP) for the self-consistent reaction field solvation 
energy calculations in MeCN and THF. The absolute values are referenced to that of BH3. 
The binding energy between the organic molecules and BH3 with THF and MeCN was 
calculated as the hydricity can depend on this quantity. This leads to a free energy hydricity 
scale. The correlation between the Gibbs free reaction energies and Gibbs free transition 
barrier energies was explored for the hydride transfer reaction between [Co(dmpe)2]H and 
[Rh(dmpe)2]H and the ketones. Following Hammond’s postulate, the more exothermic the 
reaction, the lower the transition barrier energy. Two near parallel sets of trendlines were 
found between transition state energy barriers and reaction energies for ketones with the 
functional group R-PhC(O)Ph-R/R-PhC(O)CH3 and R-PhC(O)CF3 for both metal catalysts. 
The reactivity of highly sterically hindered (carbene-CuH)2 dimers for hydride transfer has 
been explored. NHC carbene and phosphine binding energy scales with metals are being 
developed and have led to a novel binding motif for alkali and alkaline earth metal ions 
binding to PPh3.  
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Presentation Abstract 
 
A one-step, nickel-catalyzed synthesis of 5,6-diaryl cyclooctene monomers from the 
feedstock chemical 1,5-cyclooctadiene is described. The reaction proceeds in a modular, 
regio- and diastereo-selective fashion, granting access to both homo- and hetero-diaryl 
cyclooctene monomers that smoothly undergo ROMP. The resulting 1,2-diaryl-substituted 
polymers possess head-to-head dyads that have not been previously explored, giving rise 
to unique and tunable properties. DFT calculations highlight mechanistic aspects of the 
nickel-catalyzed diarylation reaction and the ruthenium-catalyzed ROMP process, 
revealing a previously unappreciated role of the boronic ester in promoting migratory 
insertion which was leveraged to provide enantioinduction.  
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RECENT PROGRESS 
 

 During the past funding period, we developed a method to perform selective 1,2-
diarylation of 1,5-cyclooctadiene and related cyclic dienes under nickel catalysis without 
competitive alkene isomerization or over functionalization (Figure 1). The resulting 
“sequence encoded” monomers are reactive in controlled ring-opening metathesis 
polymerization using Grubb-type initiators, granting access (after reduction) to styrene–
ethylene copolymer products with branching architectures that are otherwise impossible 
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to access using known methods. Using this workflow, we were able to quickly prepare a 
library of novel polymers, and we demonstrated that by adjusting the structure of the aryl 
groups, the thermal properties of the resulting materials could be tuned over a broad 
range of glass transition temperatures (54–108 °C). In-depth mechanistic studies 
established the important role of dynamic ligand exchange processes along the productive 
catalytic cycle. This progress sets the stage for future progress to expand the scope of 
coupling partners that be integrated into sequence-encoded monomers using this 
approach and refined understanding the of the mechanistic intricacies of the reaction 
towards improved catalyst designs. 
 

 
 
Figure 1: Overview of progress in this funding period. 
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Solvents play a significant role in mediating catalysis, especially in confined environments (e.g., 
microporous zeolites), through interactions with reactive species nearby active sites. However, 
kinetics within confined structures often reflects the convoluted effects of solvents, including 
dispersive interactions (“solvation”) and thermodynamic non-idealities that depend on micropore 
topology, solvent organization, and the physical properties of reactive species. Here, we combine 
rate measurements, liquid-phase isothermal titration calorimetry, and in situ spectroscopy to 
demonstrate that the apparent enthalpy and entropy changes for activation and adsorption processes 
scale in proportion to the quantities of solvent molecules displaced by formation of reactive surface 
intermeditates.  This is exemplified both by liquid-phase initial product formation rates acquired  
in batch reactors but also within fixed bed reactors, in which the intentional condensation of 
gaseous acetonitrile (CH3CN) leads to changes in the vapor-phase alkene epoxidation kinetics. The 
enthalpy and entropy changes scale with both the density of hydrogen bond interactions (donors, 
acceptors) but also the chain length of reactant alkenes. 
 
We synthesized Ti-BEA zeolites with varying intrapore silanol ((SiOH)x) densities and controlled 
CH3CN partial pressures to introduce different densities of intrapore CH3CN, varying from 0.4 to 
10 molecule (unit cell)-1. Turnover rates of longer-chain alkenes (C6-C10) epoxidation increase 
systematically by 3-fold with intrapore CH3CN density. However, rates for short-chain alkenes (C3-
C4) weakly depend on CH3CN density. Apparent activation enthalpies and entropies for 
epoxidations (at a fixed CH3CN density) decrease with carbon numbers from C3 to C6, then increase 
from C6 to C10, and these changes range between 30 kJ mol-1 and 80 J mol-1 K-1, respectively. These 
results infer that the stabilization by condensing CH3CN onto the reactive species depends on the 
substrate sizes. Solvation by CH3CN surrounding reactive species leads to an enthalpic stabilization 
of short-chain alkene substrates, while more significant reorganization of CH3CN to accommodate 
bulkier transition states results in entropic benefits to the epoxidation kinetics. Dynamic vapor 
sorption and in situ infrared spectroscopy reveal that the CH3CN reorganization depends 
systematically on the chain length and intrapore CH3CN densities. Collectively, these results 
demonstrate the role of solvents during catalysis within confined structures, and the effects strongly 
depend on the proximity and substrate properties. 
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Presentation Abstract 

Solvents have profound influences on catalysis, for example, altering free energies of 
interfacial species and hence energies and barriers of interfacial reactions. In this work, we 
use our previously developed method of multiscale sampling (MSS) to investigate how 
free energies of solvation depend on adsorbate and interfacial properties. MSS combines 
density functional theory (DFT) with force-field molecular dynamics (MD) to generate 
explicit configurations of solvent at a solid interface. It is both tractable and reliable for 
computing enthalpies and entropies of solvation of interfacial species. In this work, we use 
it to determine descriptors of enthalpies and entropies of solvation of C1-C3 oxygenate and 
hydrocarbon species at metal single crystal, supported metal nanoparticle, metal electrode, 
hydrophobic zeolite, and hydrophilic zeolite catalyst interfaces. We then correlate the 
results to adsorbate, interface, and solvent properties to identify possible descriptors of 
solvation thermodynamics. Our results indicate that enthalpies are determined about 
equally by adsorbate and solvent properties, while entropies also have a large contribution 
from interfacial properties. Some key descriptors are the polarity and size of the adsorbate; 
hydrophobicity/hydrophilicity, structure, and field at the interface; and polarity of and 
extent of hydrogen bonding within the solvent. Interestingly, we find key differences in the 
descriptors of confined versus unconfined interfaces. Further, within confined interfaces, 
we find key differences depending on if the interface is hydrophobic or hydrophilic. While 
performing these calculations with explicit solvation is necessary and can be done tractably 
using multiscale methods such as MSS, it is still computationally demanding. Hence, we 
additionally use what we have learned about descriptors in a machine learning analysis to 
deploy a tool that estimates enthalpies of solvation. This tool has an uncertainty less than 
10 kJ/mol and provides values in a fraction of the time required to calculate them with 
explicit solvation in DFT.  
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RECENT PROGRESS

Descriptors of solvation thermodynamics in Ti-FAU zeolites

Using MSS, we calculated 
enthalpies, entropies, and free 
energies of solvation for 20 C1-C3 
oxygenates and hydrocarbons in 
Ti-FAU with both hydrophobic 
and hydrophilic pores (Figure 1). 
Models of hydrophilic pores 
included 4 hydroxyl groups in the 
same pore as the adsorbate, while 
models of hydrophobic pores 
included the same number of 
hydroxyl groups, but in a different 
pore than the adsorbate. We 
specifically investigated alcohol, 
aldehyde, and polyol adsorbates. 
We found that while free energies 
of solvation are for the most part 
negative in hydrophobic pores, 
they are mostly positive in 
hydrophilic pores. The reason for 
this depends on the type of 
adsorbate. For alcohols, enthalpies 
of solvation are significantly 
stronger in hydrophobic pores than 
in hydrophilic pores, while 
entropies of solvation are the same. 
In contrast, for aldehydes, 
enthalpies of solvation are similar 
in hydrophobic and hydrophilic 
pores, but hydrophobic pores 
induce a larger entropy penalty than in hydrophilic pores. The behavior for polyols is more 
complicated and cannot be generalized without incorporating details about the specific 
adsorbate properties. 

To understand this, we plotted calculated enthalpies and entropies of solvation 
against various adsorbate, solvent, and zeolite properties. The properties that we found give 
the best correlation are the number of water-adsorbate hydrogen bonds, the solvent 
accessible surface area (SASA), the adsorbate dipole moment, and the partial charge of the 
adsorbate. Similar to correlations uncovered in our prior work, none of these properties 
gives “good” correlation, since solvation thermodynamics do not depend linearly on any 
one property and instead are more complex functions of multiple properties. That said, 
solvation enthalpy shows decent correlation with number of hydrogen bonds and SASA.

Figure 1. Free energies (top), enthalpies (middle), 
and entropies (bottom; multiplied by 300 K) of 
representative alcohol, aldehyde, and polyol species 
in hydrophilic (triangles) and hydrophobic (circles) 
models of Ti-FAU. 
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Solvation entropy is more 
complicated and hence shown in 
Figure 2. One, it exhibits weaker 
correlation with all properties. 
Two, the properties that show good 
correlation are different depending 
on if the adsorbate is in a 
hydrophobic or a hydrophilic pore. 
Specifically, in hydrophobic pores, 
entropy correlates best to the 
number of adsorbate-water
hydrogen bonds and SASA, 
whereas in hydrophilic pores, it 
correlates best with dipole moment 
and partial charge. The physical 
phenomena underpinning these 
findings have to do with the 
mobilities of the water molecules 
and disorder within the water 
structure, which depend on interactions with the adsorbate and pore surface and 
confinement within the pore. In general, hydrogen bonding decreases the mobilities and 
increases the degrees of order of water molecules, since hydrogen bonds are strong and 
directional. However, water molecules in the vicinity of other hydrogen bond 
donors/acceptors can exhibit increased disorder, since they have more “options” for 
forming hydrogen bonds. For example, water molecules in a hydrophobic pore without an 
adsorbate will tend to form a cluster. The individual water molecules in the cluster will 
lack mobility; however, the cluster itself may be mobile and/or configurationally 
disordered. In contrast, water molecules in a hydrophilic pore with a hydrophilic adsorbate 
can hydrogen bond with the adsorbate, the pore, or the other water molecules. In this case, 
there is a balance between the increased configurational disorder and the loss of mobility 
(caused by decreases in enthalpy due to formation of strong hydrogen bonds). Entropy 
hence depends on interactions with the adsorbate and the pore surface. Our ongoing work 
involves more precisely defining these contributions, with the aim of building fundamental 
understanding of how they determine interfacial solvation behavior.

Development of a tool to estimate enthalpy of solvation

Computing solvation free energies requires explicit solvation methods based on quantum 
mechanics for all but the simplest of systems and is hence computationally demanding. 
Hence, a tool that could estimate these values in a computationally tractable way would be 
quite valuable. To this end, we have used machine learning to build a tool to estimate 
solvation enthalpies. To see if this would be viable, we started with a database that we had 
previously calculated for C1-C3 oxygenate species adsorbed to Pt(111) surfaces. 
Specifically, the database includes 90 distinct adsorbates, each with DFT-calculated 
interaction energies for 5 uncorrelated configurations of liquid water, for a total of 450 
datapoints. We used machine learning to correlate these energies to a variety of features 

Figure 2. Calculated entropy of solvation (multipled by 
300 K) of adsorbates in hydrophilic (triangles) and 
hydrophobic (circles) pores plotted against various 
adsorbate and solvent properties.
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related to properties of the adsorbate and local solvent structure. These models gave good 
performance (R2 > 0.8, rMSE in the test set < 0.1 eV, and comparable rMSE between the 
test and train sets). An example parity plot is shown in Figure 3. In agreement with our 
results in Ti-FAU, machine learning analysis indicates that the number of hydrogen bonds 
formed between the solvent and the adsorbate and the adsorbate size contribute 
significantly to the solvation enthalpy. Other important properties include the adsorbate
polarity and the local density and 
orientation of solvent molecules 
around the adsorbate. The machine 
learning tool is promising, since it 
predicts the interaction energy 
between an adsorbate and 
interfacial water in a fraction of a 
second, compared to multiple hours 
(or more) using DFT. Further, the 
uncertainty of less than 0.1 eV is 
within the uncertainty of DFT 
itself. Properly sampled values 
computed with machine learning 
could thus be averaged to obtain solvation enthalpies, hence significantly reducing the time 
needed to compute solvation free energies at liquid/solid interfaces. A next step is to test 
the transferability of this tool. For example, can it be used to predict enthalpies of solvation 
of C1-C3 adsorbates in Ti-FAU zeolites, or other systems with more complex solvent-
interface interactions and environments? Answering these questions is a topic of our 
ongoing work.
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Figure 3. Parity plots showing predicted versus DFT-
calculated energies of interaction between liquid water 
and adsorbates on a Pt(111) surface.
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Presentation Abstract 

 
The use of molecular oxygen as an oxidant in chemical production has significant 

environmental and economic benefits, however, numerous large-scale reactions currently 
employ more hazardous or expensive oxidants. Homogeneous organometallic compounds 
have proved to be exceptionally selective catalysts for organic transformations. Late 
transition metals in particular are promising for selective aerobic oxidations. Their high 
electronegativity and low oxophilicity suggest that the release of oxygenated products 
should be facile, enabling catalyst turnover. In this presentation, we report on 
organometallic gold compounds and their potential for application in aerobic oxidations 
of organics.  
  The synthesis and full characterization of a rare AuIII–H supported by a 
diphosphine pincer ligand, [(tBuPCP)AuIII-H]OTf (tBuPCP = 2,6-bis-(di-
tertbutylphosphinomethyl)benzene), is described. [(tBuPCP)AuIII-H]OTf was found to 
cleanly react with molecular oxygen to yield a stable AuIII–OOH complex which was also 
fully characterized. The results of extensive kinetic studies on the O2 insertion reaction 
are found to be consistent with an autoaccelerating radical chain mechanism. The 
observed kinetic behavior exhibits some similarities to that of previously reported PdII–H 
and PtIV–H reactions with O2, but is not fully consistent with any known O2 insertion 
mechanism, thus expanding our nascent knowledge of the pathways of late metal hydride 
aerobic oxidation reactions. 
 Oxygen atom transfer from [(tBuPCP)AuIII-OOH]OTf generates the hydroxide 
complex, [(tBuPCP)AuIII-OH]OTf. The hydrogenolysis reaction of [(tBuPCP)AuIII-OH]OTf 
to regenerate the gold hydride, [(tBuPCP)AuIII-H]OTf, has also been studied. In contrast to 
the analogous reaction of (tBuPCP)PdII-OH, the reaction of [(tBuPCP)AuIII-OH]OTf 
requires an acid catalyst. Kinetic and mechanistic studies have been completed and a 
viable pathway for the reaction is proposed. Overall, our studies on this AuIII system 
indicate that similar reactions as previously demonstrated for the analogous PdII system 
are observed but the mechanistic pathways deviate. This mechanistic insight is important 
as we seek to develop efficient catalysts for selective aerobic oxidation.  
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RECENT PROGRESS 
 
Au Chemistry: 
 
 In our studies of homogeneous AuIII systems for aerobic epoxidation reactions, we have 
carried out detailed investigations of two of the reactions steps in our proposed catalytic 
cycle: oxygen insertion into a AuIII-H bond (eq. 1) and hydrogenolysis of the 
corresponding AuIII-OH complex (eq. 2). The ancillary ligand in this system is tBuPCP 
(2,6-bis-(di-tertbutylphosphinomethyl)benzene) and complexes 1-3 (eq 1 and 2) have all 
been fully characterized.  The results of our experimental and computational studies of 
the mechanism of the reaction shown in eq. 1 are consistent with a radical chain pathway. 
Hydrogen atom abstraction by O2 generates a AuII radical cation species that then reacts 
with oxygen to form a AuOO radical cation which acts as a radical chain carrier (Scheme 
1).  
              

 

 

 
 
The hydrogenolysis of [(tBuPCP)AuIII-OH]OTf (eq. 2) was found to require an acid 
catalyst and evidence supports that the reaction involves the generation of a AuIII aquo 
complex intermediate, [(tBuPCP)Au(OH2)](OTf)2. The aquo species has also been isolated 
and fully characterized. Kinetic and computational studies are consistent with a 
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mechanism involving displacement of the aquo ligand by H2 and deprotonation to 
generate the AuIII hydride product.  
 
Protic and hemilabile ligands: 
 
Di-tertbutyl imidazolyl phosphine Ir and Rh complexes with halide anions (4-Ir, 4-Rh 
respectively) were prepared and all exhibit a square planar MI configuration with one 
bidentate ligand and an outer-sphere halide in the solid state.1 Characterization of these 
complexes in solution revealed that the low valent ligand-protonated IrI complexes 
equilibrate with their metal protonated IrIII-H congeners (eq. 3). The position of the 
equilibrium is dependent on both the steric and the electronic profile of the halide anion. 
No formation of the RhIII-H analogs is observed under any conditions. Reactions of both 
Ir and Rh complexes with oxygen resulted in phosphine oxidation, with the rates of 
reaction dependent on the halide anion.  
 

  
 
The same di-tertbutyl imidazolyl phosphine was investigated with palladium and 
complex 5 was prepared and characterized. In contrast to the reaction of many Pd 
bisphosphine complexes which generate peroxo species, when 5 was exposed to oxygen, 
a mixture of cis and trans PdII complexes with two 2 ligands were formed (eq. 4). 
Current efforts are directed at exploring the mechanism of this reaction, identifying an 
observed intermediate, and determining the fate of the oxygen atoms.   
 

  
 
To investigate the potential of non-phosphine proton-responsive ligands to promote 
efficient aerobic oxidations, we have been exploring the bispyrazolyl pyridine ligand 
(6a). As metal-ligand proton tautomerization was invoked in the mechanism of dinuclear 
reductive elimination observed from an IrIII-H complex bearing this ligand,2 we sought to 
study analogous complexes that lacked the NH moiety for comparison purposes. Thus we 
prepared the isoelectronic and isosteric aprotic analogs, the bisisoxazolyl pyridine ligand 
(6b) and the monoprotic isoxazolyl pyrazolyl pyridine variant (6c). Cationic Rh-carbonyl 
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complexes of all three NNN ligands were synthesized (7) and comparison of the CO 
stretching frequencies of these “isoelectronic complexes” suggests that the donor ability 
of these ligands differ significantly. Ligand substitution reactions to open the chelates 
were also strongly influenced by the differences in donor strength. Thus, the differences 
in donor ability must be considered alongside the protic functionality as the hemilability 
of the ligands varies significantly with the differing donor abilities. 
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Our laboratory and others have extensively developed and exploited low-valent 

transition metal complexes, particularly those of the type (PCP)Ir, for catalytic alkane 
dehydrogenation. Alternative approaches to alkane dehydrogenation under investigation in 
our laboratory will be presented. Electrochemical oxidation of metal hydrides is one such 
theme. High oxidation state dehydrogenation catalysts have been developed and these may 
hold particular promise in this context. A novel pincer ligand has been developed which 
promotes metal-ligand proton tautomerization, leading to autodeprotonation of an Ir(III) 
hydride and facile one-electron oxidation, for a net oxidatively induced cleavage of a very 
strong M-H bond (thus loss of H•). This ultimately leads to a second oxidation, for a net 
electrochemical abstraction of hydride, which then results in C(sp3)-H activation. Efforts 
to exploit this for catalysis are underway.  

A new approach to the development of improved low-valent catalysts for alkane 
dehydrogenation is illustrated with a triphosphorus (“PPP”) pincer ligand. The architecture 
of this ligand selectively destabilizes the resting state and favors a “sideways-directed” 
pathway for dehydrogenation, resulting in extremely high turnover frequencies and 
regioselectivity for dehydrogenation of the terminal position of n-alkanes. 
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Presentation Abstract 

 
Fundamental principles of electrocatalysis and electrocatalytic reaction 

mechanisms at electrified solid/liquid interfaces are explored using periodic Density 
Functional Theory methodologies.  This continuing effort seeks to identify and exploit 
efficient methods to elucidate complex electrocatalytic reaction mechanisms under realistic 
in-situ conditions, estimate the statistical thermodynamics and kinetics of charge transfer 
at interfaces, generate pH/potential-dependent phase diagrams of multifunctional 
interfaces in aqueous environments, and investigate new approaches for applying these 
fundamental insights to enhance the properties of electrocatalysts for energy-relevant 
chemistries.  

In this abstract, we describe work-in-progress relating to a subproject of the above 
efforts.  We have sought to develop simple strategies to improve estimation of solvation 
energies of adsorbed electrocatalytic reaction intermediates at solid/water interfaces using 
two distinct strategies.  First, we have explored the use of simulated annealing, combining 
ab-initio molecular dynamics simulations with tailored Born-Haber cycles and analysis of 
hydrogen bonding characteristics, to estimate structures of water molecules surrounding 
large, adsorbed intermediates at water/catalyst interfaces.  Second, we have used neural 
network-based schemes, combined with transfer learning methodologies, to initiate 
training of water/solid/adsorbate force fields, based on inputs from DFT calculations, to 
capture subtleties of the water/solid interfaces that may be missed by the simulated 
annealing strategies.  These analyses are relevant both to the determination of more realistic 
reaction enthalpies in aqueous electrochemical environments and to the identification of 
robust structures for electrochemical double layers that, in turn, control the voltage 
dependence of electrochemical reaction energetics. 
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RECENT PROGRESS 
 
Water-adsorbate interactions on transition metal surfaces 

As discussed briefly above, the interplay between covalent and non-covalent 
interactions at the solid-liquid interface strongly influences electrocatalytic reactions. 
Although methods to determine the former interactions have been rigorously developed, 
the latter are often described with static bilayer models or similarly approximate methods. 
To improve upon these approximations, we seek to account for disorder and dynamics at 
complex electrochemical interfaces with a simple theory to estimate the enthalpy of 
solvation for adsorbed intermediates. In a strategy reminiscent of Born-Haber cycles, the 
enthalpy of solvation is expressed in terms of two sub-processes: vacancy creation by water 
reorganization, and adsorbate interaction with solvent molecules. The magnitude of the 
solvation enthalpy is then determined as a mean value from statistical sampling of hydrated 
adsorbate-catalyst configurations obtained from simulated annealing with ab initio 
molecular dynamic (AIMD) simulations. This approach provides a more accurate 
treatment of water reorganization and interaction than is found with simple calculations of 
adsorbates in the presence of static water bilayers at the catalyst surface and, at the same 
time, avoids the need for AIMD simulations of extremely long duration.  The details of this 
method are described in a recently submitted paper, and we have tested it on several 
electrocatalytic reaction systems, ranging from the classic oxygen reduction reaction 
(ORR) on non-precious metal catalyst surfaces to ethanol electrooxidation on platinum 
surfaces.  Below, we briefly summarize two key tests of the approach.   

First, we have calculated the solvation stabilization energies of two well-known 
reaction intermediates for the ORR on Pt(111), the most studied electrocatalyst for this 
chemistry.  In this case, the calculated stabilization (~ -0.56 eV per OH* adsorbate) agrees 
well with a variety of other values determined using static bilayer models (-0.56, -0.50, -
0.58, -0.66, and -0.56 eV, from various literature sources).  This is expected, since the small 
OH* adsorbate does not significantly perturb the structure of surrounding water molecules, 
under static or dynamical conditions, and the result points to the accuracy of our scheme.  
On the other hand, the calculated stabilization for the OOH* intermediates (~ -0.27 eV per 
OOH* group) is on the lower end of a range of energies calculated from static bilayer 
methods (-0.16, -0.25, -0.54, -0.70, and -0.79 eV, from literature).  The large deviation in 
literature values suggests that OOH* introduces more complex perturbations into the 
surrounding water structure, thus limiting reproducibility in calculations and making the 
static bilayer analysis less accurate.  Our calculated result, in turn, suggests that the 
stabilization of OOH* is less significant than has been previously estimated using static 
bilayer models, likely because those models do not account for the disruption and 
destabilization of the bilayer structure by the OOH* species itself. 

A second example focuses on the elementary reaction thermodynamics of ethanol 
electrooxidation on Pt(111).  This chemistry is of interest in the development of low 
temperature fuel cells powered by ethanol and related liquid fuels, and there is ongoing 
interest in establishing the detailed reaction mechanisms and potential-limiting steps 
platinum and platinum alloys, which are the state-of-the-art catalysts for the chemistry.  
Figure 1 shows the calculated reaction energetics for ethanol electrooxidation to acetic acid, 
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a commonly observed product.  This figure shows the free energy diagrams for the acetic 
acid formation at 1.16 VRHE (the voltage where all the elementary steps are downhill when 
no water is included in the simulations) at gas-solid interfaces with no water and with our 
AIMD-based approach. The 
energy stabilization through 
solvation is highlighted with 
green arrows. The solvation 
stabilization is seen to be non-
negligible for the EOR 
intermediates, and CH3CH2OH* 
and CH3COOH*, in particular, 
have large magnitudes of 
solvation enthalpies that, in turn, 
have a significant impact on the 
EOR mechanism. The onset 
potential for the EOR with the 
dynamical liquid water analysis 
drops to 0.81 VRHE, indicating that 
solvation effects substantially 
reduce the voltage for acetic acid 
formation. This potential is 
consistent with experimental 
results showing that the onset voltage for acetic acid is approximately 0.60 VRHE (Cantane et 
al., J. Electrochem Soc., 2012).  
 
 
Solvation of adsorbates using DFT-aided machine learning strategies 

Classical molecular dynamics (MD) simulations offer access to larger system sizes 
(consisting of millions of atoms) and longer timescales (approximately ranging from 100 
to thousands of nanoseconds) than are possible with purely ab-initio-based molecular 
dynamics (AIMD). However, the interatomic potentials used in these simulations are 
derived from empirical approximations and frequently fail to capture accurate mechanistic 
details. Machine learning potentials (MLPs) have, however, emerged as a hybrid solution 
to bridge the gap between AIMD and classical MD calculations. MLPs accomplish this by 
training a nonlinear function with millions of parameters, enabling a direct mapping from 
atomic structure to DFT-calculated energies and forces (Batzner et al., 2021). Here, we 
adapt these schemes, and seek to provide a convenient framework in which solvation 
enthalpies and entropies of reaction intermediates adsorbed at solid/liquid interfaces may 
be determined, to propose an on-the-fly active learning approach coupled with gaussian 
mixture model uncertainty estimation to determine solvation energies of common 
adsorbates using explicit solvent molecules. We use O*, OH*, OOH* intermediates on 
various Pt and Mo doped Pt step surface terminations (which we have been exploring as 
alternate ORR catalysts in independent work) in a water environment as a model system to 
test our methodology.  

To demonstrate the feasibility of our approach, we initially focused on the 
MoO3OH/Pt(211) model system. We exploited the independence of Pt-Pt, H2O-H2O, and 
Pt-H2O interactions from Mo, allowing us to train these interactions separately (this 

Figure 1.  DFT-calculated thermodynamics of ethanol 
electrooxidation on Pt(111) without solvation effects (black 
line) and accounting for such effects using our Born-Haber 
scheme (red lines).  The onset potential for the reaction is seen 
to shift from 1.16 V to 0.81 V due to solvation stabilization. 

-5.00

-4.00

-3.00

-2.00

-1.00

0.00 EOR at gas-solid interfaces
EOR with full liquid water

Fr
ee

 e
ne

rg
y 

(e
V

)
Reaction coordinate

U = 1.16 VRHE

U = 1.16 VRHE

U = 0.81 VRHE

236



strategy can be extended to other adsorbates as well, considering that Pt and water are 
common components in all calculations). Consequently, instead of training an MLP from 
scratch, we initiated with a pretrained model involving water on bare Pt(211). The mean 
absolute error is summarized in Table 1. 

 
Table 1: The mean absolute error in energies and forces for MoO3OH/Pt(322) system on the 
validation dataset with and without pretraining with water on bare Pt(221) calculations. 

 
Mean Absolute 
error in energy 

(eV) 

Mean Absolute Error in Forces 
(eV/A) 

O H Pt Mo 
Model from scratch 0.10 0.077 0.053 0.067 0.089 

Model pretrained with water 0.04 0.039 0.020 0.018 0.056 
 
As anticipated, pretraining significantly reduced the error in the forces of O, H, and Pt 
atoms, as the model has been exposed to more structures containing these atoms. 
Interestingly, pretraining also improves the force error for Mo atoms, despite the equal 
number of Mo-containing images in both cases. This improved transferability and accuracy 
can be attributed to the model's ability to focus more on Mo interactions, as it gains 
confidence in the pretrained interactions. As expected, the pretrained model exhibits 
superior performance in energy evaluations. Therefore, in current work, we are consistently 
starting with a pretrained model based on a system involving water on bare Pt(211). These 
results suggest that exciting possibility that the concept of transfer learning, which is 
closely tied to the pretraining approach described above, can be used to greatly accelerate 
the training of ML-based potentials for specific electrocatalytic systems of interest, thereby 
providing a fast and accurate method to estimate solvation enthalpies and entropies for 
energy-critical elementary reactions. 
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Presentation Abstract 

Experimental and computational investigations have been used to compare and 
understand catalytic arene alkenylation using Pd(OAc)2 2-C2H4)2Rh(μ-OAc)]2 as 
catalyst precursors with arene, olefin and Cu(II) carboxylate at elevated temperature (> 
120 °C). Under specific conditions, previous computational and experimental efforts have 
identified heterotrimetallic complexes PdCu2

2-C2H4)3 -OPiv)6 
2-C2H4)2Rh(μ-

OPiv)2]2(μ-Cu) (OPiv = pivalate) as possible active catalysts for these processes. Further 
studies of catalyst speciation suggest a complicated equilibrium between Cu(II)-containing 
complexes containing one Rh or Pd atom and complexes containing two Rh or Pd atoms. 
At 120 °C, Rh catalysis produces styrene > 20-fold more rapidly than Pd. Regardless of 
arene functionality, the regioselectivity for alkenylation of mono-substituted arenes with 
the Rh catalyst gives an approximate 2:1 meta:para ratio with minimal ortho C–H 
activation. In contrast, Pd selectivity is significantly influenced by arene electronics with 
electron-rich arenes giving an approximate 1:2:2 ortho:meta:para ratio while the electron 
deficient ( , , )-trifluorotoluene gives a 3:1 meta:para ratio with minimal ortho 
functionalization. Kinetic intermolecular arene ethenylation competition experiments find 
that Rh reacts most rapidly with benzene, and the rate of mono-substituted arene 
alkenylation does not correlate with arene electronics. In contrast, with Pd catalysis, 
electron-rich arenes react more rapidly than benzene while electron-deficient arenes react 
less rapidly than benzene. Our studies are consistent with the arene C–H activation step for 
Pd catalysis involving significant 1-arenium character due to Pd-mediated electrophilic 
aromatic substitution character. In contrast, the mechanism for Rh catalysis is not sensitive 
to arene substituent electronics, which we propose indicates less electrophilic aromatic 
substitution character for the Rh-mediated arene C–H activation.  
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RECENT PROGRESS 
 
 We have completed a combined experimental and computational investigation to 
compare and understand catalytic arene alkenylation using the Pd(II) and Rh(I) precursors 
Pd(OAc)2 2-C2H4)2Rh(μ-OAc)]2 with arene, olefin and Cu(II) carboxylate at 
elevated temperature (> 120 °C). The computational studies were completed by the 
Goddard group, and these results of these efforts have been published (J. Am. Chem. Soc. 
2023, 145, 15507-15527. DOI: 10.1021/jacs.3c04295). Our studies compared:  

1. selectivity and rate of catalytic styrene production from benzene and ethylene, 
2. quantification of competitive ethylene functionalization to give vinyl acetate, 
3. catalytic conversion of vinyl esters and arenes to form alkenyl arenes (including a 

proposed mechanism for the Pd-catalyzed process), 
4. selectivity for catalytic alkenylation of mono-substituted arenes (toluene, 

chlorobenzene and anisole) using ethylene, styrene and methyl acrylate as the 
olefins, 

5. comparative kinetics for the ethenylation of mono-substituted arenes relative to 
benzene  

6. and comparative kinetics for the ethenylation of toluene relative to para-xylene, 
ortho-xylene and meta-xylene. 

 
Under specific conditions, previous computational and experimental efforts have 

identified heterotrimetallic cyclic PdCu2
2-C2H4)3 -OPiv)6 

2-C2H4)2Rh(μ-
OPiv)2]2(μ-Cu) (OPiv = pivalate) species as likely active catalysts for these processes 
Scheme 1). Further studies of catalyst speciation suggest a complicated equilibrium 
between Cu(II)-containing complexes containing one Rh or Pd atom with complexes 
containing two Rh or Pd atoms (Scheme 2 and Figure 1). At 120 °C, Rh catalysis produces 
styrene > 20-fold more rapidly than Pd (Figure 2). Also, at 120 °C, Rh is ~98% selective 
for styrene formation while Pd is ~82% selective. Our studies indicate that Pd catalysis has 
a higher predilection toward olefin functionalization to form undesired vinyl ester, while 
Rh catalysis is more selective for arene/olefin coupling. However, at elevated temperatures, 
Pd converts vinyl ester and arene to vinyl arene, which is proposed to occur through low 
valent Pd(0) clusters that are formed in situ. Regardless of arene functionality, the 
regioselectivity for alkenylation of mono-substituted arenes with the Rh catalyst gives an 
approximate 2:1 meta:para ratio with minimal ortho C–H activation. In contrast, Pd 
selectivity is significantly influenced by arene electronics with electron-rich arenes giving 
an approximate 1:2:2 ortho:meta:para ratio while the electron deficient ( , , )-
trifluorotoluene gives a 3:1 meta:para ratio with minimal ortho functionalization. Kinetic 
intermolecular arene ethenylation competition experiments find that Rh reacts most rapidly 
with benzene, and the rate of mono-substituted arene alkenylation does not correlate with 
arene electronics. In contrast, with Pd catalysis, electron-rich arenes react more rapidly 
than benzene while electron-deficient arenes react less rapidly than benzene. These 
experimental findings, in combination with computational results, are consistent with the 
arene C–H activation step for Pd catalysis involving significant 1-arenium character due 
to Pd-mediated electrophilic aromatic substitution character. In contrast, the mechanism 
for Rh catalysis is not sensitive to arene substituent electronics, which we propose indicates 
less electrophilic aromatic substitution character for the Rh-mediated arene C–H activation.  
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Rhodium-catalyzed arene alkenylation using Cu(II) carboxylates as the in situ oxidant 
and mono-substituted olefins has been previously reported (e.g., J. Am. Chem. Soc. 2019, 
139, 5474; J. Am. Chem. Soc. 2018, 140, 17007; Organometallics 2019, 38, 3860; J. Am. 
Chem. Soc. 2020, 142, 10534). Recently, we completed studies of arene alkenylation using 
multi-substituted olefins with the goal of evaluating the effect of olefin substitution pattern 
and substituent identity on selectivity and turnover frequency. This work has been 
published (Organometallics 2023, 42, 908-920. DOI: 10.1021/acs.organomet.3c00073). 

The influence of olefin substitution is probed by comparing the conversion of benzene 
to alkenyl arenes with ethylene, propylene, 1-butene, cis-2-butene, trans-2-butene, 
isobutene, 2-methyl-2-butene and tetramethylethylene as well as the phenyl-substituted 
olefins and isomers of propenylbenzene (Scheme 3). The rate of oxidative 
hydrophenylation for multi-substituted olefins follows the trend monosubstituted > 
disubstituted > trisubstituted, and tetrasubstituted olefins are unreactive. To probe the 
effect of substituent size on Markovnikov/anti-Markovnikov regioselectivity, cyclohexyl, 
tert-butyl, isopropyl, ethyl and methyl substituted -olefins are compared. Selectivity for 
anti-Markovnikov products generally increases as substituent steric bulk is increased. 
Tolerance for some functionalized olefins is demonstrated. The ortho/meta/para 
regioselectivity with mono-substituted arenes reveals arene and olefin identity influences 
selectivity. Further mechanistic studies provide evidence for Curtin-Hammet control of 
ortho/meta/para regioselectivity with monosubstituted arenes. Our findings include: 

1. Internal olefin substrates undergo isomerization to terminal olefins in situ to produce 
terminal-arylated products. This process is more significant for tri-substituted and 
trans-di-substituted olefins than for cis-di-substituted olefins. 

2. For multiple-substituted olefin substrates, mono-substituted olefins react more 
rapidly than di-substituted olefins, and tri-substituted olefins are minimally reactive.  

4. Increasing the steric bulk of mono-substituted olefin substituents lead to higher 
selectivity for linear (i.e., anti-Markovnikov) alkenyl arene products.  

5. The chemistry is sensitive to olefin substituent identity: coordinating groups on the 
olefin result in decreased reactivity. For example, vinyl pivalate, vinyl ethyl ether, 
vinyl ethyl sulfide and acrylonitrile are minimally reactive. Linear selectivity is 
observed for most olefin functional groups.   

6. For reactions with mono-substituted arenes, meta:para selectivity ranges from 1:1 to 
2:1 as a function of HOPiv concentration, olefin concentration and substituents on the 
olefin and arene. This is likely the result of a kinetic advantage for the para position 
of mono-substituted arenes, but no thermodynamic preference for either position.  

 

 
Scheme 1. Structures of [Rh( -OPiv)2( 2-C2H4)2]2( -Cu) (left) and PdCu2( 2-C2H4)3( -OPiv)6 (right) that we 
have proposed as likely catalysts for oxidative arene alkenylation using arene, olefin and Cu(II) carboxylate 
and Pd(II) or Rh(I) carboxylate salts as starting materials.  
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Scheme 2. Possible speciation of Rh or Pd (denoted generically as "M") and the consequent order based on 
M concentration. 

Figure 1. Turnovers of styrene versus time plots and log- 2-
C2H4)2Rh(μ-OAc)]2 and Pd(OAc)2 concentration. Reaction conditions: 10 mL benzene, 0.001 mol% of [Rh] 

2-C2H4)2Rh(μ-OAc)]2; [Pd] = Pd(OAc)2), 0.480 mol% Cu(OPiv)2
(relative to benzene), 0.960 mol% HOPiv, 50 psig ethylene. For reactions using Pd(OAc)2 as the catalyst 
precursor, and induction period is observed, which was previously attributed to the conversion of Pd(OAc)2
to Pd2

2-C2H4)3 -OPiv)6. After the induction period, the linear region of catalysis was fit to a linear 
regression, which was used to calculate turnover frequency and kobs. Error bars represent the standard 
deviation for a minimum of three independent reactions. 
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Figure 2. Kinetics of styrene production using Rh or Pd catalysts. Conditions: 10 mL benzene, 50 psig of 
ethylene, 0.001 mol% of [Rh] or [Pd] per single Rh or Pd atom ([Rh] = [( 2-C2H4)2Rh(μ-OAc)]2; [Pd] = 
Pd(OAc)2), 480 equiv. of Cu(OPiv)2, 960 equiv. of HOPiv, 120 °C. Turnover frequencies (TOFs) for the 
linear region of the catalysis are given in the plot, and were calculated by fitting the data from 0 to 0.625 
hours (for Rh) and 2 to 4.5 hours (for Pd) using linear regressions. Each data point is the average of at least 
three independent experiments, and error bars represent the standard deviations based on a minimum of three 
independent experiments (note: error bars on Pd experiments are too small to be observed at the plot scale 
presented above).  

 
Scheme 3. Regioselectivity and yield for oxidative hydrophenylation of multi-substituted olefin substrates. 
Green and blue shaded circles represent the ratio of oxidative hydrophenylation at each olefin carbon. 
Reaction conditions: Reaction 1: 0.0165 mol% [( 2-C2H4)2Rh( -OAc)]2, 40 eq. Cu(OPiv)2, 20 eq. olefin, 
165 °C, 2 h. Reaction 2: 50 mg of 5 wt.% Pd/C, 7.5 mL EtOH, 18 h, 55 °C. Catalyst loading is relative to 
benzene per single Rh atom. Yields were quantified by GC-FID analysis of the product mixture relative to 
external standard hexamethylbenzene and is relative to the olefin, which is the limiting regent in each reaction. 
Reported yields and regioselectivities represent the averages and standard deviations from at least three 
independent experiments. i. yield and selectivity quantified using calibration curves for the unsaturated 
products, ii. 4-hour reaction time used.  
 
 
  

243



Publications Acknowledging this Grant in 2020-2023 
 
I. Intellectually led by this grant 
 
12. "Pd(II) and Rh(I) Catalytic Precursors for Arene Alkenylation: Comparative Evaluation 

of Reactivity and Mechanism Based on Experimental and Computational Studies" 
Bennett, M. T., Jia, X., Musgrave III, C. X., Zhu, W., Goddard III, W. A.*, Gunnoe, T. 
B.* J. Am. Chem. Soc. 2023, 145, 15507-15527. DOI: 10.1021/jacs.3c04295 

 
11. "Rhodium-Catalyzed Alkenylation of Arenes with Multi-Substituted Olefins: 

Comparison of Selectivity and Reaction Rate as a Function of Olefin Identity" Bennett, 
M. T., Reid, C. W., Musgrave III, C. B., Godard III, W. A.*, Gunnoe, T. B.* 
Organometallics 2023, 42, 908-920. DOI: 10.1021/acs.organomet.3c00073 

 
10. "Advances in Arene Alkenylation Catalyzed by Transition Metal Complexes Based on 

Ruthenium, Nickel, Palladium, Platinum, Rhodium and Iridium" Ketcham, H. E., 
Bennett, M. T., Reid, C. W., Gunnoe, T. B.* Adv. Organomet. Chem. 2023, 80, 93-176. 
DOI: 10.1016/bs.adomc.2023.01.002 

 
9. "The Reaction Mechanism Underlying Pd(II) Catalyzed Oxidative Coupling of Ethylene 

and Benzene to Form Styrene: Identification of a cyclic Mono-PdII Bis-CuII Complex 
as the Active Catalyst" Musgrave III, C. B., Bennett, M. T., Ellena, J. F., Dickie, D. A., 
Gunnoe, T. B.* Goddard III, W. A.* Organometallics 2022, 41, 1988-2000. DOI: 
10.1021/acs.organomet.2c00183 

 
8. "Electron-Deficient Cationic Ru(II) Catalyst Precursors for Ethylene Hydrophenylation" 

Jia, X., Tian, S., Shivokevich, P. J., Harman, W. D., Dickie, D. A., Gunnoe, T. B.* 
Inorganics 2022, 10, 76 (14 pages). DOI: 10.3390/inorganics10060076 (selected as a 
Feature Paper and for the issue cover feature) 

 
7. "Advances in Group 10 Transition Metal-Catalyzed Arene Alkylation and Alkenylation" 

Zhu, W., Gunnoe, T. B.* J. Am. Chem. Soc. 2021, 143, 6746-6766. DOI: 
10.1021/jacs.1c01810 

 
6. "Mechanistic Studies of Styrene Production from Benzene and Ethylene using [Rh( -

OAc)( 2-C2H4)2]2 as Catalyst Precursor: Identification of a Bis-RhI Mono-CuII 
Complex as Catalyst" Musgrave III, C. B., Zhu, W., Coutard, N., Ellena, J. F., Dickie, 
D. A., Gunnoe, T. B.*, Goddard III*, W. A. ACS Catal. 2021, 11, 5688-5702. DOI: 
10.1021/acscatal.1c01203 

 
5. "Oxidative Alkenylation of Arenes Using Supported Rh Materials: Evidence that Active 

Catalysts are Formed by Rh Leaching" Luo, Z., Whitcomb, C., Kaylor, N., Zhang, Y., 
Zhang, S., Davis, R. J.*, Gunnoe, T. B* ChemCatChem 2021, 13, 260-270. DOI: 
10.1002/cctc.202001526 

 

244



4. "Transition Metal-Catalyzed Arene Alkylation and Alkenylation: Catalytic Processes for 
the Generation of Chemical Intermediates" Gunnoe, T. B.*, Schinski, W. L.*, Jia, X. 
ACS Catal. 2020, 10, 14080-14092. DOI: 10.1021/acscatal.0c03494 

 
3. "Rhodium-Catalyzed Arene Alkenylation Using Only Dioxygen as Oxidant" Zhu, W., 

Gunnoe, T. B.* ACS Catal. 2020, 10, 11519-11531. DOI: 10.1021/acscatal.0c03439 
 
2. "Synthesis of Stilbenes by Rhodium-Catalyzed Aerobic Alkenylation of Arenes via C–

H Activation" Jia, X., Frye, L. I., Zhu, W., Gu S., Gunnoe, T. B.* J. Am. Chem. Soc. 
2020, 142, 10534-10543. DOI: 10.1021/jacs.0c03935 

 
1. "Advances in Rhodium Catalyzed Oxidative Arene Alkenylation" Zhu, W., Gunnoe, T. 

B.* Acc. Chem. Res. 2020, 53, 920-936. DOI: 10.1021/acs.accounts.0c00036 
 
Patents and Patent Applications 
5. "Methods of Arene Alkenylation" U. S. Patent Application 17/999,273 (US 

2023/0234900 A1) Full patent filed on May 19, 2021 (published Jul. 27, 2023) Gunnoe, 
T. B., Jia, X., Frye, L.  

 
4. "Catalyst and Methods for Forming Alkenyl and Alkyl Substituted Arenes" U.S. Patent 

Application 18/163,647 (US 2023/0173476 A1) Full patent application filed on Feb. 2, 
2023 (published Jun. 8, 2023) Gunnoe, T. B., Webster-Gardiner, M. S., Vaughn, B. A.  

 
3. "Catalyst and Methods for Forming Alkenyl and Alkyl Substituted Arenes" U.S. Patent 

Application 17/188,535 (US 2021/0283587 A1) Full patent application filed on Mar. 1, 
2021 (published Sept. 16, 2021) Gunnoe, T. B., Webster-Gardiner, M. S., Vaughn, B. 
A.  

 
2. "Catalytic Synthesis of Super Linear Alkenyl Arenes Using Rhodium Catalysts" U.S. 

Patent 11,306,041, Schinski, W., Goldman, A., Gunnoe, T. B., Webster-Gardiner, M. 
S., Schwartz, N. Issued April 19, 2022.   

 
1. "Catalyst and Methods for Forming Alkenyl and Alkyl Substituted Arenes" U.S. Patent 

10,967,364 B2,  Gunnoe, T. B., Webster-Gardiner, M. S., Vaughn, B. A. Issued April 6, 
2021. 

 
 
II. Jointly funded by this grant and other grants with intellectual leadership by other 

funding sources 
 
1. "Studies of C–H Activation and Functionalization: Combined Computational and 

Experimental Efforts to Elucidate Mechanisms, Principles and Catalysts" Schwartz, N. 
A., Gu, S., McKeown, B. A., Huang, X., Boaz, N. C., Gunnoe, T. B., Groves, J. T. 
invited chapter in "Computational Materials, Chemistry, and Biochemistry: From Bold 
Initiatives to the Last Mile: In Honor of William A. Goddard's Contributions to Science 
and Engineering" 2021, 767-801. 

245



Thomas W. Hamann 

Oxidation of Amines Coordinated to Ruthenium Metal Centers: Our Quest for 
Mechanistic Insight 

Chuan-Pin Chen, Milton R. Smith, III, Thomas W. Hamann 

Department of Chemistry, Michigan State University, 578 South Shaw Lane, East Lansing, MI 
48824, USA 

 

Presentation Abstract 

This poster will present our recent investigation into the ammonia oxidation mechanism by the catalyst 

[RuIII(tpy)(dmabpy)NH3]3+ ([Ru(NH3)]3+). Stoichiometric reactions of [Ru(NH3)]3+ were carried out with 

exogeneous non-coordinating Lewis bases to trigger a proposed redox disproportionation reaction, which 

was followed using variable temperature NMR. An intermediate species was identified as a dinitrogen 

bridged complex using 15N NMR and Raman spectroscopy on isotopically labeled complexes. This 

intermediate is proposed to derive from coupling of nitridyl species formed upon sequential redox 

disproportion reactions. Acetonitrile displaces the dinitrogen bridge to yield free N2. DFT calculations 

support this lower energy pathway versus that previously reported for ammonia oxidation by the parent 

[RuIII(tpy)(bpy)NH3]3+ complex. These experimental and computational results are consistent with the 

interpretation of redox disproportionation involving sequential hydrogen atom transfer reactions by an 

amide/aminyl intermediate, [Ru(NH2)-]+  [Ru(NH2) ]+, formed upon deprotonation of the parent complex. 

Analogous methylamine complexes, [Ru(NH2CH3)]2+/3+, were also prepared to test the proposed 

mechanism. Treating [Ru(NH2CH3)]3+ with a Lewis base was found to cleanly yield two products 

[Ru(NH2CH3)]2+ and [Ru(CN)]+ in ~3:1 ratio, fully consistent with our proposed mechanism. In addition, 

preliminary results of next-generation catalyst systems will be presented. 

 

246



 

247



(a) (b)

248



249



250



251



 

Simon M. Humphrey 
 

Poster: Well-Defined Single-Site Catalysts Supported on Phosphine-, Arsine- and Stibine-
based MOFs as Solid-State Ligands 

 
Simon M. Humphrey 

University of Texas at Austin, Department of Chemistry, Welch Hall 4.424, 105 E. 24th St. Stop 
A5300, Austin TX 78712-0165 

 
Presentation Abstract 

 
We continue to utilize the triphenylphosphine-based metal-organic framework (MOF)  material, 
PCM-101, as a platform to post-synthetically attach a range of low-valent metal sites, which yields 
single-crystalline MOF-catalysts with periodic structures that can be interrogated by X-ray 
diffraction.  Examples to be presented include material functionalized with RhI, IrI and PtII centers 
bearing alkyl and/or carbonyl terminal moieties.  In some cases, the resulting MOF-coordinated 
catalyst species consist of structurally unusual dimeric species that are not accessible by traditional 
coordination chemistry approaches.  The catalysts have been studied in model reactions as 
heterogeneous catalysts for gas- and liquid- phase hydroformylation using a range of alkenes (e.g., 
ethylene, styrene, cyclohexene, 1-hexene).  Unique pore-confinement effects imposed by the MOF 
micropores, coupled to the pore topology and hydrophobicity is shown to result in interesting and 
non-standard variations in product regio- and chemo-selectivity.  The same materials have also been 
interrogated in C–C coupling reactions. 
     To improve site occupancy of catalyst loading within the MOFs, we have also synthesized pre-
metallated phosphine MOF linkers to afford the materials PCM-201-Os2 and AsCM-201-Os2 which 
are isoreticular with the PCM-101 platform but contain a diosmium(I) tetracarbonyl complex 
bridging between adjacent 2-D sheets. This material has been studied in dihydrogen activation by 
experiment and with DFT, in order to understand how frontier orbitals and HOMO-LUMO levels 
change (sometimes dramatically) when a molecular complex is embedded within a MOF solid-state 
scaffold.  
      Thirdly, we present new results relating to an expanded MOF library that provides access to new 
As- and Sb-based scaffolds.  R3Sb ligands in particular are often too labile to be utilized in molecular 
catalysis, but in the solid-state setting, leaching can be greatly reduced.  We observe that changing 
the identity of the pnictogen in a series of isostructural MOFs can in fact change the preferred 
coordination environment of a given low-valent metal ion, due to changes in Lewis basicity of the 
linker, as well as structural changes due to the changing cone angle of the local ligand environment.  
We have studied this through DFT studies to compare molecular orbital environments of the two 
isostructural materials Ag-PCM-201 and Ag-SbCM-201 in which the incorporated Ag(I) complex 
has changed its coordination mode from linear to trigonal, respectively.  
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RECENT PROGRESS 

 
Over the past 18 months, we have studied new synthetic routes toward pre- and post-synthetic 
metalation of previously known triphenylphosphine-based MOFs that are proprietary to our group.  
The MOFs are used as solid-state ligands to support a range of low-valent catalytic metal species, in 
sterically pressured and/or geometrically strained coordination environments. Specifically, we have 
recently targeted functionalization of the isoreticular PCM-101 and -201 platforms (PCM = 
phosphine coordination material) using RuII, RhI, IrI and PtII complexes.  Previous preparative 
methods had suffered from low total metal loading within the MOF (i.e., incomplete functionalization 
of periodic donor sites by secondary low-valent metal complexes), with the exception of a Rh-PCM-
101 analogue, which achieved unity loading under facile post-synthetic treatment using 
[Rh(CO)2Cl]2.  Current strategies are focusing on an alternative one-pot (peri-synthetic) method 
using modified solvent conditions, which has been found to afford new RuII- and IrI-supported 
catalysts with high (> 90%) site occupancies.  These materials have been studied as novel 
hydrogenation and hydroformylation heterogeneous catalysts using both light olefins and aromatic 
feedstocks as model probes.  We have focused on understanding how the MOF-supported catalysts 
function and degrade in both the vapor and liquid phases using batch-type reactions in pressurized 
reactors, under a range of reaction conditions.  In general, as summarized below, the catalysts offer 
an unrivalled level of structural information via single crystal diffraction studies, and, as catalysts 
also show: (a) unusual and important regioselectivity versus their homogeneous analogues; (b) good 
resistance to leaching of the low-valent metal(s) under forcing reaction conditions; and, (c) unique 
coordination environments that are inaccessible and/or not previously represented by traditional 
molecular organometallic complexes. 
     The post-metallation of PCMs such as the tris(aryl)-based PCM-101 platform provides new 
insights into large-scale industrial reactions, since catalytic intermediates that may be transient in 
molecular catalysis can be isolated using MOF matrices, which permit in-depth structural studies 
using single crystal X-ray diffraction.  One such example is observed when PCM-101 is treated with 
[Rh(CO)2Cl]2 in DMF at 60 ºC under N2, overnight.  This relatively simple method results in 
complexation between pairs of trans phosphine sites.  The resulting Rh2 dimers are unique in their 
coordination environment, being bridged by a single chloride ligand (Figure 1), along with 4,4 -
bipyridine as a secondary pillaring ligand.  The resulting RhI-functionalized PCM-101 shows a 
distortion of the trans-P2 sites to accommodate the RhI dimers with shared 2-bridging Cl anion 
(Figure 1).  This is possible since the MOF itself is also monoanionic per repeat unit, meaning that 
the MOF is itself the ‘counterion’, but the catalyst is, in essence, counterion-free.  As such, when the 
catalyst is activated, e.g., under 10 atm of CO gas, we find that pairs of asymmetric RhI centers are 
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generated (i.e., [P–
Rh(bipy)(CO)2]+ and P–
Rh(bipy)(CO)Cl).  
Extensive batch 
hydroformylation studies 
have been conducted thus far 
using this novel catalyst 
material and notable results 
are summarized in Table 1.   
    First, Rh-PCM-101 was 
pre-activated by heating at 
80 °C for 15 h  in a sealed 
300 mL Anton Paar 4760 
pressure vessel.  Then, 
unsaturated organic 
substrates (e.g., styrene, 1-
hexene, cyclohexene) in 
toluene solvent were introduced to the dry activated MOF crystals, and the reactor was subsequently 
charged with a 1:1 CO:H2 gas mixture at pressures between 10–55 atm.  In the case of cyclohexene 
at 50 bar, a single aldehyde product was formed in high seslectivity.  By comparison, 1-hexene 
showed no product formation at 50 bar, but when the total pressure was raised to 55 bar, a 4:1 n/iso 
ratio of the aldehyde product was obtained, along with the corresponding carboxylic acid as a 
minority byproduct.  In contrast, styrene was converted to the aldehyde product under the same 
conditions with an inverted 1:24 n/iso product ratio.  For all reactions, the extent of potential catalyst 
leaching was determined using ICP-OES analysis of the solvent (in addition to PXRD), which 
showed only minimal or modest loss of the active species (varying between 1–12%).  The steric 
pressure and asymmetric nature of the catalyst dimers ultimately results in inverted n:iso selectivity 
compared to what is usually obtained using molecular RhI catalysts.  Before this work is completed 
for publication, we are awaiting advanced structural analysis (by XAS) to pinpoint the structures of 
different catalyst intermediates and resting states.  

 
     In parallel studies, we have been continuing to study the reactivity of our material, Os2-PCM-201, 
which contains the dimeric complex [Os2( 2-OCH)2(CO)2] encapsulated between the trans-
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phosphine Lewis base sites, catalyst loading and occupancy within the material was improved via 
pre-synthetic metalation of the phosphine ligand prior to MOF formation.  Experimentally, we have 
investigated this material thoroughly with a range of hydride- and methyl-sourcing substrates and 
reagents, however, only limited reactivity was observed at the osmium sites.   Activated samples with 
overpressures of H2 gas (1,5, 10 bar), as well as treatment with hydride and halide sources (i.e., 
hydrazine, I2), were found by XPS analysis to yield a maximum of 15% conversion from Os(I) to the 
expected Os(II) states. Notably, we were also able to synthesize the arsine-osmium analogue of this 
material, AsCM-201-Os2, which was found to display similar catalytic activity at the osmium site as 
we have observed with the phosphine complex.  
     To investigate the reasons for the apparent reduced activity of this complex within both PCM and 
AsCM scaffolds compared to the molecular structure, we hav collaborated with the Henkelman group 
(UT Austin) to study the material computationally.  We optimized Os2-PCM-201 and Os2-AsCM-
201 unit-cells and tolyl molecular analogues of the MOF Os sites in the VASP program.  Both MOFs 
were found to have unfavorable binding energies for trifluoroacetic acid (TFA), contrary to their 
respective molecular analogues. To better understand this, we compared the frontier orbitals of the 
pristine MOFs and molecular analogues which led us to the conclusion that the Co atoms in the MOF 
pull electron density away from the Os site. The density of states (DOS) for the MOFs and molecular 
analogues imply that Co orbitals energetically shield the orbitals with density at the Os site in the 
MOF by filling empty energy levels between the highest occupied and lowest unoccupied orbitals in 
the MOF with Os density. Both effects cause the Os site to be a worse Lewis base when installed in 
the MOF than when free in solution.  There also exists a geometry constraint to the reaction that the 
MOF 

framework imposes which manifests as a smaller change in the MOF Os bite angle before and after 
acid introduction compared to the molecular analogue. A manuscript for this project is currently 
under peer review, in which the interesting structures and chemical reactivity of these two novel 
osmium materials are presented alongside our computational investigation of the MOF-imposed 
effects onto the encapsulated osmium dimer. 
     Thirdly, we have successfully expanded our library of MOF-forming ligands to include 
triaryl(antimony) and triaryl(bismuth) compounds, which enable the forward access to new classes 
of materials, referred to as SbCMs and BiCMs.  Thus far, we have been successful in forming a range 
of materials isostructural to our PCMs and AsCMs, which have been metalated at the softer stibine 
Lewis basic site. Interestingly, we have observed that the change in identity of the pnictogen donor 
in isoreticular materials can affect the coordination geometry of the encapsulated metal complex.  In 
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one key example under current study, coordination of AgI ions in an Sb analogue of PCM-201 gives 
the new catalyst species Ag-SbCM-201, wherein the geometry of the AgI cation is markedly changed 
from a common, linear (P–Ag–P) coordination mode to a trigonal (P2Ag–X) species (X = 
coordinating solvent).  To our surprise, DFT studies suggest that the Sb donors induce an open-shell 
4d96s1 electronic structure at each AgI center, meaning that the Ag functions as an open-shell ion, 
capable of formal coordination of the solvent molecule, X. DFT calculations that explore relative P 
vs. Sb energy states in the isostructural materials show that the LUMO state in the Ag-SbCM is 
significantly lowered in energy and has greater contribution from the silver 4d orbitals. We are 
continuing to investigate these antimony catalysts, both experimentally and through computational 
techniques, to further explore the effect of changing pnictogen identity on the encapsulated metal 
states.    
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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 and temperature on the Pt electronic and geometric is equally 
important. Using a combination of microcalorimetry, in-situ/operando infrared and X-ray 
absorption spectroscopies, we quantified the binding of adsorbates and studied the effect 
of adsorbates and temperature on the electronic and geometric properties of different sized 
Pt clusters on Al2O3 and on CeO2. The results show a strong effect of temperature and 
adsorbate on the shape of the clusters and the electron density on Pt. The heats of adsorption 
of H2 vs. size and temperature show unexpected trend and the activity/selectivity of 
acetylene hydrogenation to ethylene exhibited a volcano dependence on size.  We introduce 
a computational methodology to access spectroscopically relevant timescales of particle 
dynamics using molecular dynamics and thermodynamic sampling of geometric quantities 
at finite temperatures using force biased Monte Carlo simulations. This methodology 
allows for accurate Pt cluster structure predictions consistent with experimental data.  
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RECENT PROGRESS

Reversible Temperature-Induced Shape Transition of Pt Nanoparticles Supported on
Al2O3 (to be submitted)
In this work, we use in-situ X-ray absorption near edge spectroscopy (XANES) and 
extended X-ray absorption fine structure spectroscopy (EXAFS), and theoretical 
calculation to study the effect of H2 and temperature on the shape and electronic properties 
of 1.9 nm Pt nanoparticles supported on Al2O3. The coordination numbers from EXAFS 
show that the nanoparticles reversibly change shape, in both H2 and in He, from 3D 

Figure 1: Effect of temperature on Pt-Pt coordination and bond distance from EXAFS (left) and MD simulations showing 
the flattening of a Pt15 cluster at higher temperature.

nanoparticles at low temperatures (35-100 °C) to 2D rafts at higher temperatures (200-
400 °C). Our density functional theory and molecular dynamics calculations of 
Pt15/Al2O3(110) show that the distribution of nanoparticle shapes/structures change with 
temperature and shift to being flatter at the higher temperatures. Furthermore, the 
experiments and theoretical results indicate that the contraction in Pt-Pt bond distances at 
higher temperatures is attributed primarily to the change in nanoparticle shape and 
secondarily to lower H2 coverage. The results show the fluxional nature of supported Pt 
nanoparticles with varying temperatures.

Effect of Pt Nanoparticles Shape on Binding with H2 (in preparation)
The shape of supported Pt nanoparticles is strongly affected by temperature. We recently 
showed that Al2O3
supported 1.9 nm Pt 
nanoparticles change 
shape reversibly from 
hemispherical (3D) to flat 
(2D) shape as the 
temperature increases 
from 35 to 400 °C. 
Additionally, the shape 
change was observed in 
both He and H2
environments. The 
change in the shape of Pt 
nanoparticles results in Figure 2: Effect of temperature on shape and H2 binding on Pt1.8nm/Al2O3.
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new type of sites being exposed as shown in the cartoon in Figure 2. The newly exposed 
sites should have different properties, specifically their binding with H2 should have 
different heat of adsorption. Therefore, in this work we measured the H2 heat of adsorption 
at different temperatures corresponding to the shape change of the Pt nanoparticles. Figure 
2 shows the heat of adsorption as a function of coverage at different temperatures. At low 
temperatures the shape remains hemispherical based on our EXAFS (Figure 1) and MD 
simulations. The heat of adsorption is ~85 kJ/mol which is consistent with previous reports 
on Pt nanoparticles of similar size. However, as the temperature increases, the initial heat 
of adsorption increases from 85 kJ/mol to 110 and 123 kJ/mol at 150 °C and 300 °C, 
respectively.  Furthermore, as would be expected, the coverage of H2 decreases 
significantly at higher temperatures as reflected in the faster drop in heat of adsorption with 
coverage.  The results strongly indicate the presence of new type of sites, which according 
to our geometric models (based on EXAFS) and the MD calculations are more 
undercoordinated as the nanoparticles changes from a hemispherical shape to a 2D “flat” 
shape. 
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Presentation Abstract 

 
We have studied the catalytic activity of iron molybdate (Fe2(MoO4)3) supported on ZSM-
5 for the first time in non-oxidative methane dehydroaromatization (MDA). Literature 
shows that adding Fe in oxidic or metallic form as a separate phase to Mo/ZSM-5 catalysts 
can improve benzene selectivity, but only when added in a small quantity, making 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 explore how the nature of 
the Mo-Fe interactions in the catalyst precursor can influence the stability and product 
selectivity in MDA, by employing Fe2(MoO4)3/ZSM-5 as a catalyst precursor. We have 
compared the activity of Fe2(MoO4)3/ZSM-5 catalyst with monometallic MoO3/ZSM-5 
and mixed MoO3 + Fe2O3/ZSM-5 catalysts containing equivalent Mo and Fe loadings and 
found that Fe2(MoO4)3/ZSM-5 shows higher benzene selectivity than the mixed MoO3 + 

Fe2O3/ZSM-5 catalyst under the same reaction conditions, as well as exhibiting higher 
stability compared to the monometallic MoO3/ZSM-5 catalyst. Structural characterization 
suggests that Fe2(MoO4)3 partially segregates to amorphous MoOx and Fe2O3 during 
thermal pretreatment in helium. The MoOx species migrate into the zeolite channels during 
pretreatment, while the Fe oxides remain on the external surface of the zeolite. Gas 
adsorption/desorption techniques and DFT calculations demonstrate that the preexisting 
Fe2O3 phases on the external surface of the zeolite in the mixed MoO3 + Fe2O3/ZSM-5 
precursor trap (MoO3)3 clusters preventing them from migrating into the zeolite channels 
during pretreatment, whereas gradual formation of an amorphous layer of MoOx 
simultaneously to the segregation of the Fe2O3 phase in a Fe2(MoO4)3 precursor results in 
less trapping of (MoO3)3 clusters and in consequent enhancement in migration and 
anchoring of the MoOx species at the Brønsted acid sites in the zeolite channels, hence 
boosting the selectivity to benzene. Characterization of used catalysts suggests that when 
Fe is present in the catalyst, structured carbon nanofibers, presumably nanotubes, formed 
in reaction lead to a decrease in the rate of catalyst deactivation. 
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RECENT PROGRESS  
 
Ex-situ formation of metal carbide species in Mo-X/ZSM-5 (X=Fe,Co, Ni) catalysts 
 
Zeolite-supported molybdenum catalysts are the most effective MDA catalysts studied so 
far, but they do not possess conversion and stability requirements for commercialization. 
A catalyst design strategy employed to improve catalyst performance in MDA is the 
addition of metal promoters (X) to Mo/ZSM-5 catalysts. Based on our literature review, 
we have identified Fe, Co, and Ni as promising additives given their capacity to enhance 
both benzene yield and catalyst stability, and their relatively cheap price compared to other 
noble metal promoters. Most work in the literature shows that despite the improvement 
achieved in catalyst stability and benzene yield in presence of these promoters, the 
enhancement is short-lived. Our group has found that Mo carbides formed by temperature 
programmed reduction and carburization (TPR&C) under softer conditions (before 
reaction) (ex situ) lead to a much higher stability in reaction, and enhanced benzene yield. 
Based on this discovery, we investigated how this activation method would affect Fe-
promoted Mo/ZSM-5 catalysts2. We found that for a certain loading of Mo (6wt% Mo), 
there is an optimum loading of Fe (0.2 wt% Fe) that results in enhanced production of 
benzene and better catalyst stability. Furthermore, if the as-prepared catalyst is treated by 
the TPR&C activation protocol, the enhancement measured in presence of Fe additive is 
larger. Analysis of the conversion-selectivity plots suggest that the nature of the active sites 
is different in Mo versus Mo-Fe samples, but no bimetallic species were directly detected 
with the characterization techniques we employed. This was not surprising given the 
extremely low Fe loadings employed. TPR and XRD data did suggest that there was some 
interaction between Mo and Fe, given that the presence of Fe seems to affect the 
reducibility of Mo and the crystallinity of the MoO3 clusters on the external surface of the 
zeolite. We extended our studies to employing Co and Ni additives with Mo/ZSM-5 
catalysts3. We synthesized Mo-X (X = Co, Ni) catalysts using ZSM-5 as support and tested 
various loadings of X: 0.2, 0.6 and 1 wt% for a constant 6wt% loading of Mo. We found 
that the effect of adding Co and Ni to Mo/ZSM-5 catalysts varies depending on the type of 
pretreatment received. When Mo carbides were formed in situ, during the reaction 
induction period (after He pretreatment) the presence of additives was detrimental to their 
catalytic activity and benzene yield (see blue points in Figure 1). However, when the 
catalysts were treated in H2+CH4, a synergy between Mo and X was established for 
optimum loadings of both Co (0.6 wt%) and Ni (0.2 wt%) (red points in Figure 1), 
rendering catalysts that produced higher and more stable benzene yields. To confirm that 
indeed we had a synergy and not a sum of the performance of Mo and X sites in the Mo-X 
catalysts, we measured the catalytic activity of the single metal Co/ZSM-5 and Ni/ZSM-5 
catalysts in MDA with the same loadings used in the Mo-X catalysts; the results showed 
that in absence of Mo, these catalysts were just active to methane cracking, and no, or close 
to no products resulting from C-C coupling were detected (open symbols in Figure 1).  
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Structural characterization of the as-prepared catalysts by XRD3 showed that when Mo 
and the additive species coexist, no crystalline mixed phases were observed. Similarly, the 
XRD patterns of the precarburized catalysts showed broad peaks corresponding to the 
Mo2C phase detected on the external surface in presence of both Ni and Co additives. TPR 
profiles of the catalysts3 suggested that the presence of Co promotes the location of Mo 
oxides inside the zeolite channels since the intensity of the peak assigned to these species 
(at 580 C) increased with Co loading, while Ni increases the reducibility of the Mo oxide 
species on the external surface of the zeolite and promotes the location of Mo oxides inside 
the channels. TPR profiles of the single metal Co and 
Ni/ZSM-5 samples showed no H2 consumption in the 
case of Co, due to its high dispersion and low loading, 
and in the case of Ni, only a reduction peak attributed to 
reduction of unbound NiO was detected at the highest Ni 
loading employed. Further proof of the effect of X on 
Mo was observed by TGA of the as-prepared Mo-X 
catalysts (Table 1): with additive loading, the 
temperature at which the Mo species evaporate 
increases, thus the presence of additives further 
decreases the volatility and mobility of the Mo species, 
possibly enhancing the retention of the Mo species 
inside the zeolite channels and reducing catalyst deactivation.

Elucidating the role of Fe-Mo interactions in the metal oxide precursors for Fe 
promoted Mo/ZSM-5 catalysts in non-oxidative methane dehydroaromatization
References

Despite the encountered improvements with addition of Fe to Mo/ZSM-5 catalysts, the 
nature of the Mo-Fe interactions is more difficult to determine given the small quantities 
of Fe present at the optimum compositions. In this regard, it has been suggested that the 
presence of a binary Mo-Fe phase such as Fe2(MoO4)3 or a binary Mo-Fe carbide could 

Catalyst Weight drop
temperature ( C)

6Mo 750
6Mo-0.2Co 800
6Mo-0.6Co 815
6Mo-1Co 820
6Mo-0.2Ni 830
6Mo-0.6Ni 810
6Mo-1Ni 855

Table 1 Evaporation temperature 
of metals in as-prepared catalysts. 
determined by TGA. After ref. [3].

Figure 1. Benzene yield versus time on stream (TOS) for (a) Co-modified and (b) Ni-modified 
6Mo/ZSM-5 catalysts. The blue symbols correspond to He-pretreated catalysts and red symbols 
correspond to precarburized catalysts. (The data points for unmodified 6Mo/ZSM-5, and single 
Co/ZSM-5 and Ni/ZSM-5 are included in both graphs as reference.). After ref. [3].
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promote catalyst stability in MDA4,5. Yet, direct spectroscopic evidence of the existence of 
an active binary Fe2(MoO4)3 or reduced binary Mo-Fe phase on ZSM-5 in MDA has not 
been reported to date. With the aim to understand the role that Mo-Fe interactions can play 
in MDA we have studied for the first time Fe2(MoO4)3/ZSM-5 as a catalyst precursor, 
where those interactions evidently pre-exist in the presence of the ZSM-5 support6.

We have contrasted the catalytic activity and structures of catalysts consisting of 
Fe2(MoO4)3/ZSM-5 with those of catalysts where MoO3 and Fe2O3 phases coexist on ZSM-
5 but do not form a binary phase (similar to Fe promoted Mo/ZSM-5 catalysts presented in 
the literature). In Figure 2 we observe that both Fe-containing catalysts, Fe2(MoO4)3/ZSM-
5_2x and 3.7Mo-1.4Fe/ZSM-5, showed stable and similar benzene yield, at approximately 
4.5 %, over the 11 h time on stream. In contrast, the benzene yield obtained with the 

monometallic 3.7Mo/ZSM-
5 sample started off showing 
higher values but dropped at 
a faster rate within three 
hours of reaction and 
continued to drop to below 
4 % after 11 h of reaction 
time. The lower stability of 
this catalyst in producing 
benzene is not surprising 
given the higher selectivity 
to heavier hydrocarbons 
which act as precursors to 
carbon deposits that are 
thought to cause catalyst 
deactivation. While the 
evolution and value of the 
benzene yield was similar 
for both Fe-containing 
catalysts, analysis of the 
selectivity and product 
distribution shows 
variations between the two 
catalysts. At similar 
methane conversion values, 
the Fe2(MoO4)3/ZSM-5_2x 
catalyst presents 15 % 
higher benzene selectivity 
values and lower selectivity 
to toluene, naphthalene, and 
heavier hydrocarbons, 
compared to the 3.7Mo-
1.4Fe/ZSM-5 catalyst. The 
variations in the product 
distributions between the 

Figure 2. Activity as a function of time on stream over 3.7Mo/ZSM-
5, 3.7Mo-1.43Fe/ZSM-5, and Fe2(MoO4)3/ZSM-5_2x catalysts. (a) 
methane conversion over time on stream, (b) benzene selectivity 
over time on stream, (c) toluene + naphthalene selectivity over time 
on stream, (d) higher hydrocarbons selectivity over time on stream, 
(e) benzene yield over time on stream.
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two Fe-containing catalysts suggest that there could be differences either in the nature, or 
the distribution, of the active sites, of these two catalysts. It is possible that the difference 
in the nature of the Mo-Fe interactions existing in the Fe2(MoO4)3 precursor before 
pretreating the catalyst affects their subsequent evolution under He pretreatment and favors 
benzene selectivity. The structural characterization (XRD, XAS) of the as-prepared and 
He-pretreated catalysts indicates that during the high temperature pretreatment 
Fe2(MoO4)3/ZSM-5 undergoes a partial segregation to Fe2O3 and amorphous MoOx
(Figure 3). These segregated MoOx species then migrate and anchor at the Brønsted acid 
sites inside the zeolite channels (similar to the modus operandi in monometallic 

MoO3/ZSM-5 
catalysts), while Fe2O3
phases persist on the 
external surface of the 
zeolites. We determine 
experimentally via 
water evolution studies 
during catalyst 
calcination (Figure 4)
that the extent of 
migration and 
anchoring of MoOx
species inside the 
zeolite channels is 
higher when we start 
with Fe2(MoO4)3/ZSM-
5 compared to the 

MoO3/ZSM-5 or mixed MoO3-Fe2O3/ZSM-5 samples, explaining its higher benzene 
selectivity. DFT calculations suggest that the interactions between Mo and Fe present 
different energetics in Fe2(MoO4)3 and 
MoO3+Fe2O3. The presence of a Fe2O3 phase acts as 
a trap for (MoO3)3 clusters, decreasing MoOx
migration inside the channels in the case of the 
MoO3+Fe2O3/ZSM-5 catalyst, while the more 
complex and dynamic structure of the Fe2(MoO4)3

phase enables a gradual Fe2O3 segregation in parallel 
to MoOx formation, reducing the extent to which 
trapping of (MoO3)3 clusters on the Fe2O3 can occur.

The work we present here answers some 
fundamental questions on the role that Mo-Fe 
interactions play in MDA catalysis, while also 
identifying bimetallic Fe2(MoO4)3/ZSM-5 as a 
promising alternative catalyst for the MDA reaction.

[1] Rahman, M.; Infantes-Molina, A.; Hoffman, 
A.S.; Bare, S. R.; Emerson, K.L.; Khatib, S.J. Fuel, 2020, 278, 118290.

Figure 3. Normalized Fe and Mo K-edge XAS spectra of as-prepared, 
He-pretreated, and used 3.7Mo-1.4Fe/ZSM-5 and Fe2(MoO4)3/ZSM-
5_2x catalysts.

Figure 4. Evolution of H2O during 
temperature-programmed calcination 
under Ar flow.
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[3] Sridhar, A., Rahman, M., Infantes-Molina, A., Wylie, B. J., Borcik, C.G., Khatib, S.J., 
Appl. Catal. A: Gen. 2020, 589, 117247. 
[4] Masiero, S.S; Marcilio, N.R.; Perez-Lopez, O.W.; Catal Letters, 2009, 131, 194–202. 
[5] Liu, S.; Dong, Q.; Ohnishi, R.; Ichikawa, M.; Chem. Commun. 1997, 1455–1456. 
[6] Hossain, M.S.; Dhillon, G.S.; Liu, L.; Sridhar, A.; Hiennadi, E.J.; Hong, J.,; Bare, S.R.; 
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Presentation Abstract 
 

The last decade has witnessed significant interest in the design and synthesis of 
Frustrated Lewis Pairs (FLPs) as metal-free hydrogenation catalysts [1]. FLPs are sterically 
encumbered Lewis pairs unable to form classical Lewis acid-base adducts due to 
unfavorable repulsive interactions (frustration). Key to this mode of bond activation is the 
unquenched Lewis acidity and basicity of an FLP, which upon interaction with for example 
molecular hydrogen polarizes the H-H bond and facilitates its heterolytic cleavage. In this 
context, we recently demonstrated that sterically congested organosuperbases in 
combination with relatively weak Lewis acids generate so-called “inverse” FLPs, which 
are capable of catalyzing the hydrogenation of a range of imines and ketones [2].  

Herein, we report the design and application of “inverse” FLPs composed of 
organosuperbases and tri and tetradentate boron-based Lewis acids. These novel systems 
were demonstrated to effectively catalyze the selective metal-free hydrogenation of a range 
of aromatic aldehydes to primary alcohols under mild conditions and with low catalyst 
loadings of 0.5 mol%. Initial mechanistic studies support the notion that these polydentate 
Lewis acids act cooperatively in activating both molecular hydrogen and the carbonyl 
substrate.  

In addition, we discovered that organosuperbases can catalyze highly selective Sb-
C bond formation reactions. The superbase catalyzed reaction of Sb(C6F5)3, an electron-
deficient organostibine, with the weakly acidic hydrocarbons phenylacetylene, 2-cyano-
thiazole, benzoxazole, benzothiazole, and N-methyl-benzimidazole, resp., resulted in the 
quantitative formation of C6F5H and the desired trisubstituted organostibines, SbR3 [R = 
phenylethinyl, cyano-thiazolyl, benzoxazolyl, benzothiazolyl, N-methyl-benzimidazolyl], 
in good isolated yields. Also, the significantly less electron-deficient stibines, Ph2SbC6F5 
and PhSb(C6F5)2 smoothly underwent base-catalyzed exchange reaction with a range of 
terminal alkynes to generate the stibines PhSb(C≡CPh)2, and Ph2SbC≡CR [R = C6H5, 
C6H4-NO2, COOEt, CH2Cl, CH2NEt2, CH2OSiMe3, Sb(C6H5)2], respectively. Kinetic 
studies of the base-catalyzed reaction of Ph2SbC6F5 with phenylacetylene to form 
Ph2SbC≡CPh and C6F5H showed the empirical rate law to be of first-order dependence 
with respect to the base catalyst, alkyne, and stibine suggesting -bond metathesis to be 
the most probable reaction mechanism.    

 
[1]  a) Welch, G. C.; San Juan, R. R.; Masuda, J. D.; Stephan, D. W. Science 2006, 314, 

1124; b) Welch, G. C.; Stephan, D. W. J. Am. Chem. Soc. 2007, 129, 1880. 
[2] a) Mummadi, S.; Unruh, D. K.; Zhao, J.; Li, S.; Krempner, C. J. Am. Chem. Soc. 

2016, 138, 3286; b) Mummadi, S.; Brar, A.; Wang, G.; Kenefake, D.; Diaz, R.; 
Unruh, D. K.; Li, S.; Krempner, C., Chem. Eur. J. 2018, 24, 16526. 
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Presentation Abstract 
 
Research in the Marinescu group focuses on the development of novel catalytic systems 
for efficient solar-to-fuel technologies. Inspired by biological systems, we design 
molecular catalysts that involve hydrogen bonding networks capable of small molecule 
activation through multiple proton and electron transfers. Given the scale of potential 
applications, we focus our studies on species that contain abundant elements, require 
benign (aqueous) solvents, and display high activity, selectivity, and stability during the 
catalytic process. We have demonstrated the successful integration of metal dithiolene 
units into one and two-dimensional frameworks by using dinucleating and trinucleating 
thiolate-based ligand scaffolds. The developed metal dithiolene frameworks display high 
activity and selectivity for the electrocatalytic HER in acidic aqueous media. Preliminary 
studies in the Marinescu group indicate that a biologically inspired cobalt 
phosphinothiolate complex (CoPS) catalyzes the electrochemical reduction of CO2 to a 
mixture of H2 and CO (syngas) in the ratio of ~3:1 with excellent Faradaic Efficiencies 
(FEs) (>99%). Inspired by this promising result, the activity of a cobalt phosphino-thiolate 
complex ([Co(triphos)(bdt)]+) towards the selective reduction of CO2 to formate was 
explored. In the presence of an exogenous proton source such as H2O, selective 
electrochemical conversion of CO2 to HCOO- is observed with faradic yields as high as 
94% at an overpotential of 750 mV. The catalyst displays robust stability, with 8 and 24 
hour CPE experiments displaying negligible reduction in current and no evidence of 
deposition on the electrode during electrolysis. Chemical reduction studies of 
[Co(triphos)(bdt)]+ indicate that deligation of the apical phosphine likely occurs before 
catalysis. A mechanism is proposed to occur through a hydride transfer pathway, and DFT 
calculation indicate an additional reduction of the [Co(triphos)(bdt)(H)]0 to 
[Co(triphos)(bdt)(H)]- is necessary for turnover, suggesting an overall ECEC mechanism. 
This study provides additional experimental evidence towards the beneficial role sulfur-
based moieties play in molecular metal complexes as a method to increase their selectivity 
as electrocatalysts towards CO2RR.  
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Presentation Abstract 
 
Modification of oxide-supported, atomically dispersed metals with support-bound ligands is a 
promising strategy towards improving the sintering resistance of these catalysts. It also offers the 
opportunity to precisely control the positioning of functional groups in the vicinity of a well-
defined active site, potentially enabling a new level of control over active site design. We used a 
combination of experimental spectroscopies, density functional calculations, and vapor-phase 
reaction studies to investigate the effects of functionalized phosphonic acid (PA) monolayers on 
CO2 hydrogenation with Rh1/TiO2 single atom catalysts. We found that deposition of specific 
amine-functionalized ligands resulted in overall improvements to CO2 reduction turnover 
frequency and on-stream stability. The effect of the modifier on reactivity was highly sensitive to 
the proximity of the amine functional group to the surface, which was controlled by adjusting the 
length of the PA tail. Furthermore, deposition of alkyl PAs without an amine functional group 
resulted in blocked CO2 adsorption and a near-complete loss of catalytic activity. Infrared 
spectroscopy studies suggested that the amine group provided binding sites for CO2 that enabled 
hydrogenation when the amine was positioned near a Rh1 site. PA-modified catalysts exhibited 
high selectivity to CO over the series product methane; the selectivity effect was traced to 
modification of the Rh1 sites to favor CO desorption. PA deposition resulted in a significant loss in 
accessible Rh1 sites, likely due to blocking by tail groups. However, even with the loss of sites, 
under low-temperature reaction conditions the rates of CO2 hydrogenation were improved with the 
coatings, indicating that the remaining sites are highly efficient. 
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RECENT PROGRESS 

 
Controlling catalyst selectivity with organic monolayers 
 
Coadsorbed organic species including thiolates can promote direct synthesis of hydrogen peroxide 
from H2 and O2 over Pd particles. In work recently published in Angewandte Chemie, density 
functional theory based kinetic modeling (conducted by our collaborator, Henrik Grönbeck), 
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augmented with activity measurements and vibrational spectroscopy (conducted by our group) 
were used to provide atomistic understanding of direct H2O2 formation over alkylthiolate(RS) Pd. 
RS species were oxidized during reaction conditions yielding RSO2 as the effective ligand. The 
RSO2 ligand shows superior ability for proton transfer to the intermediate surface species OOH, 
which accelerates the formation of H2O2. The ligands promote the selectivity also by blocking 
sites for unselective water formation and by modifying the electronic structure of Pd. The work 
rationalizes observations of enhanced selectivity of direct H2O2 formation over ligand-
funtionalized Pd nanoparticles and shows that engineering of organic surface modifiers can be 
used to promote desired hydrogen transfer routes. 
 
Use of monolayers to control surface hydrophobicity in catalysis 
 
Our work over the past year has continued to emphasize using organic monolayers to understand 
the role of near-surface environment effects on catalysis. We have chiefly  
Transfer hydrogenation (TH) of unsaturated hydrocarbons with formic acid (FA) is an attractive 
processing pathway for the reduction of lignocellulosic pyrolysis oils. The low solubility of 
hydrophobic bio-oil species in water and FA in oil necessitates the use of a biphasic system as the 
reaction environment. In a publication last year in ACS Applied Materials and Interfaces, we 
reported the effects of Pd/silica catalyst surface wettability on the TH reaction rate. Modification 
of the surface with short chain (C1–C4) alkyl silanes resulted in an increase in the reaction rate as 
compared to the unmodified catalyst. In contrast, modification of the surface with sulfonate 
(hydrophilic) and C18 alkyl silanes (hydrophobic) resulted in a decrease in the reaction rate as 
compared to the unmodified catalyst. The results are discussed in terms of the catalyst interfacial 
activity and relative affinity of the reagents to the Pd active sites. An observed change in the 
apparent reaction order in styrene for a hydrophilic catalyst suggests that changing catalyst surface 
wettability from hydrophilic to hydrophobic resulted in a switch from a transport-limited to a 
kinetic-limited reaction regime. 
 
Tracking particle active motion to understand catalysis 
 
Adsorbate molecules present in a reaction mixture may bind to and block catalytic sites. 
Measurement of the surface coverage of these molecules via adsorption isotherms is critical for 
modeling and design of catalytic reactions on surfaces. However, it is challenging to measure 
isotherms in solution in a way that is directly relevant to catalytic activity under reaction 
conditions, particularly since adsorbates may bind with an enormous range of surface affinity 
parameters. In a paper published last year in the Journal of Colloid and Interface Science, we used 
the motion of self-propelled catalytic Janus particles, which employ the decomposition of 
hydrogen peroxide fuel as a propulsion mechanism, to determine the effective surface coverage of 
thioglycerol, furfural, and ethanol on a platinum surface as a function of concentration in aqueous 
solution by measuring the decrease in active motion due to the blocking of active sites. For 
strongly adsorbing thioglycerol, this effective coverage was compared and contrasted to the total 
adsorbed amount measured using inductively-coupled plasma analysis. Demonstrating the broad 
applicability of this approach, the surface affinity of the three adsorbates spanned more than four 
orders of magnitude. For each species, the adsorbate-mediated attenuation of active motion 
occurred over a wide concentration range and was well-described by a Langmuir isotherm. The 

276



strongly interacting thioglycerol had the highest affinity towards the surface and fully deactivated 
the active particle motion at surface saturation. Furfural had an intermediate affinity but did not 
fully block H2O2 access to the surface at apparent saturation, consistent with a maximum fractional 

max = 0.67. Ethanol exhibited even lower affinity and its coverage saturated at 
max = 0.38. Analysis of isotherms at elevated temperatures enabled direct extraction of the 

enthalpies of adsorption. The degree of surface coverage at adsorbate saturation appeared to 
correlate with the relative energies of adsorption for the different adsorbate species and was 
consistent with adsorbate saturation of one of multiple active site populations towards H2O2 
decomposition. Moreover, computational investigations into solvent effects on furfural adsorption 
showed good quantitative agreement with the experimental results. This work leverages unique 
properties of active particles to explore fundamental catalysis questions and demonstrates a novel 
paradigm for significant and experimentally accessible multidisciplinary research. 
 
The adsorption strengths of organic compounds on metal surfaces are sensitive to the metal 
composition, and they play a central role in many catalytic reactions, helping to control the 
coverage of the reactant and altering the overall reaction rate. While adsorption energies are 
straightforward to measure and calculate in vacuum and gas-phase environments, adsorption 
energetics can be dramatically altered by the presence of solvent in liquid-phase reactions. 
However, the effects of metal composition on binding strengths in a liquid environment are less 
well understood, primarily due to the difficulty of accurate in situ measurements of organic 
binding on metal surfaces in the liquid phase. In a paper recently published in the Journal of 
Physical Chemistry C, we utilize the motion of active particles in water to probe the adsorption 
energies of an organic adsorbate (furfural) on a range of metal surfaces (pure Pd, pure Pt, and four 
PdAu alloy compositions) to elucidate the effect of metal composition. Janus particles with 
catalytic caps of particular metal compositions all exhibited active motion resulting from 
consumption of H2O2; adsorbate binding was inferred through the decrease in the velocity of 
active motion and was modeled by a Langmuir adsorption isotherm. The measured adsorption 
affinities were used to extract the adsorption enthalpy of furfural on the different metals. The Pd 
surface was found to bind furfural more strongly than the Pt surface by some 10 kJ/mol. 
Furthermore, the adsorption of furfural on the alloys was found to increase monotonically in 
magnitude with Pd content.  
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Homocoupling of CE2 (E = O, S) by polynuclear metal complexes 

 

William R. Buratto, Maria Victoria Lorenzo Ocampo, Bradley W. Musselman, and Leslie J. Murray* 

 

Homogeneous catalytic reduction of CO2 to C2 compounds remains rare for molecular species, although 
well evidenced in heterogeneous chemistry. Arguably, C–C bond formation starting from CO2 presents a 
unique opportunity in accessing carbon-neutral chemical precursors. Our lab reported the chemical 
conversion of CO2 to oxalate using a chemical reductant and chalcogen-bridged tricopper clusters 
housed within a cyclophane ligand. Here, advances in understanding the mechanism of that 
transformation will be presented. Relatedly, we report our discovery of an iron-sulfur cluster supported 
by a cyclophane ligand that acts as a catalyst for CO2 homocoupling to oxalate using chemical reductants 
or under applied potentials. Electrocatalysis occurs with no apparent loss in performance (tested up to 
10 h). Reaction conditions can be tuned to alter the product distribution, reminiscent of Saveant’s prior 
proposed work on CO2 electrolysis and the work of others on metallocarboxylates. 
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Oleg V. Ozerov 
 

Highly Reactive Main Group Cations and C-F Activation 
 

Oleg V. Ozerov*, Derek W. Leong, S. Olivia Gunther, Nattamai Bhuvanesh 
Department of Chemistry, Texas A&M University, College Station, TX 77842 

 
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.  In addition, the presentation will explore the influence of the introduction of 
main group element halides into hydrodefluorination reaction mixtures 
 
 
Grant or FWP Number: New Challenges for C-F Activation with Cationic Main 

Group Electrophiles, DE-SC0023280 
 
Students:    Derek W. Leong, Jovanny J. Contreras 

 
RECENT PROGRESS 

 
Preparation of perfluorinated activator 

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.1  It possesses ca. 20% higher hydride affinity than its 
parent Tr+ = [(C6H5)3C+].  An even higher hydride affinity is predicted 2  for the 
perfluorotrityl F15Tr+.  Besides, its high hydride affinity, the advantage of F15Tr+ is in that 
F15Tr-H, the product of hydride abstraction, does not possess any aromatic C-H bonds, and 
thus is not subject to Friedel-Crafts substitution.  Friedel-Crafts alkylation can lead to 
alkylarenes with benzylic positions which can give rise to carbocations that are too stable 
for the desired HDF reactivity.  
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Riedel and coworkers recently reported the preparation of F15Tr+ partnered with a 
[Al(OTeF5)4]- anion. 3   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 targeted the 
preparation of F15Tr[HCB11Cl11] and have been able to succeed (Figure 1).  The silylium 
abstraction of trifluoroacetate from F15Tr-O2CCF3 works well and the apparently pure solid 
samples of F15Tr[HCB11Cl11] can be isolated at ambient temperature.  F15Tr[HCB11Cl11] is 
soluble in SO2Cl2 and can be characterized by solution NMR techniques. 

Figure 1.  Synthesis of the perfluorotrityl cation [HCB11Cl11]salt.
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Analysis of additives for perfluoroalkane activation 
As part of our attempts to access chloro-substituted silylium cations, we explored HDF 

reactions involving mixed H/Cl-substituted silanes such as Me2SiHCl and also mixtures of 
Et3SiH with Me3SiCl or SiCl4.  While HDF was possible in the presence of Si-Cl bonds, 
we observed at best an incremental improvement in some reactions, and worsening of 
performance in others.  We set out to empirically test for the influence of other halides and 
other fluoridophilic main group elements.  Addition of I2 (produces Si-I and H-I in situ 
from Si-H), Me3SiI, BI3 or AlI3 to catalytic mixtures using Et3SiH also had at best a modest 
positive effect, but often a deleterious one.   

Figure 2.  HDF of perfluorohexane with a BBr3 additive. 

However, we observed improvement of performance under certain scenarios where 
BBr3 and SiBr4 was added as a bromine source.  In fact, with this additive, for the first 
time, we observe consumption of a perfluoroalkane (perfluorohexane)!  We do not yet have 
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a complete understanding of the mass balance in these reactions, or of the nature of the 
influence of the additives.  Under catalytic conditions, extensive redistribution of 
substituents on Si and B can take place.  This leads to a rather intimidating number of 
potential species (both neutral and cationic) that can form in a 
Et3SiH/BBr3/perfluorohexane/Et3Si+ mixture.  The characterization of the products is also 
a significant challenge.  Although we document disappearance of perfluorohexane, we see 
only traces of B-F or Si-F bonds formed.  Glass is clearly a non-innocent culprit here, but 
mass balance is difficult even in reactions in hydrocarbon plastics.  A certain amount of 
solid tends to form and we cannot rule out formation of fluorinated polymeric material.  
Nonetheless, these are very encouraging results. 

 
1 “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. 

2 “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. 

3 “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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                  Gerard Parkin 

 
Reactivity of Terminal Magnesium Hydride and Methyl Complexes towards Carbonyl 

Compounds: Access to Terminal Alkoxide and Enolate Complexes and Catalytic Activity  
 

 
David Vaccaro and Gerard Parkin 

Columbia University, Department of Chemistry 
 

Presentation Abstract 
 
The insertion of unsaturated groups into M–H and M–R bonds are important steps in many catalytic 
cycles for the conversion of organic compounds.  For example, the insertion of CO2 into M–H and M–Me 
bonds is of relevance to developing the use of carbon dioxide as a C1 building block and we have investigated 
such chemistry with respect to zinc and magnesium compounds.  To develop further this chemistry, we have 
examined the reactivity of terminal Mg–H and Mg–Me bonds in well-defined monomeric compounds, namely 
[TismPriBenz]MgH and [TismPriBenz]MgMe, towards other carbonyl compounds. In this regard, both 
[TismPriBenz]MgH and [TismPriBenz]MgMe undergo insertion reactions with non-enolizable carbonyl compounds.  
For example, Ph2CO reacts with [TismPriBenz]MgH and [TismPriBenz]MgMe to afford the alkoxide compounds, 
[TismPriBenz]MgOCHPh2 and [TismPriBenz]MgOCMePh2, respectively.  In contrast, enolizable carbonyl compounds 
afford enolate complexes, as illustrated by the reactions of [TismPriBenz]MgH and [TismPriBenz]MgMe to afford 
[TismPriBenz]MgOC(Me)=CH2.  However, despite that fact that both the hydride and methyl compounds afford the 
same enolate product, the reactions involve different pathways.  Specifically, while the methyl complex 
[TismPriBenz]MgMe reacts with acetone by protolytic cleavage of the Mg–Me bond to release CH4 and form the 
enolate [TismPriBenz]MgOC(Me)=CH2 directly, the corresponding reaction of the hydride complex 
[TismPriBenz]MgH occurs by insertion of acetone to afford the isopropoxide [TismPriBenz]MgOPri that undergoes a 
subsequent reaction with acetone to afford the enolate.  The observation of two different reaction 
pathways is associated with the barrier for insertion of a carbonyl group into a Mg–H bond being lower 
than that for insertion into the Mg–Me bond. 

 
DE-SC0019204: Metal Catalyzed Transformations involving C–X bonds for the Conversions of 
Carbon Dioxide and Organic Chemicals 
 
Students: David Vaccaro, Aaron Loo and Ran Yan 
 

RECENT PROGRESS 
 
1. Insertion of Carbonyl Compounds into Mg–H and Mg–Me Bonds: Alkoxide Formation 
As part of our efforts to develop C1 chemistry of carbon dioxide we have investigated the insertion of CO2 into 
M–H and M–Me bonds in zinc and magnesium compounds.  To develop further this chemistry, we have 
examined the reactivity of [TismPriBenz]MgH and [TismPriBenz]MgMe towards a variety of aldehydes and ketones. 
Both [TismPriBenz]MgH and [TismPriBenz]MgMe undergo insertion reactions with Ph2CO to afford the alkoxide 
compounds, [TismPriBenz]MgOCHPh2 and [TismPriBenz]MgOCMePh2, respectively (Figure 1).  Likewise, 
[TismPriBenz]MgH reacts with PhCHO to afford [TismPriBenz]MgOCH2Ph, while [TismPriBenz]MgMe reacts with 
PhCHO to afford [TismPriBenz]MgMOCH(Me)Ph.  Although the formation of magnesium alkoxide derivatives 
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from carbonyl compounds is precedented by the well-known reactivity of Grignard reagents, there are very few 
examples of the insertion of aldehydes and ketones into a terminal Mg–H bond.
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The molecular structures of [TismPriBenz]MgOCH2Ph, [TismPriBenz]MgOCHPh2 and [TismPriBenz]MgOCMePh2

have been determined by X-ray diffraction and the M–O–R bond angles for [TismPriBenz]MgOR range from 
140.6(6)˚ to 149.21(17)˚, with the largest value corresponding to that for [TismPriBenz]MgOCMePh2.  Although 
these bond angles are larger than the CSD average [140.0˚], they are much smaller than that observed for other 
LnMgOCMePh2 compounds that possess an almost linear Mg–O–R bond angle.  To address the impact of varying 
the Mg–O–R bond angle on the stability of a magnesium alkoxide compound, the energy of 
[TismPriBenz]MgOCH2Ph as a function of Mg–O–C bond angle was evaluated by DFT geometry optimization, as 
illustrated in Figure 2.  Significantly, the energy of the molecule varies relatively little on bending the Mg–O–C 
moiety; for example, the energy of the molecule changes by less than 1 kcal mol–1 over the range 130˚ to 175˚.  
Thus, the M–O–R moiety is rather flexible.
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2. Reactivity of Mg–H and Mg–Me Bonds Towards Enolizable Ketones: Magnesium Enolate Formation
In contrast to insertion of the carbonyl groups of Ph2CO and PhCHO into the Mg–Me bond, [TismPriBenz]MgMe
reacts with acetone to form the enolate compound, [TismPriBenz]MgOC(Me)=CH2, and eliminate CH4  (Figure 3).
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The molecular structure of [TismPriBenz]MgOC(Me)=CH2 has been determined by X-ray diffraction and is not 
only of significance because there are no other structurally characterized magnesium enolate compounds derived 
from acetone but also because there are few structurally characterized derivatives for other metals, in contrast to 
C–bound acetonyl isomers, LnMCH2C(O)Me, that are relatively common.  While a variety of pathways are 
possible for formation of an enolate, it must be emphasized that the formation of [TismPriBenz]MgOC(Me)=CH2 is 
atypical for the reaction of Grignard reagents with acetone, which preferentially form t-butoxide derivatives.  

The hydride compound, [TismPriBenz]MgH, also reacts with acetone and acetophenone to yield the enolate 
compounds, [TismPriBenz]MgOC(Me)=CH2 and [TismPriBenz]MgOC(Ph)=CH2; interestingly, however, the enolate 
compounds are not the initially formed products (Figure 4).  Specifically, acetone and acetophenone undergo 
preferential insertion into the Mg–H bond to generate the corresponding alkoxide, [TismPriBenz]MgOPri and 
[TismPriBenz]MgOCH(Me)Ph, which convert to the respective enolate in the presence of excess ketone.  These 
observations indicate that insertion of the C=O group into the Mg–H bond is more facile than insertion into the 
Mg–Me bond relative to protolytic cleavage of the Mg–H and Mg–Me bonds. 

[TismiPrBenz]MgH [TismiPrBenz]Mg O [TismiPrBenz]Mg O
Me2CO

–PriOH

Me2CO

Figure 4. 

3. Comparison of the Insertion of Carbonyl Compounds into Mg–H and Mg–Me Bonds
The relative ability of the hydride and methyl compounds to undergo insertion of carbonyl compounds into the
Mg–H and Mg–Me bonds has been addressed computationally, with the transition states for acetone being
illustrated Figure 5.  In each case, the four-membered transition states are approximately planar and, as would be
expected, the shape of the four-membered structures for insertion of the carbonyl moiety into the Mg–H and Mg–
Me moieties differ considerably as a consequence of the different size of Me versus H.  For example, the Mg–C–
C bond angle (68.9˚) for insertion of acetone into the Mg–Me bond is much more acute than the Mg–H–C bond
angle (83.6) for insertion into the Mg–H bond.

The barrier for insertion of the carbonyl group into the Mg–H bond is calculated to be considerably lower than 
that for insertion into the Mg–Me bond (Figure 5). The significantly higher barrier for insertion of acetone into the 
Mg–Me bond than the Mg–H bond is consistent with the observation that, rather than undergo insertion, acetone 
forms the enolate derivative, [TismPriBenz]MgOC(Me)=CH2 with elimination of methane. 
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4. Catalytic Activity of [TismPriBenz]MgOR Derivatives
[TismPriBenz]MgOR derivatives also participate in catalytic transformations.  For example [TismPriBenz]MgX (X =
H, Me) reacts with diacetone alcohol to form the enolate derivative resulting from C–C bond cleavage, 
[TismPriBenz]MgOC(Me)=CH2, in contrast to ketolate derivatives that have been observed in other systems; as such 
it is a very efficient catalytic system for the retro-aldol conversion (Figure 6). 
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In addition, [TismPriBenz]MgOR also catalyze (i) the Tishchenko reaction, converting  ArCHO to 
ArC(O)OCH2Ar, and (ii) hydroboration of ketones, converting Ph2CO to Ph2C(H)OBpin. 

5. Catalytic Reduction of CO2 and Carbonyl Compounds Mediated by Terpyridine Zinc Formate
Our previous investigations have demonstrated that zinc hydride compounds are capable of effecting catalysis of
the reduction of CO2 and carbonyl compounds.  For example, the catalytic reduction of CO2 by the
tris(pyridyl)methylzinc hydride compound, [Tptm]ZnH, occurs via the initial insertion of CO2 into the Zn–H bond
to generate the formate complex, [Tptm]ZnO2CH.  In view of this participation of zinc formate species in
catalytic cycles, we have evaluated the potential of other zinc formate compounds.  For example, we have used
terpyridine (terpy) to synthesize and structurally characterize the zinc formate compound, (terpy)Zn(O2CH)2,
which serves as a catalyst for reducing CO2 to the formic acid and methanol oxidation levels.  For example, in the
presence of (terpy)Zn(O2CH)2, CO2 reacts with pinacolborane (HBpin) to afford HCO2Bpin and MeOBpin.  In
addition, (terpy)Zn(O2CH)2 catalyzes the reduction of PhC(O)Me by PhSiH3 to afford PhSiH[OC(Me)Ph]2 and
PhSi[OC(Me)Ph]3.
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Presentation Abstract 

 
Proton-coupled electron transfer (PCET) reactions can provide a powerful strategy for 
mediating reductive transformations, with new approaches being pursued to generate in 
situ highly reactive H-atom equivalents as intermediates. Conceptually related PCET 
approaches also hold promise for reductive small molecule catalysis, as for N2-to-NH3 
conversion (N2RR), where high barriers can otherwise result in kinetically inefficient 
pathways. The development of new classes of highly reactive organometallic species 
featuring homolytically very weak (20 – 40 kcal•mol-1) X–H bonds has therefore been of 
interest to us. Such species can facilitate reductive PCET reactions with challenging 
substrates, including unsaturated organic derivatives to generate synthetically versatile -
radical intermediates. Mediators we have pursued most recently as part of this DOE 
award facilitate the rapid co-localization of a proton and an electron equivalent, affording 
strong substrate reduction capacity via PCET from an N-H bond (BDFEN-H< 40 kcal•mol-

1), while kinetically suppressing the hydrogen evolution reaction (HER). They are 
therefore attractive in terms of reductive electrocatalysis; preferential substrate selectivity 
relative to HER is a major challenge in reductive electrocatalysis. To achieve this goal 
our mediator design combines a redox active center (e.g., a metallocene) with a tethered 
but electronically insulated Brønsted base. This approach allows us to drive multi-
electron/proton reductive transformations at an applied bias tuned to the redox center and 
anodic of background HER catalyzed by the electrode in the presence of partner Brønsted 
acid. We have studied examples of reductive transformations catalyzed by the mediator, 
as well as reductive transformations that feature a tandem transition metal co-catalyst. 
We are also studying second generation mediators to expand their scope, and probing 
fundamental aspects of how these reactions proceed. 
 
Grant or FWP Number: Organometallic PCET mediators for reducing unsaturated 
substrates (DE-0235032) 
 
Postdocs: Joseph Derosa, John Ovian, Pablo Garrido-Barros, 
Students: Alexander I. Alabugin, Jonas Baumgärtner, Mengdi Li, Enric Adillon, Matthew 
J. Chalkley 
 
Publications Acknowledging this Grant in 2020-2023 (the following publications are 
under the primary scope of this DOE Award):  
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Development of an integrated multiscale methodology for simulating  
electrocatalysis at the metal oxide – electrolyte interface 

 
Craig Plaisance 

Louisiana State University, Cain Department of Chemical Engineering 
 

Presentation Abstract 
 
We are currently working to formulate and implement a multiscale simulation for 
electrocatalysis at the metal oxide – electrolyte interface. The first aim of this work is to 
develop an efficient framework for performing tight binding molecular dynamics 
(TBMD) simulations of the aqueous electrolyte. The TB Hamiltonian will be constructed 
using a machine learning (ML) based approach that parametrizes the short-range one- and 
two-electron integrals as sums of nonlinear two- and three-body terms. Long-range 
interactions are treated by a linear scaling multipole expansion approach that we have 
formulated and implemented in Python withing the Atomic Simulation Environment. A 
unique aspect of the TB Hamiltonian is that a machine-learned perturbative polarization 
scheme is utilized to account for distortion of the valence atomic orbitals from their 
spherically symmetric forms in the reference atomic configuration. 
 
After implementing the method for calculating the TB Hamiltonian within Python and 
VASP, we will then focus on implementing a method for solving for the TB wave 
function. This will be done using a linear scaling operator expansion form of the wave 
function that can be expressed in terms of local interactions. The result will be an 
efficient TB calculation that scales linearly with system size. Once the approach is 
functioning for the bulk electrolyte, we will begin working on the description of the oxide 
surface and its interaction with the electrolyte. 
 
Grant or FWP Number: Development of an integrated multiscale methodology for 
simulating electrocatalysis at the metal oxide – electrolyte interface 
 
Postdoc(s): Ujjal Sardar 
Student(s): Nkechi Kingsley 

 
RECENT PROGRESS 

 
Implementation of an efficient linear-scaling multipole expansion method for 
computing long range electrostatic interactions 
A key part of our approach is that the energy and TB Hamiltonian are separated into 
long-range and short-range contributions according to, = + [ ] = +  
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The long-range contributions are due to Coulombic interactions between non-overlapping 
charge densities and can therefore be calculated using a multipole expansion method. To 
due this, we construct a soft charge density  according to, ( ) = ( ) + ( ) 
where  is the soft charge density of atom  in the atomic reference state and  is the 
soft overlap charge density between TB orbitals  and . This latter quantity is 
constructed to have the same moments as ( ) = ( ) ( ) but a much longer radial 
extent that is based on the distance cutoff  for the short-ranged interactions. The 
elements of the TB Hamiltonian based on these soft charge densities are given by, =  
where  is the Coulomb operator. 
 
The soft charge density is constructed in real space using a linear-scaling algorithm that 
takes advantage of the limited radial extent  of the contribution from each atom. The 
electrostatic potential is then computed in reciprocal space, making use of fast Fourier 
transforms. Finally, the elements of  are evaluated in real space using a similar linear-
scaling algorithm used to construct the charge density. The algorithm has been 
implemented in Python and is found to require less than 10 s for a 100-time step AIMD 
trajectory on a system of 96 water molecules, running on a single laptop core. It was 
found that using  values greater than 3 Å does not result in a sufficient increase in 
computational speed. This corresponds to a grid spacing of 0.3 Å, which is similar to the 
spacing used in VASP to represent the soft charge density. 
 
Formulation of a machine-learning framework for calculating atomic orbital integrals 
The short-range contributions to the energy and Hamiltonian are given by, = + + 12 ,  

= SR + ,SR  

and require the evaluation of atomic orbital integrals  and ,  in the tight binding 
basis along with evaluation of the energy  in the reference electronic configuration. PI 
Plaisance recently formulated a framework for efficiently evaluating these integrals 
within a ML framework that is based on decomposition of the tight binding orbitals into a 
valence component  and a polarization component. The assumption is made that the 
polarization component can be treated as a first order perturbation and expressed linearly 
in terms of the tight binding occupancy matrix  as, = +  

Using this form, the short-range integrals can be expressed in terms of valence 
contributions and polarization contributions, = , +  
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, = , , + ,  

An additional assumption is made that the valance and polarization contributions in these 
expressions can be expressed as a sum of nonlinear two- and three-atom contributions, = + + , ,  

where  is the distance between atoms  and . The sums only extend over the atoms on 
which the relevant atomic orbitals ( ) are centered. This corresponds to the 
approximation that the joint spatial overlap between a set of atomic orbitals centered on 
more than two atoms is negligible. The integrals can be evaluated during an ab initio 
molecular dynamics (AIMD) simulation performed in VASP, making use of the quasi-
atomic orbital method implemented previously by PI Plaisance to define the tight binding 
basis. Subtracting off the long-range contribution (calculated using the multipole 
expansion method discussed above) gives the short-range integrals,  =  , = ,  
The next step is to implement the method for calculating the TB Hamiltonian within 
Python and train the ML model using AIMD performed in VASP. 
 
Publications Acknowledging this Grant in 2020-2023 
N/A 
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Laboratory, Oak Ridge, TN 37831; 3Department of Chemistry, University of Tennessee, 
Knoxville, TN 37996 

 
The overarching goal of our catalysis program is to control reaction pathways and enhance catalyst 
stability through detailed tuning of active sites and their local and extended environment. In  dry 
reforming of methane (DRM), two greenhouse gases, CH4 and CO2, are converted into syngas 
(CO+H2), which is a platform mixture to produce a variety of chemicals. DRM is highly 
endothermic and is conducted at high temperature. Thus catalysts must be resistant to sintering and 
coke formation. State-of-the-art catalysts for DRM are Ni-based and despite they offer stable 
performance for at least 500 h of TOS at 800 °C, however, they still present deactivation at 
moderate temperatures (650 °C). At these moderate temperatures, coke formation is more 
thermodynamically favorable. Here, we present our current research on strategies to control the 
metal-support interaction of Ni active sites to limit sintering and coke formation in DRM reaction. 
 
Spatial confinement strategy: Dealuminated Beta zeolite (BEA) was chosen as the catalyst support 
for Ni active sites. Dealumination of the structure served two purposes: reduction of the acid sites, 
where coke is typically generated, and creation of anchoring sites for Ni sites. The confinement of 
Ni sites in the zeolitic structure was hypothesized to provide enhance stability towards sintering, 
along with hindered coke formation on Ni single atoms (SA). By means of a finely tuned synthesis 
procedure, we were able to tune the structure of Ni sites as (SA) or nanoparticles (NP). Kinetic 
isotopic experiments showed the intrinsically higher reactivity of Ni NP compared to Ni SA; 
however, the SA dispersion balances out the higher reactivity of NPs to provide similar 
macroscopic conversion. Furthermore, the interaction of Ni SA with the zeolite structure provided 
enhance stability with time-on-stream, and negligible coke deposition. XAS experimentation 
unveiled the details of the synthesis process that allow enhancing the Ni SA-zeolite interaction and 
led to remarkable catalytic performances for DRM. 
 
Configurational entropy confinement strategy: In an alternative strategy to stabilize Ni active sites, 
high entropy oxides (HEOs) were used as DRM catalysts, where the entropy of mixing in a multi-
component solid solution is hypothesized to provide enhanced catalyst stability. To test the 
hypothesis, we studied DRM over an HEO catalyst (NiMgCuCoZnOx) where 5 elements were 
included. XAS of the spent samples showed mixed valence states of Ni species, indicating a high 
resistance to reduction of the Ni sites stabilized in HEO. This resistance could potentially decelerate 
the commonly observed sintering of Ni species during DRM. When only Cu was removed from the 
structure (NiMgCoZnOx), the catalyst exhibited superior reactivity and stability in comparison to 
the HEO, even surpassing the widely-studied NiMgOx sample with higher Ni loading. 
Understanding the bonding and electronic structure of the operating HEO and HEO-derived 
catalysts is currently underway. 
 
Research 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. For 
a full description of recent progress see Extended Abstract for ERKCC96. 
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State University, University Park, PA 16802 
Presentation Abstract 

The impact of solvent effects during acid- and metal-catalyzed heterogeneous reactions are 
explored through a combination of explicit thermodynamic and kinetic measurements. 
Liquid-phase isothermal titration calorimetry (ITC) is used to probe the interaction of acid 
site titrants and alkanol substrates (for eventual catalytic dehydration) in solvents and 
solvent mixtures of different character to quantify the thermodynamic description of 
adsorption from the solvent phase.  Thermochemical Born-Haber cycles to rationalize the 
influence of solvent on apparent thermodynamics have been constructed utilizing 
additional information from gas-phase adsorption calorimetry, equilibrium adsorption 
isotherms and solution thermodynamics.  Reaction rates quantified per available acid site 
and selectivity for alkanol dehydration will be measured under conditions of variable 
intrapore solvent concentration and structure, from solvent-free (gas-phase) to the incipient 
intrapore condensation.  Reaction rates will be rigorously defined utilizing non-ideal 
thermodynamic formalisms for each intrapore environment examined.  Apparent 
differences in acid site availability based on the solvent type and structure included in 
zeolite pores have been probed by liquid-/gas- phase calorimetry and in-situ titration during 
catalytic turnover.  We examine the impact of a unique solvent environment – molten metal 
– during the catalytic hydrogenation of ethylene.  The metallic Ga solvent containing low 
quantity of Pd serves as an ample reservoir for ethylene, while the absorption of H2 is 
deficient in the bulk Ga phase.  The catalytic reaction occurs in the bulk Ga liquid under 
ethylene-rich conditions regardless of the gas-phase ethylene and H2 partial pressures.  
 
DE-SC0016192: Catalytic Reactions at Solid-Liquid Interfaces: Solvent Effects on 
Activity, Selectivity and Reaction Mechanisms 
 
PI: Robert M Rioux 
Postdoc(s): Kathryn MacIntosh, Jeonghwan Lee 
Student(s): Yanyu Mu, William Elliott 
Affiliations(s): The Pennsylvania State University 

RECENT PROGRESS 
Dependence of aqueous phase acid-base interactions on the Si/Al ratio 

ITC thermograms for the adsorption of pyridine on three different H-ZSM-5 samples 
(Si/Al=11.5, Si/Al=40 and Si/Al=140) at 25°C in water are shown in Figure 1 Apparent 
enthalpies do not vary with coverage for all three zeolites when the titration ratio is less 
than 0.1 – 0.2 mol base/mol BAS. The apparent enthalpy depends on the hydrophilicity of 
zeolites and increases with increasing the Si/Al ratio of zeolites when water is used as 
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solvent.  The enthalpy of acid-base interaction for the most hydrophilic H-ZSM-5 
(Si/Al=11.5) is slightly less negative compared to the H-ZSM-5 (Si/Al=40), but is ~20 
kJ/mol less than the value for the most hydrophobic 
H-ZSM-5 (Si/Al=140). The heat associated with 
dilution, hydrogen bonding between pyridine and 
silanol groups of zeolites and van der Waals 
interactions between pyridine and zeolite 
framework during the injection of aqueous pyridine 
into the zeolite suspension in ITC is small 
compared to the heat released due to acid-base 
interactions (Figure S10) and is not considered 
when calculating the reaction enthalpy. The 
concentration of silanol groups of H-ZSM-5 
(Si/Al=40) is similar to BAS, however, 15N SS 
NMR characterization of adsorbed pyridine on H-
ZSM-5 (Si/Al=40) from aqueous solution at room 
temperature (Figure S11) only shows a signal 
associated with pyridinium (~200 ppm). There is 
no resonances associated with pyridine adsorption 
on silanol groups (~290 ppm) since silanol groups 
are unable to protonate pyridine and interact 
weakly with pyridine through hydrogen bonding, 
similar to pyridine interactions with water. The 15N 
pyridine chemical shift associated with Si-O-H-
pyridine (~290 ppm) is similar to the chemical shift 
associated with H2O-pyridine (~300 ppm). 

Gas-phase enthalpies for pyridine adsorption 
on three H-ZSM-5 zeolites were measured to be 
about -200 kJ/mol and were similar between the zeolites with different Si/Al ratio (the 
difference is less than 5%). According to the gas-phase Born-Haber cycle, the 
experimentally measured gas-phase adsorption enthalpy of pyridine on H-ZSM-5 is the 
sum of the deprotonation energy of the BAS, an intrinsic property of the zeolites and can 
only be estimated from calculations, gas-phase proton affinity of the probe base and 
interactions between gas-phase ion and framework anion which is orientation-dependent 
and includes hydrogen bonding, electrostatic and van der Waals interactions. The enthalpy 
measured in ITC is determined by the proton affinity of pyridine and interactions between 
pyridinium and zeolite framework in the presence of surrounding water molecules as well 
as the energetic penalty to displace water molecules from BAS inside zeolite pores to bulk 
water. Water molecules adjacent to the zeolite proton stabilize the proton by forming water 
clusters, therefore inhibiting the transfer of the proton to pyridine.  Water molecules also 
stabilize pyridinium but to a lesser extent than the proton because the larger size of 
pyridinium leads to a higher degree of charge delocalization. The adsorption of pyridine 
on BAS leads to displacement of water molecules inside zeolite pores which also decreases 
the extent to which pyridinium is stabilized by water molecules. Compared to the 
adsorption enthalpy measured in the gas phase, the enthalpy measured in aqueous phase is 
about 150 kJ/mol lower which arises from a different extent of enthalpic stabilization of 

Figure 1. ITC thermograms for 
adsorption of pyridine (filled points) 
and isopropylamine (semi-transparent 
points) on H-ZSM-5 (Si/Al = 11.5 
(black square), Si/Al = 40 (red circle) 
and Si/Al = 140 (blue triangle)) at 
25°C in water. Error bars represent the 
standard deviations of three to five 
independent measurements in three 
different ITC instruments.
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relevant gas-phase states by water molecules. It has been reported that water stabilizes the 
acidic proton to a greater extent relative to the protonated transition state which leads to 
lower reactivity of a Brønsted acid catalyst, lower proton transfer equilibrium constant 
during the process of pyridine adsorption on acidic zeolites and higher temperature 
required to desorb pyridine from acidic zeolites in aqueous phase. 

Enthalpies of adsorption of pyridine from the aqueous phase on zeolites with different 
Si/Al ratio do not reflect differences in intrinsic acidity of the zeolite BAS which has been 
widely accepted to be their deprotonation energy and independent of Si/Al ratio, locations 
of BAS and framework type.  The measured enthalpy of adsorption of pyridine on BAS of 
zeolites in water increases with increased hydrophobicity of zeolites due to the lower 
quantity of adsorbed water inside hydrophobic zeolite pores, therefore decreasing the 
extent of enthalpic stabilization of proton and pyridinium by water molecules.  Water 
adsorption isotherms and adsorption enthalpies on zeolites before and after pyridine 
adsorption were measured to understand how the hydrophobicity of zeolites influences the 
uptake of water molecules and the interaction between adsorbed water molecules and 
zeolites.  For all three zeolites, the enthalpy of adsorption of pyridine on BAS of zeolites 
in water are about 10 - 20 kJ/mol lower than the adsorption enthalpy of isopropylamine 
(IPA). However, the gas-phase adsorption enthalpy of pyridine is -200 kJ/mol, similar to 
the value for IPA ( -205 kJ/mol) due to similar gas-phase proton affinity of the probe bases.  
The pKa of the conjugate acid for pyridine and IPA are 5.23 and 10.63, respectively, 
indicating IPA is more basic than pyridine in water. The enthalpy of protonation of bases 
in dilute aqueous solution ( ) is another scale to characterize aqueous basicity of 
bases, the values for pyridine and IPA are -20 kJ/mol and -58 kJ/mol, respectively.  The 
higher basicity of IPA in aqueous solution leads to higher adsorption enthalpy on BAS of 
zeolites. Another possible reason why the adsorption of IPA releases more heat is the 
smaller effective ionic radius of IPA which leads to higher heat of hydration than 
pyridinium.  Fewer water molecules are displaced from zeolite pores after IPA is adsorbed 
on BAS, therefore, a decreased enthalpic penalty incurs to displace water molecules from 
BAS inside zeolite pores to bulk water.   
Influence of ACN-water mixture composition on the thermodynamic parameters and 
the uptake of pyridine by H-ZSM-5 (Si/Al=40) 
The apparent enthalpies and stoichiometry of pyridine adsorption on BAS of H-ZSM-5 
(Si/Al=40) in ACN-water mixtures obtained from the single-site fitting model are 
presented in Figure 2.  1) and stoichiometry 
(n1) were obtained using multiple-sites fitting.  The multiple-sites model does not fit well 
in the first sigmoid region which leads to lower estimation of n1 (data not shown).  We 
believe the adsorption stoichiometry of pyridine on BAS of H-ZSM-5 (Si/Al=40) in water 
is as high as 1 which can be clearly proved using the modified single-site model. The 
adsorption enthalpies of pyridine on BAS of H-ZSM-5 (Si/Al=40) in ACN-water mixtures 
are lower than the value in pure water or pure ACN. We also measured the initial adsorption 
enthalpies by titrating low concentration of pyridine solutions (5mM) to zeolite 
suspensions to control the titration ratio (mol pyridine/mol BAS) less than 0.1 and 
compared initial enthalpies with the fitted enthalpies obtained from the single-site model 
as shown in Figure 2a. The initial enthalpies are consistent with the fitted enthalpies over 
the whole examined range of concentrations which proves there isn’t mass transportation 
limit during the process of pyridine adsorption on BAS of H-ZSM-5 (Si/Al=40) at 25 °C. 
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The apparent enthalpy is the lowest in the ACN-rich solutions (99mol% ACN mixtures) 
which is about 15 kJ/mol lower than the value in pure ACN.  

The lower adsorption 
enthalpies indicate the difference 
between solvating initial state 
and final state by solvent 
molecules is greater. It is 
influenced by (1) the different 
uptake of solvent mixtures 
before and after pyridine 
adsorption and (2) different local 
solvation conditions of BAS and 
pyridinium.  The existence of 
microheterogeneity in ACN-
water mixtures may enhance the 
structure of water clusters 
around BAS which leads to more 
stabilized initial state. Therefore, 
the enthalpy penalty of pyridine 
displacing water clusters to be 
adsorbed on BAS is higher and 
apparent adsorption enthalpy is lower. The Gibbs energy of transfer of proton from water 
to ACN-water mixtures is negative indicating the mixtures (XACN < 70 mol%) are more 
basic than water, therefore, proton is more stabilized in water.  

The adsorption stoichiometries of pyridine on BAS of H-ZSM-5 (Si/Al=40) in 
ACN-water mixtures are lower than the water-rich and ACN-rich solutions. In 1 mol% 
ACN, 99 mol% and pure ACN, the adsorption stoichiometries are 0.84, 0.96 and 1.03, 
respectively (Figure 2B). In other ACN-water mixtures, the adsorption stoichiometry is 
lower than 1 and the minimum value is 0.52 in 60 mol% ACN mixtures. Lower apparent 
adsorption enthalpies in ACN-water mixtures are possibly contributing to the low 
adsorption stoichiometries. There are solvated BAS not accessible to pyridine anymore in 
ACN-water mixtures due to preferential solvation environment and large enthalpy penalty 
involved in the adsorption process. But in the case of 99 mol% ACN mixture, the 
stoichiometry is as high as 0.96 even though the apparent enthalpy is only -30.8 kJ/mol. It 
indicates the re-arrangement of solvent molecules as reflected in favorable entropy also 
plays roles in the adsorption of pyridine on BAS of H-ZSM-5 (Si/Al=40) in ACN-water 
mixtures. In the case of mixtures with high ACN content, even though the apparent 
adsorption enthalpy is lower, but the re-arrangement of water clusters around the BAS 
possibility leads to favorable entropy change. The addition of water to acetonitrile leads 
to microheterogeneity in the solution where each of the components are preferentially 
surrounded by molecules of the same kind.  The microstructure of water-acetonitrile 
changes with the mole fraction of acetonitrile which has been widely studied.  Therefore, 
the structure of acetonitrile after mixing with water becomes more disordered than before 
mixing.  
Publications Acknowledging this Grant in 2019-2022 

(I) Intellectually led by this grant 

Figure 2.(a) Apparent 
enthalpies of adsorption of 
pyridine on BAS of H-ZSM-5 
(Si/Al=40) in ACN-water 
mixtures at 25 °C. Red data 
points are obtained from the 
single-site model fitting. 
Black data points are initial 
adsorption enthalpies obtained 
by controlling the titration 
ratio less than 0.1. (b) 
Adsorption stoichiometry 
obtained from the single-site 
model fitting (black data 
points). For water, the 
stoichiometry (n1) was 
obtained from the multiple-
sites model fitting.
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Presentation Abstract 
 
The advancement of fuel cells and chemical hydrogen batteries are promising 
technologies to advance clean energy. These technologies necessitate that both reductive 
and oxidative reactions be feasible, ideally using the same catalyst that can be tuned to 
favor each reaction type. For example, a chemical hydrogen battery may require the 
interconversion of CO2  and H2 with formic acid. Towards this end, we are exploring how 
electrostatic fields impact the thermodynamic parameters of a Ru hydrogenation catalyst. 
We hypothesize that when appended at an electrode and a potential is applied, the 
resulting electrostatic field will modulate the hydricity of acidity of the catalyst. We 
propose that the rate of catalysis and/or the rate determining step can be controlled by the 
electrostatic field, allowing for oxidative and reductive reactions to occur from the same 
catalyst. My poster will describe the rationale for our approach, as well as our progress 
on preparing catalysts that are amenable to electrode attachment. 
 
 
Grant or FWP Number: Electric Fields to Modulate Catalyst Thermochemical 
Properties for Multi-Electron/Multi-Proton Redox Reactions 
 
PI: Caroline T. Saouma 
Postdoc(s): Abhijit Bera 
Affiliations(s): University of Utah, Department of Chemistry  

 
RECENT PROGRESS 

 
Synthesis of ligands for surface attachment. 
Work on this new project has focused on the preparation of ligands suitable for attachment 
to a gold surface. Our target ligand is 6-((ditertbutylphosphaneyl)methyl)-2,2’bipyridine, 
with a thiolate (or thioester) at either the 4 or 4’ position of the bipyridine ring. Over the 
past few months, progress has been made on developing high-yielding syntheses of the 
ligand precursors; each ligand is made in 3-4 steps. We are cautiously optimistic that we 
have prepared 2 of the 4 ligands, and are now in position to metalate Ru with them and 
initiate our studies on how electrostatic fields impact catalysis and catalyst 
thermodynamics.    
 
Publications Acknowledging this Grant in 2020-2023 
None. 
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Philippe Sautet 
 

Fluxional Nature of Heterogeneous Catalysts 
 

Philippe Sautet, Geng Sun, Simran Kumari, Anastassia N. Alexandrova 
Chemical and Biomolecular Engineering dep., University of California Los Angeles 

Chemistry and Biochemistry dep., University of California Los Angeles 
 

Presentation Abstract 
We will show that heterogeneous catalysts are not static but dynamic, fluxional, metastable 
and that they strongly evolve under reaction conditions, creating new active sites, not 
present for the as prepared catalysts. The first example will concern Pt clusters (Pt7 to Pt13) 
under hydrogen pressure and their reactivity for alkane dehydrogenation. The approach 
combines Density Functional Theory, high-dimensional Neural Networks and evolutionary 
techniques. It also includes grand canonical global optimization to study variable amount 
of adsorbed hydrogen and novel constrained global optimization methods to determine the 
structure of the cluster active site that provides the lowest barrier for the reaction. We show, 
with methane activation on supported Pt clusters and by an explicit sampling of cluster 
configurations at the transition state, that important restructuring is required to reach the 
most active transition state. The capability of the cluster to reconstruct, simultaneously with 
the C-H dissociation, is a key aspect for catalytic activity. The second example deals with 
the nature of the zirconia on copper inverse catalyst under the conditions of CO2 
hydrogenation to methanol. We consider a model three atom Zr cluster on a Cu(111) 
surface decorated with various O, OH and formate ligands, noted  
Zr3Ox(OH)y(HCOO)z/Cu(111), revealing major changes in the active site induced by 
various reaction parameters such as the gas pressure, temperature, conversion levels, and 
CO2:H2 feed ratios. Calculations provide insights into the dynamic behavior of the catalyst. 
Specifically, under reaction conditions, we observe a large number of compositions and 
structures with similar free energy for the catalyst, with respect to changing the type, 
number, and binding sites of the ligands, suggesting that the active site should be regarded 
as a statistical ensemble of diverse structures that easily interconvert. 
 
DE-SC0019152: Ensemble Representation for the Realistic Modeling of Cluster 
Catalytic Reactivity at Heterogeneous Interfaces 
 
PI: Anastassia Alexandrova, Philippe Sautet 
Postdoc(s): Harry Morgan, Geng Sun, Han Guo 
Student(s): Simran Kumari, Vaidish Sumaria, Patricia Poths, Edison Cummings, 
Santiago Vargas, Robert Lavroff, Zisheng Zhang 

 
RECENT PROGRESS 

Methodological advances: 
• We have developed GOCIA, a Python package for global optimization of clusters, 
interfaces, and adsorbates, with the following features: (1) Highly flexible and 
customizable generation of random cluster and surface configurations. (2) Grand canonical 
genetic algorithm (GCGA), which can efficiently explore the vast chemical space of off-
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stoichiometric restructuring of supported clusters or general surfaces under a specific 
condition. (3) Polyatomic adsorbate configuration sampling scheme, which keeps track of 
the adsorbate molecules.  
• We are developing potentials for alumina-supported Pt-clusters; we were able to 
successfully train highly-accurate neural networks with <0.2 meV/Atom energy errors and 
< 0.1 eV/Ang force errors. We are currently refining the dataset to include more out-of-
domain data points to increase where the neural network can accurately predict.
• We have developed GAS, a novel constrained global optimization methods to determine 
the structure of the cluster active site that provides the lowest barrier for the reaction.

New chemistry, new phenomena at dynamic catalytic interfaces:
i) hydrogenation of CO2 to methanol on zirconia-modified Cu.
The hydrogenation of CO2 to value added products such as methanol has numerous benefits 
such as mitigating the greenhouse gas emissions by capturing CO2 and re-using it to make 
alternative liquid fuels. Zirconia-modified copper catalysts have been shown to be effective 
in CO2/H2 conversion to methanol with a good water tolerance, high thermal stability, and 
high ability to reduce CO2 and other reaction intermediates.
We use our Grand Canonical Basin Hopping (GCBH) code to find the energetically 
relevant structures in reaction conditions. Under the conditions of CO2 hydrogenation (CO2
+ 3H2 3OH + H2O), it is very important to determine the right H and O coverage of 
the Zirconia clusters deposited on Cu(111), to correctly identify the catalytic environment 
of the reaction. Using the GCBH code, we have identified the potential energy surface of 
these clusters under varying O and H chemical potential. In order to accurately replicate 
the reaction conditions for the CO2 hydrogenation reaction, it is essential to calculate the 
chemical potentials of all species involved as a function of (a) Initial feed pressure of CO2
and H2, (b) the ratio of CO2: H2 in the initial feed, (c) the temperature at which the reaction 
is conducted, and (d) the total conversion to methanol. 

Figure 1. (a) Adsorption energies of the Zr3OxOHyHCOOz cluster at three different 
reaction conditions corresponding to experimental works. Blue: P = 0.013 atm, conv = 2%, 
CO2/H2 ratio = 9, and T = 500K, Purple: P = 4.93 atm, conv = 0.8%, CO2/H2 ratio = 1:3, 
and T = 493.15K and Green: pressure = 30 atm, conv = 19.7%, CO2/H2 ratio = 3, and T = 
493.15 K . The x axis represents the number of formates on the cluster. (b) The 
corresponding Boltzmann probability of each structure. 

(a) (
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The Cu(111) surface was selected, along with a Zr cluster consisting of three Zr atoms, as 
the model for studying the catalytic properties of the highly dispersed Zirconia-Copper 
inverse catalyst under CO2 hydrogenation conditions. Using this model, the optimum 
coverage of oxygen, hydroxyl, and formate species on the Zirconia-Copper inverse catalyst 
under CO2 hydrogenation conditions was investigated. Under reaction conditions, we 
observe a large number of composition and structures with similar free energy for the 
catalyst (Fig. 1), with respect to changing the type, number, and binding sites of adsorbates, 
suggesting that the active site should be regarded as a statistical ensemble of diverse 
structures that easily interconvert.

ii) hydrogenation of CO2 to methanol on Zinc-modified Cu.
Copper/zinc/zinc oxide interfaces remain the most effective known catalyst for thermal 
CO2 hydrogenation to methanol; however, the active site(s) of this system are poorly 
understood. Beginning with a 20% ZnO coverage on Cu(100), we sample hydrogen and 
oxygen coverage under a range of reaction conditions and observe restructuring in the form 
of surface alloying, water and hydroxyl adsorption, and zinc oxide partial reduction. This 
is accomplished through a grand-canonical genetic algorithm in which minimum free-
energy structures are determined under given chemical potentials of oxygen and hydrogen. 

iii) Fractal like structure of Titanium oxide on Au (coll. with Mike White (BHNL)) 
We have determined how sub-stoichiometric titanium oxide clusters on stepped Au(111), 
an inverse catalytic system for high performance CO 
oxidation., follow the canonical mechanism of diffusion 
limited aggregation (DLA) to form fractal-like structures 
observed experimentally by scanning-tunneling 
microscopy (Fig. 2). These Ti3O5 clusters contrast from 
their stoichiometric counterparts (Ti3O6), which form 
wires along under-coordinated step edges, due to inability 
to polymerize along the step in an energetically favorable 
way as well as entropic contributions from terrace 
diffusion. DLA is confirmed as a mechanism via very low 
diffusion barriers and binding energetics of fractal 
nucleation sites and propagation from them. 

iv) kinetics of isomerization of catalytic clusters
We constructed exhaustive isomerization 
networks for Pt4 in the gas phase (Fig. 3) and on 
alumina support, under varying amount of H-
coverage, with two goals: 1) to see if the presence 
of ligands affects fluxionality (we found that it 
does, and in particular both the H and the support 
tends to increase the isomerization barriers and 
also make the potential energy surface more 
complicated and richer in minima); 2) to 
determine the extent to which the Boltzmann 
statistics holds up, and the time required to 
equilibrate the ensemble. For the latter, we have 

Figure 2 : Organization of 
Ti3O5 clusters on Au 

Figure 3 : Representative 
isomerization pathways between 
Pt4H2 isomers.
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been using the Boltzmann statistics, and we found that in a large number of studies we 
cannot agree with, nor predict the experiment without ensemble averaging. However, the 
accuracy of Boltzmann statistics can be questioned. Indeed, we found that kinetic trapping 
of some isomers is not uncommon, and for some systems the exit from the trapped state 
requires more than 450K and more than 100 μs. Our current goal is to develop descriptors 
that would permit identifying such off-Boltzmann cases quickly, in order to formalize the 
approach to their modeling beyond Boltzmann. 

v) boride catalysts for oxidative dehydrogenation of propane

Figure 4. Off-stoichiometric restructuring and sliding dynamics of hBN edges. (a) The 
evolution of population of accessible surface phases as a function of oxygen chemical 
potential . BxOyHx#n denotes the n-th local minima (zeroth is the global minimum) of 
the surface stoichiometry of BxOyHz. (b) Evolution of the 11B SSNMR spectra as a function 
of . The experimental data are also shown in the lower panel for comparison. (c) The 
energy diagram of a restructured h-BN armchair edge interconverting among the three 
sliding configurations of the lowest energy. 

Using GCGA, we have searched for the global minimum and low-energy local minima 
structures of hBN armchair and zigzag edges under relevant conditions of oxidative 
dehydrogenation of propane (ODHP). Surface phase diagrams are constructed from the 
grand canonical ensemble of surface states, and the evolution of surface structure as a 
function of chemical potential (Figure 4a, corresponding to temperature and partial 
pressure) can be used to simulate condition-dependent 11B chemical shift spectra, which is 
in good agreement with previous experimental reports (Figure 4b) and offers detailed 
atomistic insights. The effects of sliding dynamics of hBN sheets on the reactivity of 
restructured edges are studied by AIMD simulations. Multiple sliding configurations are 
found to be accessible at timescale of a few ps, and each has differently strained B-O 
linkages at the edges. The metastable sliding configurations are found to be more active 
towards propane and water activation as compared to the global minimum sliding 
configuration (Figure 4c). Such phenomenon is likely the origin of hBN’s higher ODHP 
activity than those of the metal borides. 
Tungsten boride has also been investigated as a metal boride with lower activity but similar 
selectivity in ODHP compared with hBN. We sample stoichiometries and configurations 
of the BxOy layer on WB with GCGA. Key minima are investigated for the activation of 
propane and analyzed for structural differences in the BxOy layer.
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Biocatalytic Nanoparticles that Enable Supra-biological Cascade Reactions 
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University of Colorado Boulder 

 
Presentation Abstract 

 
In this new 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 will develop insights into the mechanisms by which abiotic materials interact with 
enzymes to stabilize and/or “heal” them. These biocatalysts will 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 will 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 have developed 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. Notably, in this 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, and this 
hypothesis will be explored in ongoing work. To impart supra-biological performance in the context 
of extreme pH, we are incorporating anionic / cationic monomers into polymer brush supports to 
shift the local pH while maintaining or enhancing enzyme stability and activity.  
 
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. After 
immobilizing LipA to mixed lipid SLBs, the activity of immobilized particles was comparable to a 
soluble enzyme control at room temperature. Studies are underway to compare the activity of LipA 
immobilized to SLBs vs. lipid liposomes.   
 
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. 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. 
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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 in the process of comparing the 
performance of cascade reactions using soluble vs. immobilized enzyme catalysts. 
 
Publications Acknowledging this Grant in 2020-2023 
None to report. 
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Process

Van Son Nguyen, Yuchen Chang, Erin V. Phillips, Jacob A. DeWitt, Carsten Sievers
Georgia Institute of Technology – School of Chemical & Biomolecular Engineering

Presentation Abstract

Plastics upcycling poses significant challenges for chemist and engineers due to the 
chemical and physical stability of these materials. The present work addresses these 
challenges with mechanocatalytic processes in ball mills. In these reactors, collisions with 
milling provide reactive environments through a combination of localized heating, strain 
and surface modification of impacted materials and triboelectric effects (i.e., mechanically 
induced charge separation). In addition, they can induce intimate interactions of solid 
surfaces by sheering them.
Specifically, poly(ethylene) (PE) was partially oxidized by ball milling in a steel vessel 
with steel balls in the presence of a Fenton system consisting of an Fe2O3 catalyst and an 
aqueous hydrogen peroxide solution as oxidant. The insertion of oxygenated functional 
groups activated PE to allow for cracking adjacent to the oxidized carbon atom to produce
linear hydrocarbon products. FTIR spectroscopy showed that the residual polymer 
contained increased amounts of carbonyl (1705 – 1735 cm-1), alcohol and ester (1080 – 
1220 cm-1) functional groups. High temperature gel permeation chromatography showed 
the formation of hydrocarbons with carbon numbers in the C14 – C30 range. Evidently, the 
fragments were formed via oxidation of the PE chain which weakened the chemical 
inertness of the carbon-carbon bonds in PE, followed by subsequent cracking at these 
functionalized locations and removal of oxygen containing groups as CO2 or CO.

: 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. Kinga Golabek 
Student(s): Van Son Nguyen, Yuchen Chang, 

RECENT PROGRESS

Selective Oxidation of Hydrocarbons under Transient Conditions
In mechanochemical processes, collisions in a ball mill or similar device create short-lived 
activated domains (hot spots) that can have extraordinary catalytic activity until they decay. 
We hypothesized that these environments should be suitable for selective oxidation of 
hydrocarbon because the limited lifetime of the hot spot will help limit overoxidation. 
Unfortunately, very limited oxidation of methane was observed during balling with a ceria-
zirconia catalysts and O2. We hypothesized that the issue was insufficient surface 
interactions of methane. 

318



Therefore, we shifted our attention to the conversion of heavier hydrocarbons leveraging 
the fact that mechanochemical processes can induce intimate surface interaction between 
solid reactants and solid catalysts. Specifically, the partial oxidation of poly(ethylene) (PE)
was utilized as a way of activating this recalcitrant polymer to allow for cracking adjacent 
to the activated carbon atom to produce linear hydrocarbon products. In these reactions, 
PE was processed inside a vibratory ball mill with a steel vessel and steel ball in the 
presence of a Fenton system consisting of an Fe2O3 catalyst and an aqueous hydrogen 
peroxide solution as oxidant. FTIR spectroscopy showed that the residual polymer 
contained increased amounts of carbonyl 
(1705 – 1735 cm-1), alcohol and ester (1080 
– 1220 cm-1) functional groups. High 
temperature gel permeation chromatography 
of milled PE exhibited a bimodal molecular 
weight (MW) distribution compared to the 
unimodal distribution of the feedstock,
indicating that a portion of polymer had been 
converted to low MW fragments (Figure 1).
This low MW fraction was found to be 
partially soluble in hexanes. Gas 
chromatography-mass spectrometry analysis 
of the hexanes extract illustrated the presence 
of linear hydrocarbons with carbon numbers 
in the C14 – C30 range. Evidently, the 
fragments were formed via oxidation of the 
PE chain which weakened the chemical 
inertness of the carbon-carbon bonds in PE, 
followed by subsequent cracking at these 
functionalized locations and removal of 
oxygen containing groups as CO2 or CO.  

Mechanochemical Transformations and Redox Reactions of MoOx
Our past work indicated that substantial reduction of MoO3 can be achieved by heating it 
under inert gas (ACS Catalysis, 10 (2020) 8187–8200). Based on this reactivity we 
hypothesized that molybdenum oxide is a promising for mechanocatalytic redox reaction 
that involve a Mars-van Krevelen mechanism. Mechanocatalytic water splitting is a 
promising “test reaction” for gaining a more fundamental understanding of the generation 
and consumption of active oxygen species under mechanocatalytic conditions. 
Molybdenum oxide (MoOx) is a reducible oxide that is hypothesized to be capable of 
mechanocatalytic water splitting. In the first phase of the project, we have explored how to 
use computational techniques to understand water splitting on MoOx. Ball milling delivers 
the mechanical energy necessary to activate and potentially reduce MoOx. The mechanical 
impact and resulting high local heat are expected to induce changes in the crystal phase, 
stoichiometry, and surface morphology of MoOx. The current aim of the study is to gain 
insights into the prevalent MoOx structures during mechanocatalysis, which we seek to 

Figure 1: Gel permeation 
chromatography traces for virgin mid-
density poly(ethylene) (MDPE), MDPE 
after milling without additives (PE-M), 
MDPE after milling with H2O2 (PE-0), 
MDPE after milling with H2O2 and 5 wt% 
Fe2O3 (PE-5), MDPE after milling with 
H2O2 and 10 wt% Fe2O3 (PE-10).
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achieve in an effort led by density functional theory (DFT) calculations and ab-initio 
thermodynamics. 
First, we explored the possible crystal phases and stoichiometries of bulk MoOx by 
constructing bulk phase diagrams as a function of hydrogen and oxygen chemical 
potentials (Figure 2). The phase diagram at the top was generated using the data from the 
Materials Project database. The two distinct muO resulting from different reactions, O2 and  

Figure 2: MoOx bulk phase diagrams as a function of hydrogen and oxygen chemical 
potentials (muH and muO), based on the Materials Project database and our calculations using 
different functionals, PBE+D3, RPBE+D3, rev-vdW-DF2, and HSE06+D3. Each colored 
areas correspond to the most stable bulk structures and the contour lines represent the second 
most stable structures at given chemical potentials. Dots correspond to the chemical potentials 
at given experimental conditions (gas temperature and H2O partial pressure). muH and muO for 
black dots are determined based on the dissociation reaction of H2 and O2, whereas for blue 
dots, muO involve H2O decomposition.
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H2O dissociation, define separate areas of interest enclosed by black or blue lines 
connecting the dots in the phase diagram. These dots correspond to the experimental 
conditions that are expected during the oxidation step (water partial pressure equals water 
vapor pressure, PH2O = Pvap,H2O)  and reduction step (PH2O = 10-5 bar) at temperatures of 300 
K and 1000 K. Based on the Materials Project database, we identified seven stable MoOx
structures, including the second most stable ones within the plotted chemical potential 
ranges. Additionally, we considered 18 experimentally discovered structures, resulting in 
a total of 25 MoOx bulk structures used to construct the phase diagrams using different 
density functionals. The functionals employed include generalized gradient approximation
(GGA) functionals PBE+D3BJ (PBE with Grimme's D3 dispersion correction with Becke-
Johnson damping) and RPBE+D3BJ, nonlocal van der Waals functional rev-vdW-DF2, 
and hybrid functional HSE06+D3BJ. The phase diagrams generated from different 
functionals exhibit similar trends, with MoO3 favored over MoO2 as muO increases, and 
MoH4O5 preferred over non-hydrated MoOx as muH increases. However, the choice of 
functional sometimes leads to different stable bulk structures or stoichiometries within the 
range of relevant chemical potentials. This inconsistency arises due to the inherent 
limitation of DFT formalism, as the exact exchange-correlation functional is not known. 
To address this ambiguity from DFT results, experimental validation will be conducted to 
determine which bulk MoO3 structures are observed during ball milling. 
Prior testing the effectiveness of MoOx for mechanocatalytic water splitting, we 
investigated the mechanochemical stability of the study oxide. Based on literature, 
MoO3 crystallizes with different structures. The most common and thermodynamically 
stable phase is orthorhombic -MoO3. However, the metastable monoclinic phase of MoO3
shows higher activity in red-ox catalysis, especially in methanol oxidation, but it can be 

-phase by heating above 400 °C -MoO3 is less 
sable compared to the -phase we focused on commercially -MoO3 as benchmark 
material. The MoO3 sample was activated at 450 °C for 2 h to transform any potentially 
present -MoO3 as well as to remove adsorbates from the catalyst surface. The 
activated sample was subjected to ball milling for 5, 30 and 120 min. The phase 
composition and crystal structure were probed by powder X-ray diffraction (pXRD).
In pXRD pattern of both fresh activated and non-activated MoO3 no characteristic 
diffraction peaks of the -phase were found, confirming the high purity of the catalysts.
Milling the samples for 5 min resulted in the significant increase in the intensity for all 
major diffraction peaks. This suggests a crystallization process of the MoO3 samples. With 
increasing the milling time, the intensity of all diffraction peaks decreased while the lines 
broadened, which is indicative of loss of crystallinity due to amorphization or particle size 
reduction. Interestingly, this effect is more pronounced for the diffraction peaks with 
contributions from h or l Miller indices. The loss of coherence is probably in a and c 
directions, whereas the b direction stays relatively unchanged indicating that the changes
of the crystals are anisotropic. We calculated the crystal sizes from Scherrer equation using
the (210) diffraction peak. The size reduction of crystals was observed for both activated 
and non-activated samples. In addition, a decrease in the crystal size of 12% was observed
right after activation process.
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A Nucleophilic Imido Ligand Enables New Catalytic Transformations of an Iron 
Complex 

 
Yafei Gao, Maren Pink, Veronica Carta, and Jeremy Smith  

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. In addition to previously observed transformations such as such as 
[2+2] cycloadditions, the iron(II) imido is active in new reactions, including the first ene-
like reactivity of an imido ligand. For example, reaction with 3-hexyne generates the 
corresponding iron(II) amido allenyl complex. These new reactions form the basis of new 
catalytic processes, including selective alkyne and nitrile -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.  
 
DE-SC0019466: Harnessing Spin as a Design Element in Low Valent Iron Catalysis 
 
Postdoc(s): Yafei Gao, Bin Feng 
Student: Arya Sree Ajay 

 
RECENT PROGRESS 

 
Catalytic Alkene Transposition Enabled by Iron Imido Cooperativity. The Fe(II) imido 
complex [Ph2B(tBuIm)2

– catalyzes the regioselective isomerization of 1-
alkenes. Kinetics, competition, and isotope labeling studies, supported by stoichiometric 
reactions, strongly implicate a unique, non-hydridic mechanism for alkene isomerization, 
in which the alkene coordinates to iron, and the basic imido ligand acts as a proton 
shuttle. Computational studies further support the proposed mechanism. As dictated by 
substrate pKa, this mechanism enables the regioselective isomerization of allylarenes and 
1,4-dienes, , even in the presence of other 1-alkenes. The catalyst tolerates a variety of 
functional groups, including potential ligands such as phosphines, amines and imidazoles. 
Oxidation State Dependence of Hydrogen Atom Abstraction. One electron oxidation of 
the Fe(III) imido complex occurs at the imido ligand to afford 
[Ph2B(tBuIm)2Fe(THF)( )]+ in which high spin (S = 5/2) Fe(III) is 
antiferromagnetically coupled to an imidyl radical (S = 1/2). While attempts to divert the 
hydrogen atom abstraction reactivity of this complex away from an intramolecular 
dehydrogenation reaction have been unsuccessful, the three-coordinate Fe(II) and Fe(III) 
imido complexes are active in intermolecular hydrogen atom abstraction reactions. 
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Despite a stronger thermodynamic driving force for hydrogen atom abstraction, the 
Fe(III) imido displays more sluggish kinetics. 
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Low-Temperature Electrocatalytic Manufacturing of Essential Chemical Building Blocks

B. M. Tackett (Lead PI), B. W. Boudouris, R. Gounder, J. P. Greeley, J. T. Miller, 
Purdue University, Chemical Engineering

Presentation Abstract

Electrocatalytic dehydrogenation of light alkanes to their alkene counterparts has potential to 
drastically decarbonize production of olefins, which are among the most ubiquitous industrial 
chemical building blocks. The electrochemical dehydrogenation process generates the olefin 
product on one electrode and the hydrogen product on the other electrode, making the reaction 
irreversible, thus avoiding equilibrium limitations of thermal dehydrogenation routes.  This 
substantially reduces the amount of downstream separations required, and, if successful at the 
industrial scale, could consequently avoid hundreds of millions of tons of CO2 emissions per year. 
There are few examples of low-temperature aqueous alkane electrocatalysis, so our team is 
developing the fundamental science necessary to achieve efficient electrocatalytic alkane 
dehydrogenation, from the atomic scale to the device scale, by combining experiment and theory 
in this multidisciplinary project. In the first year of the project, we developed new polymer 
materials to enhance mass transport with gas diffusion electrodes, quantified alkane adsorption on 
smooth electrodes at room temperature, and developed a preliminary microkinetic model. 

DE SC0023257: Low-Temperature Electrocatalytic Manufacturing of Essential 
Chemical Building Blocks

Postdoc(s): None
Student(s): Ashutosh Bhadouria, Joseph Heil, Hwiyoon Noh, Ryoh-Suke Sekiya, 
Brandon Bolton, Ho Joong Kim, Hyunki Yeo, Durvesh Parab, Wei-Ling Huang

RECENT PROGRESS

Optimizing Mass Transport with Next Generation Gas Diffusion Electrode
Efficient and stable gas diffusion electrodes are required to overcome low solubility of alkanes in 
aqueous electrolyte to enable continuous electrochemical reactions at the gas-solid-liquid interface. 
We selected PTFE 
membranes as our gas 
diffusion media, due to 
their robustness and 
hydrophobicity. We then 
modified the membranes 
by coating them with a 
PEDOT:PSS conductive 
polymer to make them 
suitable for gas diffusion 
electrodes. Post-treating 
the PEDOT:PSS with 
concentrated sulfuric acid 
enhanced conductivity by 

Figure 1. (left) Cross-section schematic of conductive polymer gas 
diffusion electrode. (right) Hydrogen evolution reaction electrocatalytic 
polarization curves.
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a factor of 10 and also increased gas permeability to a level comparable with commercial carbon-
based gas diffusion electrodes. In addition to conductivity, we verified the suitability of this 
material to enable electrocatalytic reactions by casting Pt nanoparticles onto the PEDOT:PSS film 
and demonstrating successful hydrogen evolution reaction in acid.

Designing Active and Selective Electrocatalysts for Alkane Dehydrogenation
In parallel to gas diffusion electrode 

development, we also quantified 
fundamental alkane adsorption behavior 
on smooth Pt electrodes under aqueous, 
room temperature conditions. We utilized 
a recently developed electrochemical 
mass spectrometer (EC-MS) to perform 
TPD-like experiments to investigate 
adsorption behavior. We quantified both 
time-dependence and potential-
dependence on the fractional coverage of 
adsorbed propane. We also applied both 
oxidizing and reducing potential sweeps 
to adsorbed propane to understand the 
chemical structure and relative amounts 
of adsorbed species by combining 
coulometry with simultaneous mass 
spectrometry. We showed that propane 
readily adsorbs on smooth Pt at 0.3 V vs 
RHE in acid electrolyte with fractional 
coverage between 0.06 and 0.25 C/Pt. We 
also showed that adsorbed propane can 
either be desorbed as propane or 
completely oxidized to CO2, depending 
on the applied potential. This indicates 
that it should be possible to design an 
electrocatalytic system (catalyst, 
electrolyte, potential) that selectively 
dehydrogenates alkanes without over-
oxidation. We are using our analytical 
kinetic model along with density 
functional theory calculations to develop 
descriptors that will enable rational 
selection of electrocatalyst to achieve this 
selective dehydrogenation. Our current 
model assumes that the activation barrier 
of C-H bond breaking in propane is a 
critical parameter in determining the rate, 
and this barrier may further be estimated using linear (BEP) correlations with corresponding 
binding energies. These results will be iteratively refined with the fundamental experimental 
catalysis studies which will ultimately interface with the device-scale gas diffusion electrode 
development.

Publications Acknowledging this Grant in 2020-2023: N/A

Figure 2. (top) Electrochemical mass spectrometer 
profile for a propane dose, purge, and reaction protocol.
(bottom) Quantified CO2 produced upon oxidation from 
propane adsorbed at various potentials.
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Converting Carbon and Nitrogen Waste Products to Valuable C-N Compounds 
 

V. Sara Thoi 
Johns Hopkins University, Department of Chemistry 

 
Presentation Abstract 

 
We investigated the electrochemical C-N coupling using waste products, carbon dioxide and nitrate, to 
form urea as a value-added product. Urea, which is an important fertilizer for agriculture, is industrially 
synthesized by the Bosch-Meiser process using ammonia generated from the Haber-Bosch process. As both 
of these processes require high heat and/or pressure, the discovery of an energy-efficient synthetic pathway 
to urea can thus have large environmental impacts. Herein, we report a series of Au- and Cu-based catalysts 
that can achieve up to 60% selectivity for urea at a current density of up to 300 A cm-2 upon optimization. 
In particular, we explored pulsed potential electrolysis to obtain high selectivity and activity. We 
hypothesized that pulsing the potential anodically allows for rearrangement of the electrochemical double 
layer and promotes NO3

- diffusion and activation.  Moreover, we used in situ electrochemical, 
spectroscopic, and computational techniques to elucidate potential mechanisms for electrocatalytic C-N 
coupling. 

 
 

RECENT PROGRESS 
 
Electrochemical C-N Coupling 
 
We have continued our focus on electrochemical C-N coupling through the co-reduction of nitrate 
and carbon dioxide. We have completed our electrochemical study on Au-catalyzed urea 
formation, where in the presence of carbon dioxide (pH 3, -0.4 V vs. RHE), we achieved up to 
30% Faradaic efficiency and an activity of 175 A cm-2 (Figure 1a). We have also shown that 
urea selectivity can be further optimized by pulsed potential electrolysis, achieving a urea 
selectivity of 60% with a cathodic pulse of -0.2 V (1 s) and an anodic pulse of 0.2 V (200 ms) 
(Figure 1b). These results are remarkable as previous literature has shown that Au does not 
catalyze C-N coupling at least at high cathodic potentials (-1.5 V vs. SHE).1 Through several 
iteration of optimization, we found that potassium cations are critical for efficient coupling, with 
selectivity in the order of K > Cs > Na > Li. Using a crown ether to sequester potassium led to 
poor nitrate reduction (Figure 1c,d), leading us to believe that alkali cations play a crucial role in 
stabilizing N intermediates at the electrode surface.  
 
We dedicated significant effort in the last award period towards mechanistic understanding for C-
N coupling. In situ surface-enhanced IR spectroscopy (SEIRAS) was conducted, where a static 
cathodic potential is applied under catalytic conditions. We observed the rise and fall of a new 
band at 1410 cm-1 that we attribute to an intermediate C-N species resembling carbamate (Figure 
2). Time-resolved SEIRAS under constant and pulsed potential electrolysis show the diffusion of 
NO2

- and NO3
- species may be important for enhancing C-N coupling. To offer further mechanistic 

support, we conducted density functional theory (DFT) calculations with our collaborator, Dr. 
Peter Zapol, at Argonne National Lab (Figure 3) showing that urea formation is favored over 
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ammonia production in the presence of CO2 and NO3
-. Current investigations are focused on 

electrodeposited AuCu alloys that can simultaneously activate carbon and nitrogen substrates. 
 

 
 
Figure 1. (a) Faradaic efficiency and current density for urea production on a Au foil electrode (a) under 
static controlled potential electrolysis and (b) pulsed potential electrolysis where the anodic potential was 
optimized to +0.2 V. Faradaic efficiency for (c) C-N coupling and (d) NO3RR in the presence and absence 
of 18-crown-6-ether (CE)  

 
 
Figure 2. (a) In situ SEIRAS spectra showing the presence of a C-N intermediate resembling carbamate 
at 1410 cm-1 in the (b) expanded view, and (c) integrated area of the C-N intermediate and NO3- bands. 
 

328



 
 
Figure 3. (a) Free energy diagram of the reduction steps towards urea production on an Au {111} facet at 
0 V vs. SHE in comparison to NH3 production indicating slightly lower energy at step 4 for the urea pathway. 
One electron and one proton are added at each step, and the overall highest energy step is from 10 to 11.  
(b) Molecular configurations along the reaction coordinate from CO2 and NO3- to urea via C-N coupling. 
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Sustained Low-Temperature Electrochemical Methane Reforming Reaction on 
Commercial Pt/C and PtRu/C Electrocatalysts 

 
Dejun Chen, Rachel A. Aterrado, Tianyu Ma, Thomas C. Allison, YuYe J. Tong (PI) 

Georgetown University 
 

Presentation Abstract 
 
Methane activation under mild conditions of promising practical outlook is highly 
desirable economically as methane still is the main stock source for industrial hydrogen 
production. Yet, even after decades-long intensive research, it remains stubbornly on the 
short list of holy grails in chemistry. Herein, we report the observation of sustained low-
temperature (~80 °C) electrochemical methane reforming reaction (LT-ECMRR), CH4 + 
2H2O  CO2 + 4H2, on both commercial carbon-supported Pt/C and PtRu/C 
electrocatalysts. Interestingly, although the observed specific activity of the LT-ECMRR 
on the Pt/C is about ten times higher than that on the PtRu/C, its apparent activation 
energy is almost same and surprisingly moderate: 46 kJ/mol on Pt/C vs 42 kJ/mol on 
PtRu/C. Preliminary density functional calculations suggest that the active sites for the 
LT-ECMRR are likely the Pt corner- and edge-like sites as experimental evidence shows 
that pure Ru/C electrocatalyst is inactive for low-temperature methane activation. A 
rough estimate using the specific chronoamperometric current obtained at 0.5V (vs 
normal hydrogen electrode – NHE) and 3600 s gives a price of hydrogen production by 
the LT-ECMRR at ~$15/kg H2. A 10-time improvement in its specific activity (a 
reasonably achievable aspiration) would bring the cost down to $1.5/kg H2, which is in 
the current cost range of industrial hydrogen production.  
 
Grant Title: Exploring Electrocatalysis of Methane on Transition Metal Surfaces 
DOE Grant #: DE-SC0021218 
Student(s): Rongfeng Zheng, Rachel A. Aterrado, Tianyu Ma 
 

RECENT PROGRESS 
 
Sustained Low-Temperature Electrochemical Methane Reforming Reaction on 
Commercial Pt/C and PtRu/C Electrocatalysts 
 
Figure 1 compares the cyclic voltammograms of the low-temperature methane 
electrochemical reforming reaction (LT-ECMRR), CH4 + 2H2O  CO2 + 4H2, at 80 °C 
and 300 kPa back pressure on the 25-cm2 metal-membrane-assembly consisting of 
commercial Pt/C (a, 4 mg/cm2) vs  PtRu/C (d, 12 mg/cm2 ) and the corresponding in-line 
GCMS detected CO2: b for on Pt/C and c on PtRu/C. The cathode was a hydrogen-fed 
normal hydrogen reference electrode (NHE). Both anode and cathode gas feeds were 
humidified with a relative humidity (RH) of 100%. Sustained LT-ECMRR current was 
observed on both electrocatalysts at 10 mV/s potential scan rate under very mild condition, 
i.e., at 80 °C and about 4 atmospheric pressure, with activity appeared much higher on Pt/C 
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than on PtRu/C. Using 13C-labeled 13CH4 confirmed unambiguously that the MS-observed 
CO2 came directly from the LT-ECMRR.

Figure 1. (a) Cyclic voltammograms (10 mV/s) obtained on the MEA of Pt/C (4 mg/cm2, 
anode)|PtRu/C (12 mg/cm2, cathode) with CH4 and (b) the corresponding CO2 mass 
(m/z=44) CVs obtained simultaneously by in-line GCMS. (d) Cyclic voltammograms (10 
mV/s) obtained on the MEA of PtRu/C (12 mg/cm2, anode)|Pt/C (4 mg/cm2, cathode) with 
CH4 and (c) the corresponding CO2 mass (m/z=44) CVs obtained simultaneously by in-
line GCMS. The black traces in the figures were obtained under Ar feed. The cell 
temperature was 80 °C and back pressure was 300 kPa. All gas feed were humidified at 
RH of 100%. 

Figure 2. (a) The specific chronoamperometric current associated CO2 on the Pt/C (red) 
and the PtRu/C (blue) measured at 0.5 V, 80 °C cell temperature, and 300 kPa back pressure. 
(b) Back pressure dependent measurements of the activation energy of CH4 EO on the 
PtRu/C. (c) The measurements of the activation energy of CH

Figure 2a compares the chronoamperometric current associated CO2 production measured 
at 0.5 V, 80 °C and 300 kPa back pressure on Pt/C (red) vs PtRu/C (blue). The results 
indicate that the LT-ECMRR activity was about 10 times higher on the Pt/C than on the 
PtRu/C, even though the evidence indicates that the surface Ru atoms of the latter anode 
were largely etched away. Figure 2b shows back-pressure dependent measurements of the 
activation energy of the LT-ECMRR on the PtRu/C and Figure 2c is that on Pt/C at the 
back pressure of 4 bar. The results reveal a largely back-pressure independent activation 
energy of the LT-ECMRR on the PtRu/C whose measured value is 42.4 kJ/mol (or 0.44 
eV). A very similar value, 45.8 kJ/mol (or 0.47 eV), was also observed on the Pt/C. Notice 
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that the onset potential for the LT-ECMRR was almost the same on both anodes and lower 
than 0.3 V (vs. NHE), which is only slightly higher than the standard potential (0.17 vs 
RHE) for CH4 + 2H2O CO2 + 8H+ + 8e–. This indicates that for the active sites that 
enabled the observed LT-ECMRR, the reaction is rather counter-intuitively easy.

By comparing CO2 from the adsorbed LT-ECMRR intermediate stripping to that from the 
adsorbed CO stripping, we estimated that the number of active sites on the anode surface 
was about 14% on the Pt/C and about 3% on the PtRu/C. The preliminary DFT calculations 
presented in Figure 3 below suggest that the active sites are likely the Pt corner-/edge-like
sites.

Figure 3. The preliminary energetic results of the DFT nudged elastic band calculations of 
C–H dissociation reaction of CH4 on a Pt(100) corner site (black) vs on a Pt(100) terrace 
site (red). 

Figure 3 shows the results of preliminary DFT nudged elastic band calculations of C–H 
dissociation reaction of CH4 on a Pt(100) corner site (black) vs on a Pt(100) terrace site. 
For the Pt(100) corner site, the calculations reveal a shallow energy well before reaching 
the transition state. Its existence would significantly increase the surface residence time of 
CH4 thus facilitate C–H bond dissociation. However, no such well exists for C–H 
dissociation on the Pt(100) terrace site. Moreover, the activation energy is much lower at 
the Pt(100) site (0.47 eV) than that at the Pt(100) terrace site (0.67 eV). The former 
compares extremely well with the experimentally determined value (0.44 eV) on the 
PtRu/C, Fig. 2b. Also, the dissociation products are more stable at the Pt(100) corner site 
(-0.21 eV) than at the terrace site (-0.072 eV). The above discussed comparison suggests 
strongly that the Pt corner/edge sites are likely the active sites for the LT-ECMRR.
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Presentation Abstract

We have applied steady-state and ultrafast XANES spectroscopy to re-evaluate the 
photophysics and photochemistry of transition metal complexes. The core-to-valence 
spectra at the K-edge (1s valence), L2,3-edge (2p valence), and M2,3-edge 
( 3p valence) are diagnostic of the spin state, oxidation state, and ligand field of the 
metal center.  This element-specific probe, combined with femtosecond to picosecond 
time resolution, allowed us to disentangle excited-state pathways that were ambiguous
when observed using visible-light probes.  In our first subtask, we used tabletop 
femtosecond M-edge XANES to show that the primary photoproduct of -oxo FeIII

bisporphyrins is not the catalytically-active PFeII/PFeIV=O state, but instead an inactive 
PFeIII+/PFeIII-O- state.  No FeIV=O state was observed within the limits of our detection, 
suggesting that development of this class of photocatalysts should focus on altering the 
excited-state branching ratios and not on extending the lifetime of the scarcely-formed 
FeIV=O.  In the second subtask, we performed picosecond K-edge and L-edge 
spectroscopy of the NiII center of (dtbbpy)Ni(o-tol)Cl.  We confirm that the nanosecond
lifetime of this complex observed in transient UV/Vis and IR spectroscopy is the 3dd
state, and not the once-postulated MLCT state.  Furthermore, we show via ground-state 
XANES and magnetometry that the ground state has partial triplet character, which may 
influence the lifetime of the 3dd state.  Finally, we published the first XUV spectra of 
molecular 5d coordination complexes, showing that the 5p 5d and 4f 5d transitions in 
the 40-70 eV energy range are sensitive probes of the metal charge and ligand field. 
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RECENT PROGRESS

Photochemistry of -oxo Fe(III) bisporphyrins revisited with M-edge XANES
-oxo ironIII bisporphyrins have been widely studied as earth-abundant and atom-

economical photocatalysts for hydrocarbon oxidation using only light and molecular 
oxygen In the proposed catalytic pathway (Figure 1A, “Pathway A”), absorption of a 
visible or UV photon creates a LMCT state with one FeII and one FeIII.  This state then 
disproportionates into a free FeII porphyrin and a free FeIV=O porphyrin 
(“PFeII/PFeIV=O”, where “P” represents the porphyrin).  The PFeIV=O reacts with a 
substrate to give an oxidized product. Although the reaction yields (product molecules 
formed vs reactants consumed) are high, the quantum yields (product molecules formed 

-4).  The predominant explanation for this 
poor performance is rapid reclamping of the PFeII/PFeIV=O species to reform the starting 
PFeIII-O-PFeIII dimer.  
However, an alternate 
hypothesis proposes that 
instead of the metal-centered 
oxidation/reduction 
discussed above, the LMCT 
state separates into a charge-
separated state PFeIII+/PFeIII-
O-. Visible-light transient 
absorption spectroscopy 
revealed a few-ns excited 
state lifetime but the nature 
of this excited state could 
not be definitively assigned, 
with different research 
groups assigning the same 
spectrum to either 
PFeII/PFeIV=O or to 
PFeIII+/PFeIII-O-.  The 
central difficulty of this 
assignment is that only the 

-
the visible region have 
appreciable oscillator 
strength, so changes to the 
metal electronic structure 

Figure 1 -oxo
ironIII bisporphyrins.  LMCT excitation creates a PFeII/PFeIII

state that can disproportionate into PFeII and PFeIV=O species
or into ligand-centered charge separated states.  (B) Transient 
M-edge XANES of (PFe)2O, with inset showing kinetic 
traces.  (C) Spectral components from a global fit with an 
A B kinetic model, confirming the initial PFeII/PFeIII but 
ruling out the PFeII/PFeIV=O state as a major photoproduct.
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must be deduced from subtle variations in the ligand spectrum
In order to resolve these competing hypotheses, we performed visible-pump, XUV-

probe spectroscopy on -oxo bis [tetraphenylporphyrinato iron(III)].  As shown in Figure 
1B, photoexcitation at 400 nm causes a bleach of the FeIII ground-state peak at 57.5 eV 
and formation of a redshifted absorption feature at 55.0 eV. A global fit was performed 
using an A B kinetic model, giving the component spectra in Figure 1C.  The initial 
State A has a lifetime of 628 fs, and the nearly XUV-dark final State B lasted long past 
the 10 ps time window probed.  These spectra were then compared to ligand field 
multiplet simulations of the LMCT (PFeII/PFeIII) state and PFeII/PFeIV=O states.  The 
LMCT state is a nearly quantitative match State A. However, the PFeII/PFeIV=O 
simulation predicts a factor-of-two stronger bleach at 57.4 eV (due to loss of the second 
FeIII) and a new positive feature from 60-68 eV (due to the newly-formed FeIV).  These 
changes are not observed in State B, which has only a weak positive signal at 56 eV.  
Pathway A is therefore ruled out as the majority photochemical pathway.  The weak State 
B signal is consistent with Pathway B, in which both of the irons have reverted to high-
spin FeIII with a slightly modified ligand field.  Given the signal-to-noise level of this 
experiment, the quantum yield of the catalytically-active PFeIV=O must be a few percent 
or lower, placing a severe constraint on the overall yield of the photochemical reaction.  
Most importantly, this use of element- and oxidation-state spectroscopy provides clear 
guidance for optimization of this reaction: instead of seeking to increase the lifetime of 
the PFeIV=O state, the branching ratio between the two pathways should be shifted by 
tuning the relative energies of the PFeIII+/PFeIII-O- and PFeII/PFeIV=O pairs and the 
barriers to each dissociation pathway.

Evidence for ground-state triplet character in (dtbbpy)Ni(o-tol)Cl
Photo-assisted catalysis using Ni complexes 
is an emerging field for cross-coupling 
reactions in organic synthesis. We present 
L- and K-edge XAS, supported by Evans 
method nuclear magnetic resonance (NMR) 
and superconducting quantum interference 
device (SQUID) magnetometry, of a 
characteristic Ni photocatalyst, 
(dtbbpy)Ni(o-tol)Cl (dtb = 4,4'-di-tert-butyl, 
o-tol = ortho-tolyl). We show that at room 
temperature, the (dtbbpy)Ni(o-tol)Cl 
complex contains a mixture of singlet and 
triplet character, rather than adopting a pure singlet state as previously assumed. Our 
initial clue to this unusual spin state was L-edge XANES of the complex, as shown in 
Figure 2.  A low-energy shoulder at 852.6 eV could only be modeled in semiempirical 
ligand field multiplet calculations using a ground-state electronic structure that contained 
~30% triplet character.  Intrigued by these results, we performed variable-temperature 
Evans-method NMR and SQUID magnetometry, and in both cases observed MT values 
of ~0.4 cm3 K mol-1, intermediate between expected singlet and triplet values. 
Furthermore, NMR spectroscopy with an internal standard (benzodioxole) and spin 
integrating with respect to the standard peaks reveals a significantly decreased integration 

Figure 2: Experimental L3- and L2-edge 
XAS spectra with simulated spectra 
featuring different ratios between singlet 
and triplet character.
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of the peaks corresponding to the diamagnetic, singlet-state complex, suggesting that the 
complex may contain only ~45% of diamagnetic material.  

We then performed picosecond
transient L-edge XANES to 
determine the electronic structure of 
a ~5 ns excited state observed Doyle 
et al in a series of reports, which first 
assigned this long-lived state as 
MLCT and later refined as 3dd. After 
excitation at 343 nm, we observe a 
redshifted transient spectrum that 
lives for 4890 ps. By comparison to 
simulated excited state spectra, we 
assign this state as a tetrahedral 3dd
species. The admixture of triplet 
character is expected to increase the 
relaxation rate for distorted triplet 
excited states back to the ground 
state by making the transition
partially spin-allowed.

Tabletop XUV spectroscopy of 5d metals
Finally, we broadened the scope of XUV spectroscopy for catalytic applications to 

include 5d metals.  Figure 4A shows XUV spectrum of IrIII(ppy)3, with O3-edge (5p 5d) 
and N6,7-edge (4f 5d) transitions.  An energy level diagram of IrIII and IrIV complexes 
with allowed transitions from the core orbitals to unoccupied valence orbitals is shown in 
Figure 4B.  Upon MLCT excitation, a hole opens up in the t2g orbital set, creating a new 
allowed transition at low energy.  Oxidation of the metal center also stabilizes the core 
orbitals, blueshifting the core eg transitions. We then performed visible-pump, XUV-
probe spectroscopy on this complex, giving the N6,7-edge transient absorption spectrum 
shown in Figure 4C.  The new 4f t2g peak appears at 60 eV, and derivative-shaped 
features at ~64 and 68 eV reflect the transient blueshift of the 4f eg peaks. This work 
opens up an entirely new class of molecules that can be studied with this tabletop 
technique.

Figure 3: (A) L3-edge transient spectrum of 
(dtbbpy)Ni(o-tol)Cl in DMF at after photoexcitation 
at 343 nm; (B) Kinetic trace collected at 852 eV (C) 
Simulations of MLCT and LMCT states (D) 
Simulations of high-lying 3dd and 1dd states 

Figure 4.  A) XUV spectrum of Ir(ppy)3.  B) Allowed transitions for Ir(III) and Ir(IV) 
in an octahedral ligands field.  C) Transient N6,7-edge XANES of Ir(ppy)3 after 400 
nm excitation.
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Presentation Abstract 

 
Waste polymers pose a significant environmental challenge due to their durability and 
pervasive presence in contemporary products. Instead of viewing discarded polymers 
merely as waste, we should recognize them as untapped reservoirs of carbon. Rather than 
discarding them, these polymers should be repurposed, leveraging the carbon and energy 
originally invested in their production. Achieving this vision mandates a deep 
understanding of the foundational processes that enable the low-temperature 
transformation of spent plastics into a diverse array of products, from fuels and lubricants 
to the building blocks of new polymers. This project primarily targets polyolefins, which, 
while being among the most resilient, are also the most produced and thus, most prevalent 
in plastic waste. Polyolefins will be converted by kinetically and thermodynamically 
coupling the endothermic cleaving of C-C bonds with the exothermicity of the formation 
of new C-H and C-C bonds, enabling a low operation temperature. Specifically, we link 
the primary C-C bond cleavage to alkylation, metathesis, and hydrocracking. While the 
kinetic coupling enables complete conversion from a thermodynamic perspective, we use 
reactant environments, interactions with Lewis acid sites, tailored solvents and catalysts to 
accelerate the kinetic events that convert the polyolefin strands and intermediates at lower 
temperatures than currently practiced. 
 
 
FWP 78459: Towards a polyolefin-based refinery: Understanding and controlling 
the critical reaction steps 
 
PI: Johannes A. Lercher 
Co-PI: Jianzhi Hu, Mal-Soon Lee, Jingguang Chen (Columbia University), Michele L. 
Sarazen (Princeton University), Susannah Scott (UC Santa Barbara) 

 
RECENT PROGRESS 

 
Low-temperature upcycling of polyolefins into liquid alkanes via tandem cracking-
alkylation 
 
Selective upcycling of polyolefin waste has been hampered by the relatively high 
temperatures that are required to cleave the carbon-carbon (C-C) bonds at reasonably high 
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rates. We present a distinctive approach that uses a highly ionic reaction environment to 
increase the polymer reactivity and lower the energy of ionic transition states. Combining 
endothermic cleavage of the polymer C-C bonds with exothermic alkylation reactions of 
the cracking products enables full conversion of polyethylene and polypropylene to liquid 
isoalkanes (C6 to C10) at temperatures below 100 °C (Figure 1). Both reactions are 
catalyzed by a Lewis acidic species that is generated in a chloroaluminate ionic liquid. The 
alkylate product forms a separate phase and is easily separated from the reactant catalyst 
mixture. The process can convert unprocessed post-consumer items to high-quality liquid 
alkanes with high yields. Acidic chloroaluminate-based ionic liquids as emerging 
alkylation catalysts have already been industrially used in the paraffin alkylation process. 
We thus envision that this upcycling strategy can be rapidly implemented not only in newly 
designed plants but also in existing refining technology. The synchronous release of 
alkenes via polyolefin cracking in the presented cascade cracking-alkylation conceptually 
allows for better control of product distribution and minimization of the formation of red 
oil waste, making polyolefins potential feed for refining alkylation. This work opens a 
transformative scalable approach to convert polyolefins and enables a critical contribution 
to a circular carbon economy. 

Conversion of polyethylene waste to short-chain hydrocarbons under mild temperature 
and hydrogen pressure with metal-free and metal-loaded MFI zeolites 
 
Catalytic hydrocracking on supported metal zeolites promisingly converts waste plastics 
into more valuable hydrocarbons. Although the presence of metal sites on solid acids is 
typically considered necessary for C-C bond cleavage of alkanes at modest temperatures, 
polyethylene depolymerization on metal-free MFI zeolites proceeds at higher rates than 
analogous metal-loaded MFI zeolites (Pt, Ni) under mild reaction conditions (Figure 2). 
Higher rates on metal-free MFI are consistent with higher ratios of alkenes to alkanes, 
leading to subsequent alkene-mediated beta-scission events that form smaller molecules. 
Under varied reaction conditions both metal-free and metal-loaded MFI catalysts 
demonstrate high selectivity to C3-C7 gaseous hydrocarbons, likely due to the 10-MR 
channel structure. Collectively, these findings demonstrate the importance of 
deconvoluting metal and acid site contributions for polyethylene hydrocracking. We are 
currently working on performing such deconvolution and on studying the roles of the 
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Figure 1. Upon initiation enabled by tertbutyl chloride, the C-C bond scission in the cracking 
cycle couples with the C-C bond formation in the alkylation cycle. 
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zeolite structure and the composition, and size, of the metal phase on polymer conversion 
via hydrogenolysis and hydrocracking. 
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Figure 2. Catalytic cracking of polyethylene on metal-free zeolites under both H2 and N2 
environments is significant even at mild reaction temperatures, producing small quantities of 
alkenes that further catalyze C-C bond scission events in polyethylene. 
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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 electrocatalytic ammonia oxidation using molecular systems based 
on Earth-abundant copper and iron.  Each approach focuses on enabling the conversion of 
NH3 to masked forms of the amidyl radical •NH2 via PCET. Copper(I) -diketiminate 
catalysts [CuI] enable ammonia oxidation via deprotonation of oxidized copper(II) 
ammine complexes {[CuII]-NH3}+ to form copper(II) amide species [CuII]-NH2. The 
significant unpaired electron density on the amide N atom in [CuII]-NH2 facilitates N-N 
coupling to dicopper(I) hydrazine species [CuI]-NH2NH2-[CuI]. While experimental 
studies reveal that ferrocenium (Fc+) can stoichiometrically oxidize NH3, a combination 
of mechanistic and computational studies suggests that outersphere oxidation of H-
bonded ammonia dimers or trimers [NH3]x (x = 2 or 3) occurs. To encourage H-bonding 
near the Fc+ center, we synthesized a family of ferrocene complexes that feature pendant 
pyridine bases that serve as efficient electrocatalysts for ammonia oxidation. We 
hypothesize that a pendant pyridyl base engages 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).   
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RECENT PROGRESS 

Electrocatalytic ammonia oxidation by copper -diketiminates 

Using [iPr2NNF6]Cu as a model electrocatalyst for ammonia oxidation by copper(I) -
diketiminate complexes [CuI], we outline a rate law from a detailed analysis of NMR and 
electrochemical data. NMR 
spectroscopy indicates that the catalyst 
system rests as [CuI]-NH3 and the 
response of the catalytic current due to 
changes in the catalyst concentration 
and the ammonia concentration 
provides for the expression: rate = 
k[[CuI]-NH3][NH3].  Moreover, monitoring 
electrocatalysis by varying the concentration 
of ND3 indicates a KIE of 2.4(2), indicating 
that there is some N-H/N-D bond breaking 
before or in the turnover limiting step. 
Importantly, controlled potential electrolysis 
indicates that this catalytic system generates 
N2 and H2 with faradaic efficiencies of 84 
and 74%, respectively over multiple hours.  

We have been able to isolate a number of intermediates in this reaction that include the  
novel three coordinate{[CuII]-NH3}PF6 that undergoes ready deprotonation by NH3 to 
give the dicopper(I) hydrazine complex [CuI]2( -NH2NH2). Combined with 
electrochemical data, this allows us to construct a detailed electrocatalytic cycle that 
involves oxidation of [CuI]-NH3 to {[CuII]-NH3}+, 
deprotonation of {[CuII]-NH3}+ by NH3 to form 
[CuII]-NH2 and NH4

+ followed by N-N 
dimerization of [CuII]-NH2 to form [CuI]2( -
NH2NH2).  Hydrazine is oxidized at the glassy 
carbon electrode under these catalytic conditions.  
Moreover, in an open cell set up, NH4

+ is reduced 
to NH3 and ½ H2 at the counter electrode that 
serves as the cathode in the electrochemical cell 
used for CPE experiments. 

DFT studies allow a mapping of the energetic landscape for the productive 
transformations that enable oxidation of ammonia to hydrazine.  Importantly, the highest 
energy step is deprotonation of {[CuII]-NH3}+ to form [CuII]-NH2, consistent with 
electrochemical rate data. Curiously, binding of NH3 to {[CuII]-NH3}+ to form 
{[CuII](NH3)2}+ is a bit uphill, but this bisammine complex is very difficult to 
deprotonate to [CuII](NH2)(NH3).  Thus, the reversible redox wave we observe with 
increasing intensity as the ammonia concentration is increased from 0.5 – 1.3 M signals 
the formation of the {[Cu](NH3)2}0/+ redox couple.  
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Lastly, addition of small, increasing amounts of DBU – a non-coordinating, strong base – 
also enhances the rate of electrocatalysis, signaling that deprotonation of {[CuII]-NH3}+ is 
likely the turnover limiting step. 

Ammonia oxidation via ferrocene derivatives 
Ferrocenium (Fc+) stoichiometrically and catalytically oxidizes NH3 to N2.  While first 
order in [Fc+], kinetic studies reveal a mixed 2nd / 3rd order in [NH3]:  rate = (k2[NH3]2 + 
k3[NH3]3)[Fc+].  Additionally, there is evidence for ion pairing with the PF6

- anion as the 
observed rate exhibits an inverse first-order dependence on [PF6]-. Employing simple 
ferrocene derivatives that include 1,1’-dimethylferrocene (1,1’-Me2Fc) and the sulfonated 
species 1,1’-Me2FcSO3K, this electrocatalytic system that generates N2 exhibits modest 
overpotentials (0.81 - 0.94 V) for catalytic ammonia oxidation compared to other 
reported molecular electrocatalysts. Perhaps more importantly, some of these robust 
catalysts operate in energy-dense, liquid ammonia in which many coordination 
compounds would be converted to Werner complexes [M(NH3)6]n+ inactive towards 
ammonia oxidation. 

We interpret the 2nd and 3rd order dependence of [NH3] in stoichiometric ammonia 
oxidation to reflect the need to pre-assemble ammonia dimers [NH3•NH3] and trimers 
[NH3•NH3•NH3] around ferrocenium prior to 1-electron oxidation. While the B3LYP 
level of theory predicts that the formation of these aggregates are endergonic at +6 and 
+13 kcal/mol, respectively, they are much easier to ionize than free NH3 giving overall 
thermodynamic barriers of 25.0 and 26.7 kcal/mol vs. the Fc+/Fc couple in MeCN.  

We have recently discovered that DMSO is a useful solvent for electrocatalytic ammonia 
oxidation due to its ability to support higher concentrations of ammonia at room 
temperature. In the presence of 0.1M [Bu4N]PF6 as electrolyte, DMSO enables formation 
of 2.4 M saturated solutions of ammonia at 1 atm NH3 whereas MeCN only allows 1.3 M 
saturated solutions. 
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Ammonia oxidation via ferrocenes with pendant amine arms 

We have begun to explore strategies to encourage NH3 to engage in related H-bonding 
interactions near the ferrocenium catalyst that could accelerate ammonia oxidation by 
thermodynamically lowering the oxidation potential of NH3 while accelerating outer-
sphere electron transfer. Tethering of an oxidation of a 2-pyridyl group to ferrocene in 
pyFc results in a much more active ammonia oxidation catalyst than ferrocene alone. Due 
to the slightly greater electron-richness of the iron center, the onset potential for ammonia 
oxidation is lower at ca. -0.120 V vs. Fc+/Fc corresponding to a lower overpotential for 
ammonia oxidation  = 820 mV. 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] with 
TOFmax = 125 h-1 ([NH3] = 2.4 M). Moreover, we observe a primary kinetic isotope effect 
kH/kD = 2.05(8) in electrocatalysis of NH3 and ND
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Enabling rates much higher than ferrocene alone, the pendant pyridyl group plays a 
crucial role in ammonia oxidation. We hypothesize that ammonia engages in H-bonding 
with the pendant pyridyl group [py…H-NH2] near the ferrocene center. Once the 
ferrocene center is oxidized, this interaction facilitates proton-coupled electron transfer 
(PCET) of this H-bonded entity to form a pyridinium cation H-bonded to an amidyl 
radical [pyH…NH2]+/• that enables rapid N-N bond formation to give H2N-NH2 that is 
rapidly oxidized to N2 under electrocatalytic conditions.  

Survey of a small range of pyridyl substituents reveal that the use of more electron-rich 
pyridine groups both enhances the rate and lowers the overpotential. Moreover, the 
experimentally measured isotope effect decreases with increasing electron-richness of the 
pyridyl substituents. We view this as a combination of an equilibrium thermodynamic 
isotope effect that favors H-bonding by electron-rich pyridine groups (KH/KD < 1) 
preceding the PCET step with a primary kinetic isotope effect (kH/kD > 1).   

These studies reveal the profound effect that H-bonding of ammonia to a base can have in 
electrocatalytic ammonia oxidation, suggesting the possibility of metal-free catalysts that 
take advantage of this interaction near an anode surface. 
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Linking operando spectroscopy with microkinetic modeling to unravel the 
catalytic mechanism for CH4 oxidation on IrO2(110) 
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3William G. Lowrie Chemical & Biomolecular Engineering, The Ohio State University, Columbus, OH 43210, USA 
 

Operando surface spectroscopy can play a key role in developing first-principles microkinetic 
models that accurately represent the mechanism of heterogenous catalytic reactions and identify 
the roles of various surface species in the catalytic chemistry. The kinetics of the catalytic oxidation 
of CH4 on the IrO2(110) surface was investigated both experimentally and using a first-principles 
microkinetic model that was revised to incorporate pathways for the formation of CHO2 surface 
species observed under catalytic conditions using high-resolution, ambient pressure x-ray 
photoelectron spectroscopy (AP-XPS). Our results show that including pathways for surface CHO2 
formation is necessary for reproducing observations of a transition from CH4 promotion to 
inhibition of the catalytic oxidation rate on IrO2(110) as the reactant mixture becomes enriched in 
CH4 as well as the formation of high coverages of surface CHO2 and HO species during the 
catalytic reaction. Analysis of the microkinetic simulations reveals that the catalytic oxidation of 
CH4 on IrO2(110) occurs through a pathway in which CH4 oxidizes to adsorbed CO prior to CO2 
and H2O formation while surface CHO2 species inhibit this pathway by occupying active surface 
sites. Only modest destabilization of the dominant CHO2 surface species is needed to significantly 
improve agreement between the simulated and experimentally-determined kinetics and species 
coverages, demonstrating the critical role of CHO2 in influencing catalytic CH4 oxidation on 
IrO2(110). This study shows how operando AP-XPS measurements and molecular simulations can 
be used cooperatively to develop a mechanistic description of a complex heterogeneous catalytic 
reaction in which the roles of various surface species are accurately determined. 
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Key questions include: how does an applied force of tension to a 
ligand affect reactivity in the various elementary steps and catalytic processes? What types 
of ligands, metals, and reactions are most susceptible to mechanical perturbation? And 
ultimately, what materials are the most promising supports for bulk multi-state 
mechanocatalysis? 
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Hongliang Xin 
 

Infusing Theory into Deep Learning for Advancing Catalysis Science 
 

Hongliang Xin 
Virginia Tech 

 
Presentation Abstract 

 
Finding catalytic materials with optimal properties for sustainable chemical and energy 
transformations is one of the pressing challenges faced by 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. In this poster, we present an 
interpretable ML framework for accelerating catalytic materials design, particularly in driving 
sustainable carbon, nitrogen, and oxygen cycles. We will discuss existing challenges and 
opportunities of ML in predicting catalytic materials, and more importantly, on advancing catalysis 
theory beyond conventional wisdom. We envision future directions in developing highly accurate, 
easily explainable, and trustworthy ML strategies, facilitating the maturation of the data science 
paradigm for sustainability through catalysis. 
 
Grant or FWP Number:  
Interpretable Deep Learning of Interfacial Electrokinetics (DE-SC0023323) 
 
PI: Lead PI(s) Name(s) (include only if different from above) 
Postdoc(s): Name(s) 
Student(s): Yang Huang, Shih-Han Wang 
Affiliations(s): (include only if different from above) 

 
RECENT PROGRESS 

 
Interpretable Deep Learning for Predicting Electronic Descriptors of Metal Surfaces upon 
Perturbation 
Predicting the electronic structure of materials is crucial for understanding their physicochemical 
properties. We developed an interpretable deep learning approach to accurately predicting the d-
band characteristics of transition and noble metal surfaces as well as capturing the quantum-
mechanical effects governing its modification based on a graph neural network and the semi-
empirical tight-binding theory. Integrating the tight-binding theory into graph neural networks 
within the framework of interpretable deep learning creates predictive models of the d-band 
characteristics of transition and noble metal alloys, and provides a unified framework of 
interpreting the underlying physical factors governing its variation. Compared to purely data-driven 
graph neural networks, the TinNet model attains similar accuracy while being intrinsically 
interpretable in terms of underlying factors of the electronic structure. Application of the TinNet 
models for a broad range of alloy systems provides deeper insights of commonly referred strain 
and ligand effects. Several surface alloy systems are utilized for a quantitative demonstration of the 
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new understanding via SHAP attribution analysis. The framework provides a systematic way of 
enriching theory by learning from data.  
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Zhenzhen Yang 
Engineering nanostructured interfaces of hexagonal boron nitride-based materials towards 

enhanced catalysis 
Zhenzhen Yang,1 Meijia Li,1 Zili Wu,1 Miaofang Chi,1 De-en Jiang,2 Sheng Dai1 

1Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN, 37831, USA; 
Email: yangz3@ornl.gov; 2Department of Chemical and Biomolecular Engineering, Vanderbilt 

University, Nashville, TN 37235, USA. 
The catalysis procedures involving small gas molecules (e.g., H2 and CO2) promoted by earth-

abundant metal-free catalysts is an attractive and challenging subject. Recent advances in utilizing 
hexagonal boron nitride (h-BN) as a metal-free catalyst in oxidative dehydrogenation of propane 
have triggered broad interests in exploring h-BN in catalysis.[1] However, h-BN-based materials as 
robust nanocatalysts in heterogeneous catalysis are still underexplored because of the limited 
methodologies capable of affording h-BN with controllable crystallinity, abundant porosity, high 
purity, and defects engineering, which played important roles in tuning their catalytic performance. 
Herein, our recent progress to address the above issues will be highlighted, including the synthesis 
of high-quality h-BN-based nanomaterials via both bottom-up and top-down pathways, and their 
catalytic utilization as metal-free catalysts or as supports to tune the interfacial electronic properties 
on the metal nanoparticles (NPs). First, we will focus on the fabrication of h-BN nanosheets (h-
BNNS) in large-scale with high crystallinity, improved surface area, satisfactory purity, and tunable 
defects. h-BN derived from the traditional approaches using boron trioxide and urea as the starting 
materials generally contains carbon/oxygen impurities and shows low crystallinity. Several new 
strategies were developed to address the issues. Amorphous h-BN precursors could be converted 
to h-BN nanosheets with high crystallinity assisted by a magnesium metallic flux via a successive 
dissolution/precipitation/crystallization procedure.[2] The as-fabricated h-BNNS were featured by 
high crystallinity and purity, as well as abundant porosity. An ionothermal metathesis procedure 
was developed using inorganic molten salts (NaNH2 and NaBH4) as the precursors.[3-4] The h-BN 
scaffolds could be produced in large-scale with high yield, and the as-afforded materials possessed 
high purity and crystallinity. Second, utilization of the as-prepared h-BN library as metal-free 
catalysts in dehydrogenation and hydrogenation reactions will be summarized, in which they 
exhibited enhanced catalytic activity over the counterparts from the previous synthesis method.[3, 5] 
Third, the interface modulation between metal NPs with the as-prepared defects abundant h-BN 
support will be highlighted.[6] Across all these examples, unique insights into structure-performance 
relationship and the structure engineering towards activity and selectivity control will be 
highlighted. 

Research 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. 
For a full description of recent progress see Extended Abstract for ERKCC96. 
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Selective Oxidation of Oxygenates with Well-Defined Gold-Based Surface Catalytic 
Sites 

Francisco Zaera 
Department of Chemistry and UCR Center for Catalysis, University of California, 

Riverside CA 92521. 

Presentation Abstract 

The long-term objective of our project is to address the issue of selectivity in oxidation 
reactions of organic oxygenates by using well-defined gold-based catalysts.  Gold, in 
nanoparticle (NP) form and in contact with reducible oxides, have been shown to be quite 
active as a catalyst and to promote oxidations under mild conditions and using O2 as the 
oxidizing agent.  Given the central roles that the size of the Au NPs and the details of the 
metal-oxide interface play in defining catalytic performance, here we focus on controlling 
those by using a combination of self-assembly synthetic methods to deposit Au NPs and 
atomic layer deposition (ALD) to grow oxide films of well-defined thicknesses.  In this 
first year of the project we have made great progress on the ALD of titania films on a 
silica mesoporous material (SBA-15), the thickness of which could be controlled down to 
the submonolayer level.  The uniformity of the films was assessed using absorption-
desorption isothermal measurements, the mechanism of the film growth inferred from 
29Si solid-state NMR data, and their reducibility evaluated by EPR.  Separatetly, initial 
experiments have been performed on the deposition of Au NPs with narrow size 
distributions in the 2 - 5 nm diameter range.  The performance of these catalysts has been 
tested for the oxidation of carbon monoxide.  It was determined that the addition of 
titania indeed enhances the Au oxidation activity, and that the order in which the two 
phases are deposited on the SBA-15 support, Au or TiO2 first, also affect catalytic 
performance.  The reasons for this are been explored at the present time. 

DE-SC0023119: Selective Oxidation of Oxygenates with Well-Defined Gold-Based 
Surface Catalytic Sites 

PI: Francisco Zaera 
Graduate Student(s): Wang Ke, Yihan Zhou 
Undergraduate Student(s): Colin Smith, Eugene Kwon 

RECENT PROGRESS 

Overall Objectives 
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The long-term objective of our project is to address the issue of selectivity in oxidation 
reactions with oxygenates by using well-defined gold-based catalysts.  Our central 
hypothesis is that the self-assembly synthesis of metal nanoparticles (NPs) and the atomic 
layer deposition (ALD) of metal oxide thin films can be combined to design novel 
multicomponent metal/oxide surface sites on solid materials to target specific oxidation 
catalysis.  We follow a three-prong approach to:

• Synthesize novel Au-based catalysts for the selective oxidation of oxygenates,
• Characterize their catalytic sites at a molecular level, and
• Evaluate their catalytic performance.

We aim to: 

• Use self-assembly plus ALD synthetic approaches to create unique interfaces,
to exert control on the size of the metal NPs and on the thickness and
composition of the oxide films;

• Use a combination of characterization techniques (IR, XPS, NMR, EPR,
electron microscopy, adsorption-desorption isotherms) to evaluate the nature
of the sites made by our synthetic approach; and

• Test the performance of our newly created catalysts for the partial oxidation of
alcohols and multifunctional oxygenates, focusing on biomass feedstocks.

Recent Results

Fig. 1.  Characterization of titania films grown on SBA-15 by atomic layer deposition (ALD).  Left: 29Si 
CP/MAS NMR versus number of TiO2 ALD cycles.  Right: EPR spectra for the 4-ALD-cycles sample 
after reducing and oxidizing treatments.
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In our initial work, the redox properties of titania films grown by ALD on SBA-15, a 
silica-based mesoporous material with one-dimensional pores of approximately 6-7 nm in 
diameter, were characterized as a function of thickness (the number of ALD cycles used).  
29Si CP/MAS NMR (Figure 1-left) helped 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 (Figure 1-right) and in situ with ambient-
pressure XPS.  It was determined that the titania ALD films are amorphous and easier to 
reduce than crystalline titania, and that the reduction is reversible.  A transition in the 
nature of the surface was also 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.  This research was published in The Journal of Physical 
Chemistry Letters.1

We have also been looking into ways to deposit gold nanoparticles on oxide supports 
with small average diameters and sharp size distributions.  The initial work has been 
carried out on SBA-15.  The most promising synthetic approach so far has been one that 
relies on a previous derivatization of the silica surface with amine groups using the well-
established grafting of 3-aminopropyl triethoxysilane (APTES).  Gold is then added using 
HAuCl4 and reduced with NaBH4, after which a final calcination is carried out.  We have 
found that the latter two steps, the reduction and the calcination of the catalyst, are the 
most influential in determining the size and dispersion of the Au NPs.  We have had 
some initial successes, having been able to synthesize catalysts with Au NPs as small as 
2.4 nm in diameter (Figure 2), but we still need to control size in a more systematic way 
and extend the synthetic procedure to other surfaces, in particular to titania.

Fig. 2.  Synthesized Au/SBA-15 catalysts with varying NP sizes.
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In terms of reactivity, we have initiated our evaluation of the catalysts by measuring the 
kinetics of the catalytic oxidation of carbon monoxide. Both orders of deposition, with 
TiO2 added either before or after Au dispersion, were tested for two titania film 
thicknesses amounting to about half and full TiO2 monolayers. The resulting catalysts 
were characterized using various techniques, mainly electron microscopy and N2
adsorption-desorption isotherms, and the kinetics of the oxidation of CO with O2 were 
followed using infrared absorption spectroscopy.  Typical kinetic results are shown in 
Figure 3. A synergy between the Au and TiO2 phases as it relates to the bonding and 
conversion of CO was identified, the tuning of which could be controlled by varying the 
synthetic parameters. The ALD of TiO2 films proved to be an effective way to maximize 
the Au-TiO2 interface sites, and with that help with the activation of molecular oxygen.  
This work has been published as an invited feature in the journal Catalysts.2
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(2) Qin, X.; Ke, W.; Vazquez, Y.; Lee, I.; Zaera, F. CO Oxidation Catalyzed by Au
Dispersed on SBA-15 Modified with TiO2 Films Grown via Atomic Layer
Deposition (ALD). Catalysts, 2023; Vol. 13; pp 1106.

Fig. 3.  Kinetics of CO oxidation promoted by a (2 ALD-TiO2)/Au/SBA-15 catalyst as a function of 
temperature.  Left: CO pressure versus time.  Center: CO2 pressure versus time.  Right: CO (blue 
symbols, negative values) and CO2 (red symbols, positive values) pressure change rates versus time. 
Initial CO and O2 pressures: 50 Torr each.
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Heterostructure Interfaces for Electrocatalytic Oxygen and Hydrogen Evolution 
Reactions

Sen Zhang 
Department of Chemistry, University of Virginia

Presentation Abstract

Deep decarbonization of the energy sector needs green hydrogen (H2) from water 
electrolysis to complement renewable electricity. Nanocrystals with well-defined surfaces 
and interfaces allow us to bridge the knowledge gap between conventional single-crystal 
bulk materials and powder catalysts to achieve in-depth understanding of structure-
catalytic property relationships. This presentation highlights how heterostructure interfaces 
of nanocrystals affect catalytic properties for the oxygen evolution reaction (OER) and the 
hydrogen evolution reaction (HER) for hydroxide exchange membrane water electrolysis
(HEMWE). In the first example, Pt nanoparticles are coupled with ultra-thin Ce2O3 
nanosheets to modulate the electronic state of Pt for the HER. Upon the formation of Pt-
Ce2O3 interface, Pt become electron-deficient due to electron transfer to the Ce2O3 
nanosheets, thereby decreasing the hydrogen adsorption energy and improving the HER 
activity. In the second example, NiFeOOH-TiO2 heterostructured nanocrystals are 
synthesized, and the unique NiFeOOH-TiO2 heterostructure makes NiFeOOH stabilized in 
the surface of TiO2 nanorods in a form of well-defined nanoclusters (~1 nm) for the OER. 
The integration of controlled synthesis of nanocrystals, in situ structural characterization, 
and advanced theoretical calculation enables to understand the reaction mechanism as well 
as the interfacial effects on the OER and HER catalysis.

Grant or FWP Number: DE SC0023443: Fundamental Studies of Catalytic Sites 
and Catalyst/Membrane Integrations for Advanced Hydroxide Exchange Membrane 
Electrolyzers

PIs: Sen Zhang, Brent T. Gunnoe, Charles Machan, Huiyuan Zhu, Jingguang G. Chen, 
William A. Goddard III, Yushan Yan
Postdocs: Macarena Alférez, Yizhen Chen, Qiang Gao, Soonho Kwon, Sameeta Sahoo, 
Wenjuan Shi, Zhenhua Xie
Students: Elizabeth Johnson, Mollie Morrow, Charles Musgrave, Nathaniel Nichols, 
Alexandra Oliveira, Chris Webber, Yuanqi Liu, Shen‐Wei Yu
Affiliations: University of Virginia, Columbia University, California Institute of 
Technology, University of Delaware

RECENT PROGRESS

Heterostructured nanocrystal OER catalysts 
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PGM‐free OER electrocatalyst is critical to the development of advanced HEMELs. The 
NiFeOOH-TiO2 heterostructured nanocrystals were synthesized via wet-chemical colloidal 
synthesis. As shown in Fig. 1a 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 ratio tunable) catalysts, as well as monometallic FeOx-TiO2
and NiOx-TiO2 catalysts. 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

catalyst was found to show enhanced Ni-Ti and Fe-Ti interaction when the potential 
becomes more positive. The NiFeOOH/TiO2 OER catalyst was implemented at the anode 
of a single-cell HEMEL. The NiFeOOH-TiO2 was air-sprayed onto commercial Ni foam, 
and 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. 1c and d.

Figure 1. a-c. Scanning transmission electron microscopy (STEM) images (a) and electron 
energy loss spectroscopy (EELS) elemental mapping of NiFeOOH-TiO2 nanorods (b, c). 
Model in a indicates the heterostructure. d-e. AEM single cell (5 cm2) assembled with 
NiFeOOH-TiO2 anode (loaded on Ni foam), PtRu cathode, and PAP-TP-85 membrane (1 
M KOH, 60 oC), and its comparison with the one with Ni foam anode. Stability test in e 
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was conducted at 200 mA cm-2 first for 120 hours and then 500 mA cm-2 for 640 hours for 
the cell with NiFeOOH-TiO2 anode. 

Monolayer Pt and Au HER catalysts
Mono-layer Pt and Au on transition metal nitrides (TMNs) supports have been developed 
for the HER catalysis. 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. We 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-Ce2O3 HER catalyst
Using non-carbon support with strong metal-metal oxide support electronic interaction is 
a promising strategy to improve Pt HER efficiency. However, the relative low conductivity 
of metal oxides is a significant barrier for their application in electrocatalysis. 2D Ce2O3
nanosheets with a thickness of 1-2 atomic layers and well-defined (100) basal plane were 
developed. Such a 2D Ce2O3 was used to uniformly coat commercial Vulcan carbon to 
form a new supporting material. Due to the ultrathin structure of Ce2O3, the electrical 
conductivity of Ce2O3-coated Vulcan carbon is comparable to uncoated carbon, and it 
offers a functional surface to tune Pt energetics and catalytic properties. In alkaline 
condition, Pt supported on Ce2O3-carbon presented a substantially enhanced activity for 
the HER. Based on the well-defined interfacial structure, DFT calculation was used to 
understand HER kinetics and compare it with unmodified Pt. 
Co and Ni corroles HER catalysts
Corroles are a ring-truncated version of porphyrin and as a result are trianionic supports, 
rather than dianionic. 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, we are developing strategies to 
immobilize these complexes onto carbon through covalent binding to make heterogeneous 
materials for the HER.
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C-H Amination/Aza-Cope Depolymerization of Diene Polymers

Aleksandr V. Zhukhovitskiy, Maxim Ratushnyy, and Sydney E. Towell
Department of Chemistry, University of North Carolina at Chapel Hill

Presentation Abstract

Accumulation of rubber materials has been unsustainable on a global scale. To address this 
major challenge, we are developing approaches to depolymerize rubber into value-added 
nitrogen-containing small molecules. Our central strategy hinges on two chemical 
transformations: allylic C-H amination of unsaturated polymer backbones and subsequent 
aza-Cope rearrangement, which leads to conversion of an all-carbon polymer backbone 
into a polyiminium chain that readily undergoes hydrolysis. With respect to the first 
transformation, I will discuss our advances in accelerating catalytic C-H amination using 
selenium catalysis, as well as development of highly efficient and chemically simple 
stoichiometric sulfur-based aminations. With respect to the second transformation, I will 
present our most recent results on the depolymerization of aminated polybutadiene. I will 
end on most recent work which is focused on translating the amination/aza-Cope reactivity 
to vulcanized rubber.

: 
amines via skeletal rearrangement
Postdoc(s): Maxim Ratushnyy

(s): Sydney E. Towell

Figure 1. Summary of the proposal aims.
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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.

Aim 1:
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. , 142 (39), 16716–16722). Catalyst loading could 
be reduced by a factor of 3 compared to the methodology utilized by Michael and 
coworkers (which was 15 mol%), and the reaction rate is still ~10 times higher. We plan 
to explore the substrate scope and regioselectivity of this amination and apply it to 
polybutadiene. Furthermore, we attribute the difference in reactivity to the more pi-acidic 
saturated 1,3-dimethylimidazolidine N-heterocyclic carbene (NHC) ligand compared to 
the unsaturated 1,3-dimethylimidazoline NHC ligand utilized by Michael. This insight 
points the way to more active yet C-H amination catalysis. We have also begun to study 
the mechanism of the selenium catalyzed amination and isolated and crystallographically 
characterized the first examples of an NHC-selenodiimide and NHC-selenoimide adducts; 
we are currently exploring whether these species are on- or off-cycle intermediates.

A. Amination kinetics monitored via 1H NMR against an internal standard. B. 
Testing the sensitivity of the catalysis to air, moisture, and catalyst loading (unless 
indicated otherwise, all experiments were carried out using 15 mol% catalyst). 

This aim has been nearly completed. We have now optimized the aza-Cope 
rearrangement/alcoholysis of a small molecule model homoallylic amine substrate, which 
leads to quantitative conversion and 96% NMR yield of target products (Figure 3). This 
chemistry has been translated to a 12-mer prepared by acyclic diene metathesis (ADMET), 
and aminated polycyclooctadiene (which is equivalent to partially aminated polybutadiene, 
Figure 4). Based on nuclear magnetic resonance (NMR) and gel permeation chromato
graphy (GPC) analysis with universal calibration, the latter (Mn = 31 kg/mol) depolymerize
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Figure 3. 1H NMR spectrum of the crude product of the optimized small molecule model 
ACR.

cleanly within 48 hours to oligomers (85% conversion, Mn = 0.3 kg/mol) with amine and 
enal end-groups (Figure 4).  

Figure 4. Optimized ACR of the aminated polycyclooctadiene model substrate, monitored 
by 1H NMR and GPC with universal calibration. 

Ratio 3 : impurity = 0.96 : 
0.04

aa b
c

d

a b
d c
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Aim 3:
Golder and Michael recently reported the use of the original Michael catalytic system to 
aminate polybutadiene (Angew. Chem. Int. Ed. , e202303115); at the same time, 
Boydston and Michael reported analogous amination of polynorbornene (Angew. Chem. 
Int. Ed. , e202303174). Although our preliminary polybutadiene amination 
experiments reported in the proposal are virtually identical to what has now been reported 
in Angew. Chem. Int. Ed. , e202303115, our more recent developments in aim (1) 
advance substantially over that chemistry. Furthermore, we found that traditional 
deprotection of the sulfonamides—critical for us to carry out aza-Cope rearrangements—
leads to an insoluble polymer, which we believe to be cross-linked through an as-of-yet 
unknown mechanism. To get around this issue, we are currently pursuing amination to 
install carbamate-protected amines, which could be cleaved without inducing undesired 
cross-linking. One approach we are using to install these carbamate-protected amines is 
using N,N'-bis(methoxycarbonyl) sulfur dimiide (DMSD), which we have already 
successfully tested on a model small molecule substrate, polybutadiene, and crushed 
vulcanized polyisoprene rubber (Figure 5). We are now beginning to test this chemistry on 
vulcanized polybutadiene.

Figure 5. Amination of cis-4-octene, cis-1,3-polybutadiene, and crushed polyisoprene 
rubber with DMSD, with corresponding NMR spectra provided on the right. Elemental 
analysis data for the rubber is provided in the illustration of the rubber structure; inset in 
the left-hand corner of these illustrations are pictures of the rubber in dichloromethane 
before and after amination.
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Guy Bertrand 
 

Mesoionic Carbenes as Catalytic Reducing Agents 
 

Guy Bertrand, Adam Vianna, Mehdi Abdellaoui, Mohand Melaimi 
UCSD–CNRS Joint Research Laboratory (IRL 3555), Department of Chemistry and 

Biochemistry, University of California San Diego, La Jolla, California, USA. 
 

Carbene-catalysis via single electron transfer (SET) pathways is in its infancy and 
limited to the involvement of Breslow intermediates as the reducing species. Consequently, 
only acylation reactions can be performed. We have developed catalytic processes via SET 
pathways using carbenes by themselves as catalytic reductants, which considerably 
broadens the scope of the chemical transformations that can be achieved. We have 
successfully achieved the carbene-catalyzed hydrogenation of anthraquinones using the 
solvent as a hydrogen donor. Currently, this transformation is carried out by hydrogenation 
with H2 using a palladium catalyst, and this is the most expensive step for the large-scale 
production of hydrogen peroxide (> 3 million tons annually). Our preliminary results show 
that mesoionic carbenes (MICs) are among the most potent organic ground state reducing 
agents known today.  
 
DESC0009376: Stable carbenes as transition metal catalyst surrogates 
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RECENT PROGRESS 
 
Cyclic (Alkyl)(amino)carbenes: Synthesis of Iminium Precursors and Structural 
Properties. 
Since their discovery in 2005, five-membered cyclic (alkyl)(amino)carbenes (CAACs) 
have found numerous applications in homogeneous catalysis. Better -donors and -
acceptors than the well-known N-heterocyclic carbenes (NHCs), these stable singlet 
carbenes own their growing popularity to the strong bonds they form with transition metals. 
To encourage further discoveries for CAACs in catalysis, we have reported a divergent, 

and easily scalable route to iminium 
precursors of CAACs, using readily 
available pre-allylated aldehydes. 
Using crystallographic data and steric 
maps, we further elaborated on the 
distinct steric properties of CAACs 
with respect to popular ligand families, 
thus providing guidelines when 
considering CAACs as ligands for 
transition metals. Our methodology 
allows for accessing CAAC 
precursors which were not available 

with the previously described routes 1 and 2. We expect that these results will foster new 
designs of CAAC ligands, including a range of chiral CAACs variants providing the use 
of pre-allylated enantiopure aldehydes. 
 
A Simple Access to Cyclic (Alkyl)(amino)carbenes Copper (I) Complexes.  
Thanks to the strong bond they form with metal centers, CAACs can stabilize both low and 
high oxidation states making (CAAC)Cu(I) complexes particularly attractive for catalysis 
and material science alike. In catalysis, we have demonstrated that these ligands trigger 
remarkable Markovnikov regioselectivity for the carboboration and silylation of terminal 
alkynes. In material science, we reported record photoluminescent properties, akin to that 
of heavy metals, with a CAAC copper carbazole complex. We also took advantage of 
CAAC’s to stabilize a reactive Cu0

2Cu1 metal cluster, which allowed for demonstrating 
absolute templating of M(111) cluster surrogates by galvanic exchange. Importantly, 
CAAC copper complexes are effective carbene transfer reagents through transmetallation, 
allowing for the preparation of a broad variety of metal complexes (e.g; Au, Ag, Pd and Ir). 
Traditionally (CAAC)Cu(I) complexes were prepared under inert atmosphere in a two-step 
sequence beginning by the deprotonation of the corresponding conjugate acid with a strong 

base (i.e. KHMDS) 
followed by the addition of 
a copper salt (e.g. CuCl). 
Continuing our ambition to 
make CAAC chemistry 
widely accessible, we have 
published a practical and 

green methodology for the preparation of (CAAC)Cu(I) chloride complexes. Indeed, these 
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complexes are readily available in good yields by simply refluxing CAACH.BF4 with 
copper chloride and sodium acetate in toluene. This methodology extends to other members 
of the CAAC family such as bicyclic (alkyl)(amino)carbenes (BiCAACs) and cyclic 
(amino)(barrelene)carbenes (CABC). The later was previously inaccessible by the free 
carbene route demonstrating the advantage of the weak base approach. Lastly, to showcase 
this methodology, we performed a multigram synthesis of a catalytically relevant CAAC 
ligand in air using ACS grade solvents and reagents. 
 
(CAAC)Copper Catalysis Enables Regioselective Three-Component Carboboration of 
Terminal Alkynes. 

Organoboron compounds play a 
unique role in the chemical sciences. 
Carbon–boron bonds can readily be 
converted into a diverse array of 
carbon–carbon and carbon–
heteroatom linkages via an ever-
expanding battery of methods, and 
organoboron molecules themselves 
possess myriad of functions in the 
context of biology and materials 
science. Copper-catalyzed borylative 
1,2-difunctionalization of alkynes is 
an established means of preparing tri- 
and tetrasubstitued alkenylboron 
targets via a mechanism involving 
migratory insertion of an alkyne into 
a Ln•CuI–boryl intermediate followed 

by coupling of the resulting Ln•CuI(alkenyl) species with an electrophile. Controlling the 
regioselectivity of these processes in a way that grants access to either regioisomer in a 
predictable manner remains challenging. With terminal alkynes, the vast majority of 
catalytic systems deliver the boryl group to the terminal (β) position, restricting access to 
the opposite alkenylboron regioisomers. 
We have extended our investigations of (CAAC)Cu–boryl catalysis to the three-component 
carboboration of terminal alkynes and have found that high levels of α-selectivity are 
maintained across different carbon electrophiles, including allyl electrophiles, which have 
not been previously employed in an α-selective reaction system. The generality of the 
method across different alkyne substrates offers a convenient means of preparing tri-
substituted alkenylboron compounds with established utility in organic synthesis. 
Highly Robust and Efficient Blechert-type Cyclic(alkyl)(amino)carbene Ruthenium 
Complexes for Olefin Metathesis 
Olefin metathesis represents an eco-friendly and highly versatile synthetic tool to build 
plethora of valuable building blocks. Thanks to the development of bench stable well-
defined ruthenium-arylidene complexes, this catalytic reaction is intensively used in 
polymer chemistry and fine chemistry but has also found applications in the valorisation 
of the biomass and the depolymerisation of polyethylene. Despite these remarkable 
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achievements, the quest for more efficient Ru-complexes remains a very active research 
topic across academia and industry.

This year, we reported the first 
Blechert-type ruthenium 
complexes containing 

cyclic(alkyl)(amino)carbene 
(CAAC) ligands. These 
catalysts demonstrate 
remarkable thermal stability in 
solution and excellent catalytic 
performances at low catalytic 
loading (up to 0.005 mol%) in 
ring-closing metathesis 
(RCM), macro-RCM, ring-
closing enyne metathesis 
(RCEYM), cross-metathesis 

(CM) and ring-opening cross metathesis (ROCM). Moreover, up to 95% ee was obtained 
in asymmetric olefin metathesis.
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Presentation Abstract 

 
The majority of catalytic behaviors or polymer properties can arise from minor 
components—for example, <<1% of catalytically active materials, or bulk properties 
arising from the differential solvation behaviors of minor components of heteropolymers.  
Yet, most analytical techniques provide information about only the major compoenents in 
mixtures. Here, chemical imaging, with an emphasis on fluorescence microscopy, 
including fluorescence lifetime imaging microscopy, is developed to bridge these gaps. 
The resulting data inform on catalytic polymerization progress, provide methods to monitor 
reactions, and underpin the development of more efficient catalytic reactions.  
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Postdoc(s): Or Eivgi 
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RECENT PROGRESS 

 
A General Autofluorescence Method to Characterize Polymerization Progress 
An autofluorescence technique to characterize polymerization progress in real time/in line 
was developed, which functioned in the absence of typical fluorogenic groups on the 
monomer or polymer. The monomer dicyclopentadiene and polymer 
polydicyclopentadiene are hydrocarbons that lack traditional functional groups for 
fluorescence spectroscopy. Here, the autofluorescence of formulations containing this 
monomer and polymer during ruthenium-catalyzed ring-opening metathesis 
polymerization (ROMP) was harnessed for reaction monitoring. The methods fluorescence 
recovery after photobleaching (FRAP) and here-developed fluorescence lifetime recovery 
after photobleaching (FLRAP) characterized polymerization progress in these native 
systems—without requiring exogenous fluorophore. (Auto)fluorescence lifetime recovery 
changes during polymerization correlated linearly to degree of cure, providing a 
quantitative link with reaction progress. These changing signals also provided relative rates 
of background polymerization, enabling comparison of 10 different catalyst–inhibitor-
stabilized formulations. Multiple-well analysis demonstrated suitability for future high-
throughput evaluation of formulations for thermosets. The central concept of the combined 
autofluorescence and FLRAP/FRAP method may be extendable to monitoring other 
polymerization reactions previously overlooked for lack of an obvious fluorescence handle. 
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Polymer Molecular Weight Determination via Fluorescence Lifetime 
Control of polymer molecular weight is critical for tailoring structure–function properties; 
however, traditional molecular weight characterization techniques have limited ability to 
determine the molecular weight of polymers in real-time, without sample removal from the 
reaction mixture, with spatial resolution, and of insoluble polymers. Herein, a fluorescence 
lifetime imaging microscopy (FLIM) method is developed that overcomes these limitations. 
The method is demonstrated with polynorbornene and polydicyclopentadiene, polymers 
derived from ruthenium-catalyzed ring-opening metathesis polymerization (ROMP). 
Polymer Mw, ranging from 35–570 kg/mol as determined by GPC, was quantitatively 
correlated with fluorescence lifetime. The revealed correlation then enabled time-resolved 
measurement of Mw during an ongoing ROMP reaction, requiring only 1 s per measurement 
(of a 45 x 45 mm2 polymer sample area), and provided spatial resolution, resulting in 
simultaneous characterization of polymer morphology. To provide fluorescence signal, 
initial reaction solutions contained a very low doping of a reactive norbornene monomer 
labeled with fluorescent boron dipyromethene (BODIPY), such that 1 in every 107

monomers contained a fluorophore. The resulting FLIM visualization method enables the 
rapid determination of the molecular weights of growing polymers without removal from 
the reaction mixture and regardless of polymer solubility.
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Strong Bond Activation by Earth-Abundant Metal Complexes 

Presentation Abstract 

The activation of strong bonds by Earth-abundant is critical to the efficient utilization of 
existing hydrocarbon resources as well as the development of carbon-free fuel sources. To 
these ends, individually and in collaboration with other DOE-BES Catalysis Program PIs, the 
activation of other strong bonds by Earth-abundant catalysts has been studied via the synergism 
of theory (our group) and experiment. A promising mechanism of methane activation is via the 
concerted metalation-deprotonation (CMD) pathway, which has been largely limited to heavy 
metals and functionalized substrates. In DFT studies, CMD activation of methane is modeled 
employing Earth-abundant 3d transition metals, to assess the effects of metal identity, formal 
oxidation state, supporting ligands, etc. to understand how such factors impact the kinetics and 
thermodynamics of methane C—H activation via CMD mechanisms. A comparison of 
computational methods has also been performed to accomplish a wider scan of potential 
catalyst candidates.  

DE-FG02-03ER15387: Development of Novel Approaches to Earth-abundant 
Methane Catalysis 

Student(s): Cooper Kimbrough (PhD), Ignacio Migliaro (PhD), Dr. William Grumbles 
(past PhD). 

RECENT PROGRESS 

Methane activation and functionalization still poses a challenge to make this abundant 
alkane, the primary component of natural gas, into a more useful and economic resource. 
One possible method of methane activation is via the concerted metalation-deprotonation 
(CMD) pathway, which has been largely limited to heavy metals and functionalized
substrates. In this DFT study, a CMD activation of methane is assessed employing more
Earth-abundant 3d transition metals, to assess the effects of metal, ligands, etc. to
understand how such factors impact the kinetics and thermodynamics of methane C—H
activation via CMD mechanisms. A comparison of computational methods has also been
performed to accomplish a wider scan of potential catalyst candidates. Finally, in
collaboration with other DOE-BES Catalysis Program PIs, the activation of other strong
bonds by Earth-abundant catalysts has been studied via the synergism of theory (our group)
and experiment.
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A series of Earth-abundant 3d transition metals were utilized in a concerted 
metalation deprotonation (CMD) reaction to activate methane. The ligand environments 
remained the same, but the metal, multiplicities, and computational methods changed to 
assess the results vis-à-vis  the calculated thermodynamics and kinetics of the activation 
reaction, see figure above. The multi-state reactivity of the metals proved to be a very 
important factor as several metals had significantly higher or lower activation energy 
barriers as a result of being in low, intermediate, or high spin states, particularly in the 
cases of manganese and nickel. For some other metals, CMD-mediated methane activation 
free energy barriers were less affected, e.g., cobalt. Comparing the different levels of theory, 
some discrepancies were noted, as a result additional comparisons were warranted for each 
metal to find an acceptable balance of accuracy and computational cost. In the end it was 
found that a more modern DFT functional with suitable basis sets could replicate much 
more expensive coupled-cluster methods for methane CMD, albeit with a few caveats. For 
example, high spin states were much more sensitive to the level of theory as compared to 
intermediate and low spin states. As expected, more rudimentary DFT functionals such 
LSDA, which were tested to see if they might be viable for a quick scan of the many 
possible CMD candidates, gave unreliable energy predictions in relation to DLPNO-
CCSD(T). However, optimized geometries were reliable. Thus, such methods could be 
used to quickly obtain starting points for calculations with higher-order DFT functionals, 
or to provide an initial scan of metal and ligand dependent trends within a larger catalyst 
search space.

For future studies, a deeper analysis of supporting ligand effects may have 
substantial impact on lowering the activation energy barriers for the methane activation as 
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currently they are very high for all accurate calculations, G  >30 kcal/mol. More metals 
could be trialed, but cobalt has proved to be most promising then manganese emerging as 
the best options for further research, yielding methane activation barriers commensurate 
with those seen for precious metal systems that activate via the CMD mechanism.  
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Kozinsky, Boris 
 

Machine learning for accelerated understanding of dynamic catalysis 
 
 

Presentation Abstract 
 
Detailed mechanistic understanding and ability to control the atomistic dynamics and 
interfacial reactions between the gas-phase and solid surfaces are crucial for improving 
catalytic systems. Industrially important examples include H2 exchange and CO oxidation 
on nanoparticles (NPs), which lead to markedly different particle behaviors, and 
mesoscopic surface reconstructions. To gain atomistic insights into adsorbate-induced 
structural transformation phenomena, we employ a combination of MD based on first-
principles machine-learned force fields (MLFFs) with extended X-ray absorption fine 
structure (EXAFS) measurements. Bayesian machine learned force fields (MLFFs) with 
quantum-mechanical accuracy are used to perform MD simulations for freestanding 
metal nanoparticle systems (e.g., Pt and PdAu), as well as to study the effects of gas 
exposure (e.g., H2 and CO) on NP dynamics and structure at the length- and timescales 
relevant for realistic catalytic systems. Experimental EXAFS is used to inform and 
validate the MLFF models that are used in long time-scale MD simulations. EXAFS is 
calculated and averaged over the MD trajectories to produce MD-EXAFS. The MD-
EXAFS is then compared to experimental EXAFS of well-defined systems collected over 
various temperatures and reactive conditions. 
 
 
DE-SC0022199: Machine learning for accelerated understanding of dynamic 
catalysis 
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John Francis Kuper Limtiaco 

Advancing towards energy self-sufficiency in Guam and Micronesia 

John Francis Kuper Limtiaco 
University of Guam, College of Natural and Applied Sciences 

Presentation Abstract 

Seawater is a major reservoir of hydrogen (H2), considered to be the critical clean energy 
carrier necessary for achieving sustainable social development. However, the high salt 
content and presence of organic matter in seawater and their interference in the electrolysis 
reaction makes the direct utilization of seawater difficult. This challenge is particularly 
relevant for Guam, an island in the Western Pacific, where its remote location makes the 
delocalized electrochemical production of H2 and other potential energy carriers a 
promising strategy for energy self-sufficiency. Through our engagement with Pacific 
Northwest National Laboratory (PNNL), University of Guam (UOG) students and early-
stage investigators participate in fundamental research aimed at understanding the 
complexity of the electrode/liquid interfaces and controlling reaction pathways for the 
electrochemical evolution of H2 and oxygen, and prevalent side reactions, under the 
conditions of seawater electrolysis. 
In the summer of 2023, two undergraduate students from UOG were recruited to participate 
in a 10-week internship at PNNL with the goal of developing a fundamental understanding 
of the cathodic transformations, focusing primarily on the routes for the H2 evolution 
reaction as well as competing electrochemical reduction reactions. Students and faculty 
were trained by PNNL scientists on the use of equipment to measure and evaluate 
electrochemical performance using model solutions. Through planned activities designed 
to teach the fundamentals of heterogenous catalysis and electrochemistry, students gained 
an understanding of the complexity of the electrode/liquid interface via experiments 
performed to investigate changes in electrochemical performance at the cathode surface, 
resulting from electrolyte concentration, electrochemical cell geometry, and solution pH.  

DE-SC0023652: Controlling reaction pathways under the non-ideal conditions of 
seawater electrolysis. 

Student(s): Anna Lhyn Mallari and Merry Jubilaine Remetira 
Affiliations(s): University of Guam, College of Engineering 
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James R. McKone 

Catalytic PCET on Transition Metal Oxides: From Molecules to Materials 

James R. McKone, University of Pittsburgh 
Giannis Mpourmpakis, University of Pittsburgh 

Ellen Matson, University of Rochester 
Veronica Augustyn, North Carolina State University 

Ethan Crumlin, Lawrence Berkeley National Laboratory 

Presentation Abstract 

Our research consortium is pursuing fundamental science to support the development of 
carbon-neutral hydrogen technologies, with a focus on critically comparing the ways in 
which molecular and extended catalysts activate and transfer reactive hydrogen via proton-
coupled electron transfer (PCET). Our work is specifically directed at understanding 
hydrogen activation and oxygen reduction on tungsten oxides, including molecular 
polyoxotungstates and extended tungsten-oxide nanomaterials. Several studies are in 
progress as of the end of the first of three project years. The first comprises multimodal 
characterization and quantum chemical simulations of hydrogen activation in WO3·nH2O 
(where n = 0, 1, and 2) via hydrogen insertion and hydrogen spillover. Results to date 
suggest significant differences between redox reactions at surface and bulk sites with 
distinct implications for catalytic reactivity via hydrogen and/or oxygen transfer. A second 
set of studies comprise comparative investigations of structural transformations and 
thermochemistry of PCET to/from molecular clusters and extended WOx nanomaterials. 
Finally, significant ongoing work is directed at studying catalytic hydrogen transfer on 
WOx molecules and materials under a variety of reaction conditions using both model 
compounds (e.g., TEMPO) and oxygen as molecular hydrogen acceptors. 

DE-SC0023465: From Molecules to Materials: Understanding Hydrogen Activation 
and Transfer in Metal Oxides  
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RECENT PROGRESS

Observing Surface Reactions on WO3 Undergoing Hydrogen Spillover
In work led by Crumlin, our team has undertaken a detailed investigation of the dynamics 
of hydrogen spillover reactions on the surface chemistry of WO3·nH2O (n = 0, 1, 2) using 
ambient pressure photoelectron spectroscopy (APXPS). Highlights are depicted in Figure 
1. Results to date show clear evidence for primary and secondary spillover events involving 
H-transfer at the Pt/WO3 interface and between WO3 units, respectively. APXPS data also 
show evidence for sequential reduction events as a function of temperature, as well as 
evidence for direct redox reactions between surface W sites in WO3 and ambient water 
vapor.

Figure 1. Summary of ongoing work on APXPS measurements: (a) depiction of experimental configuration at 
LBNL; (b) control data demonstrating negligible H-spillover for WO3 films exposed to H2 in the absence of Pt 
co-catalyst; (c) APXPS data collected in the W 4f and O 1s regions under H-spillover conditions.

Using Data Science to Predict Oxide Bronze Thermochemistry
In a recent study led by PI Mpourmpakis, we have proposed and benchmarked a new type 
of structural descriptor we call global connectivity that emerges from graph-based 
representations of the bonding network in oxide solids. We further showed that this 
descriptor, which encodes information about the overall “connectedness” of a periodic 
structure, can be combined with descriptors of local coordination to build statistical models 
that correlate well with experimentally observed formal potentials for hydrogen insertion 
(Figure 2). Notably, these models can be formulated using training data derived entirely 
from readily available crystallographic data. Hence, this approach supports predictions of 
key thermodynamic properties of oxide bronzes (and we speculate it to be extensible to 
numerous other material classes) without the need for quantum chemical calculations.
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Figure 2. Results from data science models of H-insertion in several model oxide hydrogen bronze formers: 
(a) convex hull representations of H-insertion energetics comparing DFT calculations with regression models 
trained on graph descriptors incorporating global and local connectivity; (b) comparisons between H-insertion 
formal potentials predicted from graph models and empirical measurements. Figure from Miu et al. Phys Rev. 
Lett. 2023 (in Press).

Structure and Thermochemistry of Oxide-Mediated Hydrogen Activation
Matson and Mpourmpakis undertook a series of investigations designed to on-board their 
research teams to thermodynamic and kinetic analysis of H-atom uptake focused on 
polyoxovanadate clusters historically investigated by the Matson Laboratory. These 
systems feature nucleophillic, bridging oxide moieties at the surface of the assembly that 
interact with H-atom equivalents. Coordination of H-atoms to the surface of the assemblies 
occurs selectively, with bond dissociation free energies of the resultant hydroxide moieties 
ranging from 60-70 kcal/mol. These BDFE(O-H) values are sensitive to structural 
modifications at the surface of the POV-alkoxide cluster and the electronic properties of 
each cluster. Representative highlights are depicted in Figure 3.

Figure 3. Schematic depiction (a) and empirical evidence (b) for concerted PCET in a molecular 
polyoxovanadate cluster. From Schrieber et al., Chem. Sci. 2023. DOI:10.1039/D2SC05928B.
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In closely related work, Augustyn, Matson, and Mpourmpakis have begun characterizing 
electrochemical hydrogen adsorption/insertion of extended tungsten oxides under aqueous 
and nonaqueous conditions, in the interest of developing detailed energy landscapes and 
extracting bond-dissociation free energy (BDFE) values that are directly comparable to 
BDFEs obtained in molecular clusters. For this study, Augustyn is using particle-based 
electrodes and electrodeposited nanostructured electrodes, while Matson is carrying out 
analogous measurements on polyoxotungstate clusters in the solution phase. We are 
performing electrochemistry in aqueous acidic electrolytes and non-aqueous electrolytes 
containing organic acids. DFT calculations are being deployed to probe the effect of 
electronic structure on the hydrogen BDFE between polyoxotungstate and 
polyoxovanadate clusters as well extended tungsten oxide bronzes. Figure 4 compiles 
representative results from Augustyn comprising rigorous structural characterization of 
sequential H-insertion events in anhydrous WO3.

Figure 4. Structural characterization of crystallographic transformations associated with hydrogen uptake in 
anhydrous WO3: (a) cartoon depiction of the parent monoclinic structure and 3 sequential phase changes 
associated with H-uptake; (b) compiled XRD data demonstrating the sequential transformations in (a).

Catalytic PCET On WO3 Nanomaterials
Studies on catalytic PCET, led by McKone, are focused on measuring reaction rates for 
electrocatalytic hydrogen transfer to molecular substrates using WO3 nanomaterials as the 
hydrogen transfer mediator. One line of inquiry involves sequential hydrogen activation 
and hydrogenation of a molecular model acceptor 2,2,6,6-Tetramethylpiperidinyloxy
(TEMPO) using WO3 as a transient store of H-equivalents. We term this process 
electrochemical looping hydrogenation, by analogy to well-established work on chemical 
looping schemes for, e.g., fuel combustion. Figure 5 compiles representative results. 
Experimental measurements to date have shown the rate of hydrogen transfer to TEMPO 
is more sensitive to the extent of hydrogen insertion in the oxide than the availability of 
free protons, which we take as preliminary evidence for a mechanism involving neutral 
hydrogen atom transfer (HAT). Quantum chemical calculations are being used to further 
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probe mechanistic pathways and to better understand the optical properties and speciation 
of the TEMPO molecule in aqueous solution.

Figure 5. Compiled results depicting catalytic hydrogenation of TEMPO via electrochemical looping 
hydrogenation: (a) schemes depicting overall reaction and two distinct pathways for concerted PCET; 
(b) empirical data demonstrating sequential uptake of H-equivalents in HxWO3 via electrochemical insertion 
followed by TEMPO hydrogenation via H-deinsertion.
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