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ΔGH- = hydricity

2 H2O + 2e− H2 + 2OH−

CO2 + 2e− + 2H+ H2CO2

∆E = 0.00 V

∆E vs SHE

∆E = −0.12 V

Reactions of Interest

Thermodynamic Descriptors for Hydrogen 
Evolution and Selective CO2 Reduction



Hydricity as Thermodynamic Descriptor

CH3CN H2O

Chem. Rev. 2016, 116, 8655

ΔGH-

Experimentally measurable 

heterolytic bond energy
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H2O

[HNi(dhmpe)2]+  ΔGH- = 30 kcal/mol
hydrogen evolution catalyst 
between pH 1-3
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Tsay, C.; Livesay, B.; Ruelas, S. Yang, J. Y. J. Am. Chem. Soc. 2015, 137, 14114 • Tsay, C.; Yang J. Y., J. Am. Chem. Soc., 2016, 138, 14174 • Ceballos, B. M.; Tsay, C. T.; Yang, J. Y., 
Chem. Commun, 2017, 53, 7405 • Tsay, C.; Ceballos, B. M.; Yang, J. Y. Organometallics, 2019, 38, 1286 • Ceballos, B.; Yang, J. Y. Proc. Natl. Acad. Sci., 2018, 115(50), 12686.

➢ Ni complex stable at pH 1 (0.1 M H2SO4)

➢ Electrolysis at pH 1: H2 > 98% F.E.

➢ Electrocatalytic HER rate (kobs) ~1850 s-1

➢
31P NMR: complete retention of catalyst after 
~18 h electrolysis

Dr. Charlene Tsay 
(Vertex) 



Catalytic Cycle for Hydrogen Evolution

(L)2Ni
+ 2 eq 

Co(Cp)2

+ xs HNEt3·BF4

+ xs PhNH3·BF4

[(L)2Ni][BF4]2

H2 

[(L)2NiH]+ + [(L)2Ni]

[(L)2Ni]2+ + [(L)2NiH]+ + H2

[(L)2Ni]2+

1H NMR 31P NMR1H NMR
Hydride Region

[(L)2Ni][BF4]2
[(L)2Ni][BF4]2

J. Am. Chem. Soc.,
2016, 138, 14174

(in DMSO)



H2O

[HNi(dhmpe)2]+  ΔGH- = 30 kcal/mol
HER catalyst between pH 1-3
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31P{1H} NMR

Internal 
standard

[NiL2]2+

[HNiL2]+

pre-electrolysis

post-electrolysis

pH 7

Tsay, C.; Livesay, B.; Ruelas, S. Yang, J. Y. J. Am. Chem. Soc. 2015, 137, 14114 • Tsay, C.; Yang J. Y., J. Am. Chem. Soc., 2016, 138, 14174 • Ceballos, B. M.; Tsay, C. T.; Yang, J. Y., 
Chem. Commun, 2017, 53, 7405 • Tsay, C.; Ceballos, B. M.; Yang, J. Y. Organometallics, 2019, 38, 1286 • Ceballos, B.; Yang, J. Y. Proc. Natl. Acad. Sci., 2018, 115(50), 12686.
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[HNi(dhmpe)2]+  ΔGH- = 30 kcal/mol
hydrogen evolution catalyst 
between pH 1-3

Tsay, C.; Livesay, B.; Ruelas, S. Yang, J. Y. J. Am. Chem. Soc. 2015, 137, 14114 • Tsay, C.; Yang J. Y., J. Am. Chem. Soc., 2016, 138, 14174 • Ceballos, B. M.; Tsay, C. T.; Yang, J. Y., 
Chem. Commun, 2017, 53, 7405 • Tsay, C.; Ceballos, B. M.; Yang, J. Y. Organometallics, 2019, 38, 1286 • Ceballos, B.; Yang, J. Y. Proc. Natl. Acad. Sci., 2018, 115(50), 12686.
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[HNi(tmepe)2]+

ΔGH- = 22.8 kcal/mol
Stable at pH 9
Hydride transfer to 
CO2 slow!

Dr. Bianca 
Ceballos 
(LANL)



CH3CN

[HNi(dhmpe)2]+  ΔGH- = 30 kcal/mol
hydrogen evolution catalyst 
between pH 1-3

[HPt(dmpe)2]+, ΔGH- = 41 kcal/mol
Selective CO2 to HCO2

- reduction 
using phenol (pKa = 30)
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Tsay, C.; Livesay, B.; Ruelas, S. Yang, J. Y. J. Am. Chem. Soc. 2015, 137, 14114 • Tsay, C.; Yang J. Y., J. Am. Chem. Soc., 2016, 138, 14174 • Ceballos, B. M.; Tsay, C. T.; Yang, J. Y., 
Chem. Commun, 2017, 53, 7405 • Tsay, C.; Ceballos, B. M.; Yang, J. Y. Organometallics, 2019, 38, 1286 • Ceballos, B.; Yang, J. Y. Proc. Natl. Acad. Sci., 2018, 115(50), 12686.

[HNi(tmepe)2]+

ΔGH- = 22.8 kcal/mol
Stable at pH 9
Hydride transfer to 
CO2 slow!



Electro
d

e

E = −1.73 V vs 
[Fe(C5H5)2]+/0

[HPt(dmpe)2]+

ΔGH- = 41 kcal/mol

2e-

❖ Use of Et3NHBF4 (pKa = 18.8) results 
in electrocatalytic H2 evolution

❖ Selective electrolytic generation of [HPt(dmpe)2]+ 
with phenol (pKa=30) under N2

+

Dr. Bianca 
Ceballos 
(LANL)

❖ Electrocatalytic CO2 reduction to HCO2
- , Faradaic 

efficiency > 90% and η < 200 mV

Ceballos, B.; Yang, J. Y. Proc. Natl. Acad. Sci., 2018, 115(50), 12686.

Understanding thermodynamics taught us how to 

‘turn off’ H2 evolution from a Pt complex

Selective CO2 Reduction to HCO2
-



Solvation Effects

➢ Hydride transfer to CO2 is more favorable in H2O

➢ Other products that can hydrogen-bond to H2O 
will have similar effect 

➢ Experimental energies are benchmarks for 
computational calculations

J. Am. Chem. Soc. 2015, 137, 14114  •  Chem. Commun. 2017, 53, 7405
Ru complexes: Creutz, Chou, J. Am. Chem. Soc., 2009, 131, 2794 • Matsubara, Fujita, Doherty, Muckerman, Creutz, J. Am. Chem. Soc., 2012, 134, 15743

[HNi(TMEPE)2]+

ΔG = ΔGH- - ΔG(HCO2
-)

ΔG (CH3CN) = 6.6
ΔG (H2O) = -1.3 (change in favorability) 
ΔG (DMSO) = 5.1

Solvent-dependent 
free energies



Reversible CO2/HCO2
- Catalysis

Experimentally measured energy landscape under catalytic conditions 
(pKa of 29.0, 1 atm CO2) at –1.64 V vs Fe(C5H5)2

+/0 in CH3CN. Energetic 
values in kcal/mol unless otherwise indicated.

Reversibility is the hallmark of low overpotential catalysis (i.e. 2H+/H2: Pt, hydrogenase enzymes)
For CO2/HCO2

-, was only known for the formate dehydrogenase enzyme & PtPd nanoparticles

When acid sources is optimized, 
H2 evolution is exergonic

Angew. Chemie. Int. Ed., 2020, 59, 4443, VIP article • US Patent #11990658B2



Reversible CO2/HCO2
- Catalysis

Angew. Chemie. Int. Ed., 2020, 59, 4443, VIP article • US Patent #11990658B2

CO2 reduction to formate, > 95% F.E. (no H2 detected)

Formate oxidation, > 95% F.E. First example of molecular 
electrocatalyst for CO2 
reduction/HCO2

- oxidation



Early Career Award Enabling New Diections

• 5 yrs focused study on electrocatalytic hydride transfer reactions

• Scientific discussions with community & leaders in the field

Beyond the Early Career – Bridging Hydrogenation & Electrocatalysis

Translating hydrogenation activity 
to electrocatalytic activity

Chem. Commun., 2023, 59, 338

➢ There is minimal overlap between catalyst discovery for homogeneous CO2 
hydrogenation catalysts & CO2 Reduction (CO2R) electrocatalysts though they 
share mechanistic similarities  

➢ Hydricity is not commonly measured/considered for hydrogenation catalysts 
although it is an important thermodynamic descriptor 

➢ There are several examples of 
homogeneous CO2 hydrogenation 
catalysts to CH3OH – but few for 
electrocatalytic systems

➢  Investigating translation of CO2 to 
CH3OH hydrogenation activity to 
electrocatalytic systems
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