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The Climate Challenge
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Levelized Cost of Energy Comparison
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The Energy Transformation Challenge

Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I.; Jaramillo, T. F. Science 2017, 355, eaad4998.
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Improving Electrocatalytic Activity

Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I.; Jaramillo, T. F. Science 2017, 355, eaad4998.
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Theory + Experiment

Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I.; Jaramillo, T. F. Science 2017, 355, eaad4998.
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Surface Processes

Nørskov, J. K.; Studt, F.; Abild-Pedersen, F.; Bligaard, T. John Wiley & Sons, Inc: Hoboken, NJ, USA, 2014.
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Heterogeneous Electrocatalysis

Complexity:
• support
• electrode
• solvent
• dissolved species

Jouny, M.; Luc, W.; Jiao, F. Nat. Catal. 2018, 1, 748–755.
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Limiting Potential in the Al-Air Battery



Li-Ion versus Metal-Air Batteries

Goodenough, J. B.; Park, K.-S. J. Am. Chem. Soc. 2013, 135, 1167–1176.

Cheng, F.; Chen, J. Chem. Soc. Rev. 2012, 41, 2172–2192.
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Half-Reactions

Cathodic:
1
2 O2(g)+ H2O(l)+ 2 e− → 2 OH−(aq), U
 = 0.4 V versus SHE (1)

Anodic:

Al(s)+ 3 OH−(aq) → Al(OH)3(s)+ 3 e−, U
 = −2.30 V versus SHE (2)

Theoretical cell voltage: 2.70 V
Practical anode voltage: −1.5 to −1.9 V1
1Egan, D. R.; Ponce de León, C.; Wood, R. J. K.; Jones, R. L.; Stokes, K. R.; Walsh, F. C. J. Power Sources 2013, 236, 293–310.
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Stepwise Mechanism

Overall: Al+ 3 OH− → Al(OH)3(s)+ 3 e− (3)

Al+ OH−(aq) → AlOH*+ e− (4)
AlOH*+ OH−(aq) → Al(OH)2*+ e− (5)

Al(OH)2*+ OH−(aq) → Al(OH)3*+ e− (6)
Al(OH)3*→ Al(OH)3(s) (7)

Macdonald, D. D. J. Electrochem. Soc. 1988, 135, 2410.
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The Computational Hydrogen Electrode (CHE)

Our reference is the half-reaction

H+(aq)+ e− ⇌ 1
2 H2(g) (8)

This reaction is defined to be at equilibrium at U = 0 V, pH = 0, and pH2 = 101325
Pa. Then we can equate the chemical potentials of the proton-electron pair with
half that of the gas-phase H2 molecule

µH+(aq) + µe− =
1
2µH2(g) (9)

Additional terms are added to include the effects of pH and potential shifts

µH+(aq)([H+]) + µe− (U) = 1
2µH2(g) + RT ln

(√pH2[
H+
])− eU (10)

Nørskov, J.K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.; Kitchin, J. R.; Bligaard, T.; Jónsson, H. J. Phys. Chem. B 2004, 108, 17886–17892.
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The Computational Hydrogen Electrode (CHE)
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Applying the CHE

H2O(l)+ e− ⇌ 1
2 H2(g)+ OH−(aq), U
 = −0.83 V versus SHE, pH = 14 (11)

µOH−(aq) − µe− = µH2O(l) −
1
2µH2(g) + RT ln

(√pH2

[
OH−]

aH2O(l)

)
− (0.83+ eU) (12)

To calculate the energy of the first adsorption step

Al+ OH−(aq) → AlOH*+ e− (13)

We have

∆G = GAlOH*−GAl−

µH2O(l) −
1
2µ H2(g) + RT ln

(√pH2

[
OH−]

aH2O(l)

)
− (0.83+ eU)

 (14)

Chen, L. D.; Luntz, A. C.; Nørskov, J. K. J. Phys. Chem. Lett. 2014, 119, 19660–19667.
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Reaction Energetics on the Close-Packed Al(111) Surface

Chen, L. D.; Luntz, A. C.; Nørskov, J. K. J. Phys. Chem. Lett. 2014, 119, 19660–19667.

Black: 0 V versus SHE
Blue: −1.47 V versus SHE, limiting

potential on this facet
Practical anode voltages: −1.5 to

−1.9 V1
1Egan, D. R.; Ponce de León, C.; Wood, R. J. K.; Jones, R. L.; Stokes, K. R.; Walsh, F. C.

J. Power Sources 2013, 236, 293–310.
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Reaction Energetics on the Stepped Al(211) Surface

Chen, L. D.; Luntz, A. C.; Nørskov, J. K. J. Phys. Chem. Lett. 2014, 119, 19660–19667.

Black: 0 V versus SHE
Blue: −1.87 V versus SHE, limiting

potential on this facet
Practical anode voltages: −1.5 to

−1.9 V1
1Egan, D. R.; Ponce de León, C.; Wood, R. J. K.; Jones, R. L.; Stokes, K. R.; Walsh, F. C.

J. Power Sources 2013, 236, 293–310.
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Factors Contributing to the Overpotential

Surface and bulk Al(OH)3

Chen, L. D.; Luntz, A. C.; Nørskov, J. K. J. Phys. Chem. Lett. 2014, 119, 19660–19667.
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Voltage Limitations Are Intrinsic to the Anode

Chen, L. D.; Luntz, A. C.; Nørskov, J. K. J. Phys. Chem. Lett. 2014, 119, 19660–19667.
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Field Effects in CO2 Reduction



CO2 Reduction Activity and Selectivity Challenges

Nitopi, S. et al. Chem. Rev. 2019, 119, 7610–7672.
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Cation Effects

Liu, M.; Pang, Y.; Zhang, B.; De Luna, P.; Voznyy, O.; Xu, J.; Zheng, X.; Dinh, C. T.; Fan, F.; Cao, C.; García de Arquer, F. P.; Safaei, T. S.; Mepham, A.;
Klinkova, A.; Kumacheva, E.; Filleter, T.; Sinton, D.; Kelley, S. O.; Sargent, E. H. Nature 2016, 537, 382–386.

19



Stepwise Mechanism for CO2 Reduction to CO

Overall:

CO2(g)+ H2O(l)+ 2 e− → CO(g)+ 2 OH−(aq) (15)

CO2(g)+ *→ *CO2 (16)

*CO2 + H2O(l)+ e− → *COOH+ OH−(aq) (17)

*COOH+ e− → *CO+ OH−(aq) (18)

*CO → CO(g) (19)
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Using the CHE Model for CO2 Reduction to CO

CO2(g)
+ 2H2O + 2e
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Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. ACS Catal. 2016, 6, 7133–7139.

Threshold for facile kinetics:
0.75 eV (1 reaction site−1 s−1)
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Stabilization of *CO2
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Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. ACS Catal. 2016, 6, 7133–7139.

Veffective = Venv − Vslab − Vsolvent − Vion (20)

ε = −
(
−dV
dz

)
(21)
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Energy Diagram Comparison
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Electric Field Is Not Uniform

Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. ACS Catal. 2016, 6, 7133–7139.
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Microkinetic Modelling
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r1 = k1▶pCO2θ* − k1◀θCO2 (22)
r2 = k2▶θCO2 − k2◀

[
OH−] θCOOH (23)

r3 = k3▶θCOOH − k3◀
[
OH−] θCO (24)

r4 = k4▶θCO − k4◀pCOθ* (25)
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Microkinetic Modelling

ki =
kBT
h exp

(
−
E

a,i

kBT

)
exp

[
−
eβi
(
U− U


i
)

kBT

]
(26)

Ki = exp
(
−∆Gi

kBT

)
(27)

rfield = k3▶
K1▶K2▶pCO2[

OH−] 1
1+ K1▶pCO2 + K1▶K2▶pCO2/

[
OH−]+ K4◀pCO

−k3◀
[
OH−] K4◀pCO

1
1+ K1▶pCO2 + K1▶K2▶pCO2/

[
OH−]+ K4◀pCO

(28)
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Comparing Computed Rates to Experiment

CO2(g)
+ 2H2O + 2e

�

*CO2 + 2H2O + 2e
�

*COOH + H2O + e� + OH�

*CO + H2O + 2OH�

CO(g) + H2O + 2OH�0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

�
G

(e
V

)

U = U0, E = �1 V/Å, pH = 14
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Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. ACS Catal. 2016, 6, 7133–7139 with data adapted from Thorson, M. R.; Siil, K. I.; Kenis, P. J. A. J. Electrochem. Soc. 2013, 160, F69–F74.
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Fractional Charge of Interfacial Ions



Volmer Reaction Energies

CHE:

H+(bulk solution)+ e− + *→ H*
∆G = ∆G
 + eU

(29)

Explicit Solvent:

H+(double layer)+ e− + *→ H*
∆G = ∆G
 + 0.66eU

(30)
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Possible Sources of Error

Li, C.; Zheng, X.; Cohen, A. J.; Mori-Sánchez, P.; Yang, W. Phys. Rev. Lett. 2015, 114, 053001. Björketun, M. E.; Zeng, Z.; Ahmed, R.; Tripković, V.; Thygesen, K. S.;
Rossmeisl, J. Chem. Phys. Lett. 2013, 555, 145–148.
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Simulation System

Top: proton solvated in the first
solvent layer (outer Helmholtz plane)

Bottom: proton solvated in the third
solvent layer (bulk solution)

30



Comparing Different Functionals

EF
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Chen, L. D.; Bajdich, M.; Martirez, J. M. P.; Krauter, C. M.; Gauthier, J. A.; Carter, E. A.; Luntz, A. C.; Chan, K.; Nørskov, J. K. Nat. Commun. 2018, 9, 3202.
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Embedded Calculations

Chen, L. D.; Bajdich, M.; Martirez, J. M. P.; Krauter, C. M.; Gauthier, J. A.; Carter, E. A.; Luntz, A. C.; Chan, K.; Nørskov, J. K. Nat. Commun. 2018, 9, 3202.
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Fractional Charge Not Due to Delocalization or Band Misalignment

Chen, L. D.; Bajdich, M.; Martirez, J. M. P.; Krauter, C. M.; Gauthier, J. A.; Carter, E. A.; Luntz, A. C.; Chan, K.; Nørskov, J. K. Nat. Commun. 2018, 9, 3202.
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Looking Ahead



Current Work

Stephen W. Tatarchuk

Rachelle M. Choueiri

Anna Klinkova

Tatarchuk, S. W.; Choueiri, R. M.; Medvedev, J.; Chen, L. D.; Klinkova, A. Chemosphere 2021, 279, 130550.
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Current Work

Tatarchuk, S. W.; Choueiri, R. M.; Medvedev, J.; Chen, L. D.; Klinkova, A. Chemosphere 2021, 279, 130550.
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Current Work

Pt Au 

Ni Cu

Pd Ag 

Co

Ir

Rh

How Do Different Surfaces Behave in the Presence of Solvent?

Solvated Ions
Alkali (e.g. Li+), complex inorganic 
(e.g. SO4

2−), organic (e.g. NR4
+)

Adsorbed Intermediates
Reaction pathways toward 
H2, O2, CO2, NH3, etc.

Facet
Terrace, Step, Kink

Stability
Restructuring, Dissolution

How Is Water Structure Affected by Induced Heterogeneity?

Surface

Solvent Solvent

Surface

Composition
Single-Element, Alloy, Oxide

Database of Atomic-Scale Insight about the 
Aqueous Electrode-Electrolyte Interface
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