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1. Micro-kinetic model

1.1 Derivation of activation barrier Energy based on Marcus theory
According to our previous work, the activation energy barrier Ea is derived based on 

Marcus theory,1-2 and the specific process is as follows: 

For a displaced oscillator model, free energy of transition state is expressed as

                           (1)2 2 21
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Where k is force constants of reactant systems and product systems, respectively; G is 

reaction free energy; q is the reaction coordinates. We defined  = (1/2)kq2, then
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For a displaced-distorted oscillator model, free energy of transition state is expressed 

as
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Where kR and kP is force constants of reactant systems and product systems, respectively; 

G is reaction free energy; q is the reaction coordinates. We defined
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Where R is the total reorganization energy of reactant systems, P is the total 

reorganization energy of product systems.

Then, the reaction barrier Ea can be computed from the reaction free energy and 

reorganization energies.3-5
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Here G is the free energy change, and R and P represent the total reorganization 

energy of reactant and product.
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1.2 Computation of reorganization energies
The total reorganization energy consists of three parts, including internal reorganization 

energy ( ), electron transfer solvent reorganization energy ( ) and proton i
R P o,ET

R P

transfer solvent reorganization energy ( ).,o PT
R P

                          (8), ,i o ET o PT
R P R P R P R P     

The inner reorganization energies defined as electronic energy difference along the 

general reaction coordinate from the equilibrium configuration of reactant to the 

equilibrium configuration of product.

                           (9)e( ) ( )i
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Where ER(Re) and EP(Pe) are electronic energy of the reactant and product in their 

equilibrium configurations, respectively. ER(Pe) denotes single point energy of reactant 

under the equilibrium configuration of the product and EP(Re) denotes single point 

energy of product under the equilibrium configuration of the reactant. To keep the 

conservation of matter, one hydrogen atom is removed from the product in single point 

energy calculation of ER(Pe), while one hydrogen atom is added to the reactant in single 

point energy calculation of EP(Re). 

The outer (solvent) reorganization energies are obtained from polarization continuum 

electrostatic model.6-7
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1.3 Heterogenous charge transfer rate constant
Heterogenous charge transfer rate constants are calculated by Marcus-Gerischer 

theory8-9 which accounts for sum of the partial electron transition probabilities between 

the redox level at energy r and the electron states with energy k in the electrode. The 

energy difference between r and the electron states with energy k at Fermi level is 

assumed to the reaction free energy G. The integration over all energy states ε in 

electrode provides the total rate constant,

                  (13) ( ) ( ) exp daB
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Where f() is the Fermi-Dirac distribution and () is the density of states in the 

electrode that can be obtained from electronic structure computations.
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The activation energies for the multiple potential energy curve case in different 

range of k is given by10-11

(ⅰ) Ea = G for barrierless charge transfer region (symmetry factor  = 1) where 

G ≥ R.

(ⅱ) Equation (7) where Ea varies as a function of G and  for normal charge 

transfer region (symmetry factor 0 <  < 1) where −P < G < R.

(ⅲ) Ea = 0 for activationless charge transfer region (symmetry factor  = 0) where 

G ≤ −P.
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Table S1. Comparison of calculated inner reorganization energies i (eV) and reaction 
free energies G (eV) for *CO2 + H+ + e− → *COOH on Cu(111) surface with different 
number of explicit water molecules.

R
i (eV) P

i (eV) G (eV)
Without H2O R(qR)

R(qP)

1.17

P(qP)

P(qR)

1.72

R(qR)

P(qP)

0.60
With 1H2O R(qR)

R(qP)

1.32

P(qP)

P(qR)

1.88

R(qR)

P(qP)

0.48
With 3H2O R(qR)

R(qP)

1.38

P(qP)

P(qR)

2.35

R(qR)

P(qP)

0.36

As derived in Equation 3, the computed activation barriers vary as a function of G 

(reaction driving force) and  (reaction resistance) values. The uncertainty (error) of 

reaction barriers should thus arise from the calculated G and  values. DFT calculation 

results presented in the main text are performed by using implicit polarizable continuum 

model. In order to test the influence of short-range solvation effect of explicit solvent 

molecules, DFT calculations of competing COOH* and HCOO* formation on Cu(111) 

surface with and without explicit water molecules are compared in Table S1 and S2.
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Table S2. Comparison of calculated inner reorganization energies i (eV) and reaction 
free energies G (eV) for *CO2 + H+ + e− → *HCOO on Cu(111) surface with different 
number of explicit water molecules.

R
i (eV) P

i (eV) G (eV)
Without H2O R(qR)

R(qP)

1.33

P(qP)

P(qR)

4.55

R(qR)

P(qP)

−0.03
With 1H2O R(qR)

R(qP)

1.35

P(qP)

P(qR)

4.45

R(qR)

P(qP)

−0.10
With 3H2O R(qR)

R(qP)

1.30

P(qP)

P(qR)

4.57

R(qR)

P(qP)

−0.19

It is shown that the presence of water molecules has quite weak influence on the 

calculated G and , and the energy difference between derived activation barriers with 

and without explicit water molecules is less than 0.12 (0.06) eV for COOH* (HCOO) 

formation.
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2. Adsorption configurations

Table S3. Adsorption configurations and binding energies (in eV) of COOH, HCOO, 
CO, and HCOOH on various metal surfaces.
Surfaces COOH HCOO CO HCOOH
Cu(100)

−2.28 −3.35 −0.92 −0.16
Cu(110)

−2.47 −3.67 −0.94 −0.33
Cu(111)

−2.00 −2.86 −0.81 −0.01
Ag(100)

−1.78 −3.03 −0.31 0.02
Ag(110)

−2.02 −3.33 −0.37 −0.01
Ag(111)

−1.53 −2.75 −0.17 0.08
Au(100)

−1.93 −2.41 −0.60 0.04
Au(110)

−2.13 −2.80 −0.72 −0.04
Au(111)

−1.78 −2.25 −0.31 0.09
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Zn(001)

−1.88 −3.14 0.04 0.09
Cd(001)

−1.91 −3.23 −0.08 0.02
In(101)

−1.75 −3.29 −0.05 0.02
Tl(001)

−1.48 −3.19 −0.06 −0.01
Sn(100)

−2.01 −3.22 −0.21 −0.21
Pb(111)

−1.58 −3.00 −0.04 0.07
Ni(111)

−2.66 −3.07 −1.98 −0.22
Pd(111)

−2.58 −2.55 −2.14 −0.15
Pt(111)

−2.70 −2.41 −1.80 −0.12
Rh(111)

−2.95 −3.09 −1.94 −0.29
Ir(111)

−2.96 −2.98 −1.98 −0.21
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3. Reaction thermodynamics vs. kinetics

Scheme S1. Comparison of (a) potential energy curves and (b) polarization curves of 
kinetics-controlled and thermodynamic-controlled parallel reactions.

Scheme S1a compares the potential energy curves of parallel reaction of the same 

reactant to different products P1 and P2, in which the product selectivity predicted by 

kinetic computation is just opposite to that by thermodynamic calculations. P1 is a 

thermodynamics-controlled product because of lower onset potential, while P2 is a 

kinetics-controlled product due to smaller reaction activation barrier.

To make a direct comparison with experimental results, the calculated potential energy 

curves need to convert to current-potential relations.

Scheme S1b compares the polarization curves for competing generation of P1 and P2. 

Because thermodynamics-controlled P2 is produced ahead of P1, the overpotential of 

P2 is lower than that of P1 within small current density. As the increase of potential 

polarization, the current density of kinetics-controlled P1 rapidly surpasses that of P2 

at higher overpotential. In next section, the catalytic selectivities of CO2 reduction to 

CO and FA will be discussed within electrochemical micro-kinetics model.
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Scheme S2. Comparison of reaction barrier of a proton-coupled electron transfer 
reaction calculated by (a) transition state theory and (b) Marcus charge transfer theory.

In previous kinetic studies on CO2RR, the electrochemical proton-electron transfer 

reactions were usually treated as hydrogen atom transfer reactions. The reaction barriers 

were determined by searching the transition states along single-state potential energy 

curves of elementary hydrogenation steps. However, the hydrogen atom transfer model 

cannot well reflect the realistic electrode processes, in which electrons are transferred 

from the electrode while the protons are transferred from electrolyte. In this work, the 

potential-dependent electrochemical rate constants are obtained using micro-kinetic 

model based on Marcus theory that can directly compared with electrochemical 

experimental measurements.
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Table S4. Reaction Barrier (in eV) of CO2RR Calculated by CI-NEB Method and 
Marcus Charge Transfer Theory.

CO2* + H* → COOH* CO2* + H+ + e− → COOH*Metal U = UH* U = USHE U = UH* U = USHE

Cu(111
)

0.92 0.97 0.93 0.99

Au(111
)

0.48 0.73 0.66 1.00

In(101) 1.21 1.64 0.64 1.07
CO2* + H* → HCOO* CO2* + H+ + e− → HCOO*Metal U = UH* U = USHE U = UH* U = USHE

Cu(111
)

0.76 0.81 0.87 0.91

Au(111
)

0.81 1.05 1.08 1.32

In(101) −0.45 −0.02 0.49 0.74
COOH* + H* → CO* + H2O COOH* + H+ + e− → CO* + H2OMetal U = UH* U = USHE U = UH* U = USHE

Cu(111
)

1.11 1.16 0.37 0.41

Au(111
)

0.08 0.32 0.23 0.44

In(101) 0.01 0.44 0.29 0.62
HCOO* + H* → HCOOH* HCOO* + H+ + e− → HCOOH*Metal U = UH* U = USHE U = UH* U = USHE

Cu(111
)

0.51 0.56 0.52 0.58

Au(111
)

0.38 0.62 0.12 0.29

In(101) 0.15 0.58 0.38 0.86

USHE is defined as U = 0 V vs. SHE
UH* is defined as the electrode potential at which the formation free energy of H* is 
zero. UH* = −0.10 V on Cu(111), UH* = −0.49 V on Au(111), and UH* = −0.86 V on 
In(101)

The reaction barrier of surface hydrogenation reactions are performed using the 

climbing image nudged elastic band method (CI-NEB),12 and vibrational frequencies 

were evaluated to confirm minima and transition states. As listed in Table S4, we 

calculated reaction barriers via surface hydrogenation mechanism at two different 

potentials, named as UH* and USHE. The former one UH* refers to the potential at which 



13

GH* = 0 and the activation energies are directly calculated by CI-NEB method. The 

later one USHE is defined as U = 0 V vs. SHE. On the basis of framework of Janik et 

al,13-14 the reaction barriers at USHE are extrapolated from UH* by Butler-Volmer 

kinetics with a symmetry factor of 0.5. Therefore, the reaction barriers calculated by 

transition state theory and Marcus theory can be compared at the same electrode 

potential.
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Table S5. The Structures of initial state (IS), transition state (TS), and final state (FS) 
for CO2 reduction to CO and FA on Cu(111), Au(111), and In(101) surfaces.

CO2* + H* → COOH*
Substrates

IS TS FS

Cu(111)

Au(111)

In(101)

CO2* + H* → HCOO*
Substrates

IS TS FS

Cu(111)

Au(111)

In(101)

COOH* + H* → CO* + H2OSubstrates
IS TS FS

Cu(111)

Au(111)

In(101)

HCOO* + H* → HCOOH*
Substrates

IS TS FS

Cu(111)
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Au(111)

In(101)

The calculated reaction barriers of surface hydrogenation reaction by CI-NEB method 

are quite close to those of proton-coupled electron transfer reaction by Marcus theory 

for Cu(111) and Au(111) surfaces. However, the calculated reaction barriers of 

hydrogenation of CO2* to HCOO* on In(101) surface by CI-NEB method are 

suspicious. The abnormal activation energy values on In(101) surface calculated by CI-

NEB method can be attributed to that the formation of surface H* is quite difficult (G 

= 0.86 eV) and the hydrogenation of CO2* to HCOO* is highly spontaneous (G = 

−1.25 eV). In other words, there is a huge gap between the onset potential of hydrogen 

formation and the onset potential of hydrogen transfer. Based on the CI-NEB 

calculation results, the rate-determining step for FA formation on In(101) surface 

should be the second electron transfer step, which give a Tafel slope around 40 mV. It 

is obviously inconsistent with experimental values around 120 mV. 
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Figure S1. BEP relations between activation free energies and reaction free energies 
for competing COOH and HCOO formations on various metal surfaces.

Figure S1 shows that the reaction barriers of both COOH* and HCOO* formations 

decrease as the increasing of reaction driving force (−G) with similar scaling relations 

(slope of Ea vs. G). However, the reaction barriers of COOH* formations are generally 

about 0.3 eV lower than that of HCOO* formation for the same G value. This further 

demonstrate the CO formation through COOH* pathway is kinetics-controlled. Since 

the BEP relations of competing COOH and HCOO formations are quite different, bare 

thermodynamic calculations of G without considering the reaction barrier are 

insufficient to estimate the catalytic activity and selectivity.



17

Table S6. Reaction Gibbs free energies (eV) of two-electron-two-proton reduction of 
CO2 on various metal surfaces.
Surfaces 1a a 1b b 2a c 2b d

Cu(100) 0.37 −0.36 −0.59 0.50
Cu(110) 0.14 −0.69 −0.51 0.64
Cu(111) 0.60 −0.03 −0.80 0.26
Ag(100) 0.75 −0.12 −0.54 0.33
Ag(110) 0.52 −0.41 −0.31 0.65
Ag(111) 0.98 0.18 −0.62 0.14
Au(100) 0.58 0.52 −0.60 −0.25
Au(110) 0.44 0.14 −0.60 0.02
Au(111) 0.75 0.69 −0.51 −0.38
Zn(001) 0.78 −0.18 −0.25 0.47
Cd(001) 0.75 −0.26 −0.28 0.53
In(101) 0.91 −0.32 −0.45 0.58
Tl(001) 1.06 −0.23 −0.61 0.47
Sn(100) 0.58 −0.27 −0.40 0.30
Pb(111) 0.97 −0.02 −0.48 0.34
Ni(111) −0.05 −0.23 −1.30 0.27
Pd(111) 0.02 0.27 −1.52 −0.14
Pt(111) −0.10 0.44 −1.05 −0.30
Rh(111) −0.33 −0.26 −0.99 0.23
Ir(111) −0.31 −0.11 −1.03 0.18

a CO2* + H+ + e− → COOH*
b CO2* + H+ + e− → HCOO*
c COOH* + H+ + e− → CO* + H2O
d HCOO* + H+ + e− → HCOOH*
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Table S7. Reorganization energies (eV) of two-electron-two-proton reduction of CO2 
on various metal surfaces.

1a a 1b b 2a c 2b d
Surfaces

R P R P R P R P

Cu(100) 2.18 2.69 2.37 5.52 3.41 2.66 1.66 1.53
Cu(110) 1.86 2.58 2.04 5.64 3.40 2.53 1.50 1.46
Cu(111) 2.45 2.89 2.60 5.70 3.46 2.82 1.90 1.60
Ag(100) 2.53 2.73 2.50 5.44 3.25 2.76 1.78 1.56 
Ag(110) 2.22 2.98 2.24 5.85 3.40 2.37 1.82 1.50 
Ag(111) 2.77 2.49 2.64 5.70 3.46 2.61 1.91 1.63 
Au(100) 2.65 2.73 2.97 5.53 3.71 2.56 1.89 1.72 
Au(110) 2.39 3.08 2.75 5.59 3.96 2.15 1.92 1.58 
Au(111) 2.81 2.74 3.05 5.40 3.72 2.20 1.95 1.78 
Zn(001) 2.46 2.84 2.49 5.81 3.56 2.45 1.99 1.89 
Cd(001) 2.59 2.87 2.36 5.70 2.74 2.77 1.86 1.76 
In(101) 2.37 2.71 2.29 5.75 2.94 2.91 1.92 1.96 
Tl(001) 2.37 2.44 2.31 5.55 2.44 3.18 1.61 1.75 
Sn(100) 2.34 2.95 2.54 5.70 3.32 2.63 2.01 2.05 
Pb(111) 2.68 2.54 2.49 5.59 2.87 2.91 1.80 1.86 
Ni(111) 1.80 3.62 2.48 5.64 3.17 3.32 2.00 1.49 
Pd(111) 1.91 3.54 2.77 5.26 3.03 3.05 1.88 1.59 
Pt(111) 2.37 3.66 2.99 5.18 3.12 2.54 1.91 1.68 
Rh(111) 1.59 3.90 2.49 5.89 3.46 2.82 2.01 1.47 
Ir(111) 1.73 3.92 2.68 5.70 3.58 2.58 2.09 1.54 

a CO2* + H+ + e− → COOH*
b CO2* + H+ + e− → HCOO*
c COOH* + H+ + e− → CO* + H2O
d HCOO* + H+ + e− → HCOOH*
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4. Potential energy curves

Figure S2. Potential energy curves of two-electron-two-proton reduction of CO2 on (a) 
Tl(001), (b) Pb(111), (c) Cd(001), (d) Zn(001), (e) Ag(111), (f) Cu(001), (g) Ni(111), 
(h) Pd(111), and (i) Ir(111)surfaces at U = 0 V vs. SHE.
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5. Activation barriers and rate constants

Figure S3. Potential-dependent activation barriers of two-electron-two-proton 
reduction of CO2 on (a) Tl(001), (b) Pb(111), (c) Cd(001), (d) Zn(001), (e) Ag(111), (f) 
Cu(111), (g) Ni(111), (h) Pd(111), and (i) Ir(111) surfaces.
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Figure S4. Potential-dependent Marcus-Gerischer rate constant of two-electron-two-
proton reduction of CO2 on (a) In (101) (b) Tl(001), (c) Pb(111), (d) Cd(001), (e) 
Zn(001), (f) Ag(111), (g) Sn(100), (h) Cu(111), (i) Au(111), (j) Ni(111), (k) Pd(111), 
(l) Pt(111), (m) Rh(111), and (i) Ir(111) surfaces.
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Table S8. Fitted reaction activation barriers (in eV) and symmetry factors 
(dimensionless) for HCOO* and COOH* formation as a function of electrode potential 
U (in V vs. SHE).

CO2* → HCOO* CO2* → COOH*
Surface

Ea  Ea 

Cu(100) 0.05U2+0.34U+0.73 0.10U+0.34 0.09U2+0.52U+0.84 0.18U+0.52

Cu(110) 0.04U2+0.28U+0.57 0.08U+0.28 0.08U2+0.44U+0.68 0.16U+0.68

Cu(111) 0.05U2+0.39U+0.91 0.10U+0.39 0.09U2+0.59U+0.99 0.18U+0.59

Ag(100) 0.05U2+0.38U+0.84 0.10U+0.38 0.10U2+0.63U+1.08 0.20U+0.63

Ag(110) 0.05U2+0.32U+0.71 0.10U+0.32 0.09U2+0.56U+0.91 0.18U+0.56

Ag(111) 0.06U2+0.43U+0.99 0.10U+0.32 0.09U2+0.70U+1.25 0.18U+0.70

Au(100) 0.06U2+0.48U+1.22 0.12U+0.48 0.09U2+0.59U+1.01 0.18U+0.59

Au(110) 0.05U2+0.42U+1.01 0.10U+0.42 0.09U2+0.55U+0.90 0.18U+0.55

Au(111) 0.06U2+0.51U+1.32 0.12U+0.51 0.09U2+0.64U+1.12 0.18U+0.64

Zn(001) 0.05U2+0.37U+0.84 0.10U+0.37 0.10U2+0.64U+1.13 0.20U+0.64

Cd(001) 0.05U2+0.35U+0.77 0.10U+0.35 0.09U2+0.63U+1.10 0.20U+0.63

In(101) 0.05U2+0.34U+0.74 0.10U+0.34 0.10U2+0.67U+1.16 0.20U+0.67

Tl(001) 0.05U2+0.35U+0.77 0.10U+0.35 0.10U2+0.72U+1.27 0.20U+0.72

Sn(100) 0.05U2+0.36U+0.81 0.10U+0.36 0.09U2+0.58U+0.96 0.18U+0.58

Pb(111) 0.05U2+0.39U+0.89 0.10U+0.39 0.10U2+0.69U+1.23 0.20U+0.69

Ni(111) 0.05U2+0.36U+0.81 0.10U+0.36 0.07U2+0.39U+0.60 0.14U+0.39

Pd(111) 0.06U2+0.45U+1.05 0.12U+0.45 0.08U2+0.42U+0.64 0.16U+0.42

Pt(111) 0.06U2+0.48U+1.17 0.12U+0.48 0.07U2+0.42U+0.68 0.14U+0.42

Rh(111) 0.05U2+0.34U+0.81 0.12U+0.34 0.06U2+0.32U+0.47 0.12U+0.32

Ir(111) 0.05U2+0.39U+0.90 0.10U+0.39 0.06U2+0.33U+0.51 0.12U+0.33

The rate-determining step (RDS) approximation was used to derive the apparent charge 

transfer coefficient and Tafel slope. As seen from Figure S4, the calculated rate 

constant of the second electron transfer steps (dashed lines) are much larger that of the 

first electron transfer steps (solid lines). Thus, we conclude that the RDS steps for CO2 

reduction to CO and FA are 1a and 1b, respectively. Under RDS approximation, the 
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current density can be expressed as follow,

2

2

CO * H

0 RDS
CO * H

2 ( ) ( ) (pH)

( ' )2 exp( ) ( ) (pH)
B

j Fk U U a

n FFk U a
k T



  








 

where n’ is the number of electrons transferred before RDS and RDS is the symmetry 

factor of RDS. For CO2 reduction to FA and CO, n’ is zero since the RDS is the first 

electron transfer step. So, the apparent charge transfer coefficient equals to . In 

addition, the competing CO2 reductions to CO and FA share the same reactants, the 

coverage (concentration) effect can be ignored for the same experimental conditions.
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6. Faradaic efficiencies

Figure S5. Potential-dependent Faradaic efficiencies of electrochemical reduction of 
CO2 to CO and HCOOH on (a) Tl(001), (b) Pb(111), (c) Cd(001), (d) Zn(001), (e) 
Ag(111), and (f) Cu(111) surfaces.

The computational results well explain the large gap between lower limit and upper 

limit FE measured on Zn and Cd electrodes.15 It is worse noting that the calculated 

FECO on Ag single crystal facets, particularly under low reduction potential,16 are 

obviously lower than experimental value measured on Ag electrode or nanostructures, 
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which were considered as one of the best catalyst to reduce CO2 to CO.17-19 

Experimentally, the CO2 reduction on silver single crystal surfaces exhibit very 

negative onset potential,20-21 which is supported by our calculations shown in Figure 

S2. At U = −1.2 V vs. SHE, the computed FECO are 0.48 on Ag(111), 0.47 on Ag(100), 

and 0.62 on Ag(100). These values are comparable with experimental results measured 

on silver single crystal surfaces, in which the measured CO Faradaic efficiency 

increases in an order of Ag(110) > Ag(111) ≈ Ag(100).21 In addition, computation 

results by Liu et al.22-23 demonstrated the onset potential of CO formation on silver can 

be further lowered on more active sites such as Ag(211).
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7. Hydrogen evolution reaction

DFT calculations on HER were carried out using both Perdew-Burke-Ernzerhof 

(PBE)24 and revised PBE (RPBE)25 exchange-correlation functionals. The overall HER 

pathway includes two steps: adsorption of hydrogen on the catalyst (H*) from initial 

state (H+ + e− + ∗), and release of molecular hydrogen (1/2H2 + ∗), where * denotes the 

catalyst.

The Gibbs free-energy of the adsorption of atomic hydrogen (∆GH*
0) under standard 

condition (pH = 0) is obtained by Eq (13)

                      (13)0
H* H H= ZPEG E E T S     

Where, ∆EZPE, and ∆SH are the difference in zero-point energy, and entropy between 

hydrogen adsorption and hydrogen in the gas phase, respectively. By neglecting the 

contributions from the catalysts to both ∆EZPE and ∆SH, Eq (14) can be rewritten as26

                         (14)0
H* H= 0.24 eVG E  

∆EH is the differential hydrogen adsorption energy, which is defined by Eq (15):

                          (15)
2

1
2H H* * HE E E E   

In this work, the same theoretical model was used to treat both CO2RR and HER and 

compare reaction kinetics. Concerted proton and electron transfer mechanism was 

adopted.

                          (16)A* H AH*e   

For CO2RR, A is CO2. For HER, A is H2O for Volmer reaction and A is H for 

Heyrovsky reaction. The HER on these metals are assumed to adopt Volmer-Heyrovsky 

mechanism and the potential-dependent reaction barriers of two proton-coupled 

electron transfer steps are calculated using similar theoretical framework for CO2RR.

H2O* + H+ + e− → H* + H2O (1c)

H* + H+ + e− → H2* (2c)
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Table S9. Calculated ∆EH and ∆GH (in eV) on various metal surfaces by PBE functional 
and RPBE functional.

PBE RPBE
Surface ∆EH ∆GH ∆EH ∆GH

Cu(111) −0.14 0.10 −0.03 0.21
Ag(111) 0.27 0.51 0.39 0.63
Au(111) 0.25 0.49 0.39 0.63
Zn(001) 0.71 0.95 0.58 0.82
Cd(001) 0.60 0.84 0.62 0.86
In(101) 0.62 0.86 0.54 0.78
Tl(001) 0.74 0.98 0.78 1.02
Sn(100) 0.31 0.55 0.38 0.62
Pb(111) 0.65 0.89 0.78 1.02
Ni(111) −0.66 −0.42 −0.52 −0.28
Pd(111) −0.63 −0.39 −0.49 −0.25
Pt(111) −0.48 −0.24 −0.33 −0.09
Rh(111) −0.52 −0.28 −0.37 −0.13
Ir(111) −0.36 −0.12 −0.22 0.02

DFT calculations on HER were carried out by both PBE and RPBE functional. The 

computed ∆EH and ∆GH on different metal surfaces are shown in Table S7. In general, 

the calculated hydrogen adsorption energy by RPBE functional is about 0.1 eV higher 

than PBE functional. Specifically, the calculated ∆GH on Pt(111) surface by RPBE 

(−0.09 eV) is closer to 0 than by PBE (−0.24 eV), which agrees with previous report.27

However, in order to maintain consistency in the computational method, the kinetic 

properties of HER are studied by using the same PBE functional as CO2RR simulations.
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Table S10. Reorganization energies (in eV) of HER on various metal surfaces.
H2O* + H+ + e− → H* + H2O (1c)

Surface R
o,ET P

o,ET R
O,PT P

O,PT R
i P

i R P

Cu(111) 1.37 1.65 0.06 0.11 1.64 2.60 3.08 4.36 
Ag(111) 1.37 1.65 0.06 0.11 1.61 1.77 3.05 3.53 
Au(111) 1.37 1.65 0.06 0.11 2.53 2.34 3.97 4.10 
Zn(001) 1.37 1.65 0.06 0.11 1.01 1.50 2.45 3.26 
Cd(001) 1.37 1.65 0.06 0.11 0.83 1.55 2.27 3.30 
In(101) 1.37 1.65 0.06 0.11 0.83 1.10 2.27 2.86 
Tl(001) 1.37 1.65 0.06 0.11 1.44 0.80 2.88 2.56 
Sn(100) 1.37 1.65 0.06 0.11 1.80 1.46 3.24 3.22 
Pb(111) 1.37 1.65 0.06 0.11 1.82 1.63 3.26 3.38 

H* + H+ + e− → H2* (2c)
Surface R

o,ET P
o,ET R

O,PT P
O,PT R

i P
i R P

Cu(111) 1.65 1.51 0.11 0.09 2.49 0.99 4.25 2.59 
Ag(111) 1.65 1.51 0.11 0.09 2.00 1.19 3.75 2.78 
Au(111) 1.65 1.51 0.11 0.09 2.19 1.59 3.95 3.19 
Zn(001) 1.65 1.51 0.11 0.09 1.55 0.82 3.31 2.42 
Cd(001) 1.65 1.51 0.11 0.09 1.30 0.70 3.06 2.30 
In(101) 1.65 1.51 0.11 0.09 1.19 0.77 2.94 2.37 
Tl(001) 1.65 1.51 0.11 0.09 0.92 1.23 2.67 2.83 
Sn(100) 1.65 1.51 0.11 0.09 1.74 1.56 3.50 3.16 
Pb(111) 1.65 1.51 0.11 0.09 1.40 1.44 3.16 3.03 
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Figure S6. Potential-dependent activation barriers of Volmer reaction and Heyrovsky 
reaction on (a) Cu(111), (b) Ag(111), (c) Au(111), (d) Zn(001), (e) Cd(001), (f) In(101), 
(g) Tl(001), (h) Sn(100), and (i) Pb(111) surfaces.
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Figure S7. Scaling relation of binding energies of CO* and H* adsorbed on various 
metal surfaces.

The binding energies of CO* show almost linear relation with the binding energies of 

H*. It is therefore we can use to binding energy of CO to estimate the binding strength 

of H* and therefore the HER activity. As seen from Figure S5, the studied metal 

catalysts are divided into three regions. P-block metals and Ds-block metals except Cu 

fall into CO desorption region, where the HER activity is also very weak duo to weak 

H* binding energy. Transition metals falls into CO poisoning region, where the CO 

hydrogenations take places extremely non-spontaneously as shown in Figure 8c while 

HER show high activity as shown in Figure 8b. Cu with neither too strong nor too 

weak CO binding strength is the unique metal located at the CO activation region. 

Meanwhile the HER side reactions are unavoidable, which becomes a main drawback 

of Cu-based CO2RR catalysts.
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