Supplementary Note 1: Free energy corrections
For gaseous species, the electronic energies are corrected using standard ideal-gas methods. The
chemical potential is given by:
p=Eeciec + ZPE + [ CpdT - T*S

where the E,j.. is the calculated electronic energy, ZPE the zero-point energy, C, the heat
capacity, S the entropy contribution, and T the temperature which was assumed to be 298.15K.'?
We applied in this work the same free energy corrections for the gaseous species as in Ref. '*. A
correction of 0.33 eV was also applied to the energy of COx(g), which was determined from fits
to gas phase reactions in Ref. >. In determining the free energy diagram in Figure 1, the CO,
pressure was assumed to be 1 bar, and differential conditions for the products. In the kinetic
model, the CO pressure was assumed to be Imbar, based on the estimated partial pressure of CO
from the Faradaic efficiency under CO, reduction conditions®. The free energy of liquid water
was determined using the ideal gas approximation at its vapour pressure at room temperature,
3534 Pa. For solvated protons, adsorbed intermediates, and transition states, the harmonic
approximation was applied to determine the free energy corrections to the electronic energies’.
Corrections for the adsorbates were taken from Ref. °. Supplementary Table 1 lists the
corrections applied for reaction barriers. An overbinding correction of 0.17 eV was applied to
CO* as suggested in Ref. .

Supplementary Note 2: Schematic of the model system
Supplementary Figure 1 shows images for the proton-electron transfer to *CO to form *CHO at
the initial, transition, and final states on Cu(111) and Cu(211) surfaces.

Supplementary Note 3: Scaling relations
The adsorption and transition state energies of reaction intermediates on surfaces often scale with
the adsorption energies of a small number of adsorbates (typically one or two), due to trends in
the underlying surface electronic structure®. In this work, the adsorption energies and transition
state energies scale linearly with the adsorption energies of CO* on (211) surfaces according to
the following equation:
Eagsrs =y X AEcox + ¢

where the parameters y and ¢ are fitted for each intermediate as a function of the binding energies
of CO* with all energies being relative to CO, H, and H,O in the gas phase. The scaling
parameters are depicted in Supplementary Figures 2 and 3.

Supplementary Note 4: Kinetics
We took a mean-field approach to microkinetic modelling, where the net rate of an elementary
reaction mA < nB was given by
r= k+6Am — k_QBn,

where 6; represents the surface coverage of adsorbate i, k. represents the rate constants of the
forward and backward reaction respectively’. The rate constants were calculated through the
equation k= Pxe “*D \where P represents the reaction prefactor, G, represents the activation
barrier, k, represents the Boltzmann constant and 7 represents the reaction temperature. Site
coverages were modeled using the pseudo-steady state approximation (i.e. the rate of change of
all surface intermediate coverages is 0)’. These assumptions were implemented in the CatMAP
software package'®, which was applied to solve the microkinetic model.



Lateral adsorbate-adsorbate interactions were modeled using a first-order expansion in the
coverage for the differential adsorption energy:
E;(6;) = E{ + z feib;
j
where Ei(6)) is the differential adsorption energy of species i given a vector of coverages 6, E;’ is

the differential adsorption energy of species i in the low-coverage limit, €; is a matrix of
interaction parameters for the interaction between species i and j, f corresponds to a piecewise-
linear function for the energy as a function of coverage. The H* coverage is excluded when
calculating f to account for H* being much smaller than CO and therefore has little effect on
determining the strength of the interactions. Further information on the interaction model is
provided in the former work''. The adsorbate cross-interaction parameters were determined
using DFT calculations of the adsorption energies of intermediates at high coverages on Pt(111),
and were listed below. Convergence of the kinetic model was achieved by first converging the
solution with no interactions and incrementally increasing the interaction strength to the fitted
value.

€CO*, CO* = 2.467

€COo*, H* = 0.727

€CO*, H-H* = 1.156

€cox, Heelex = 0.786

€cor, Ha-elex = 0.509

€CO*, H-CO-¢le* — €CO*, H-CO * — €CO*, CO-H* = €CO*,
CH-H* = €CO¥, CH2-H* = €Co*, cH3-H* = 1.949

€C0*, CO-H-cle* = 7.867

€C0*, H-COH-cle* = 1.382

€OH*, OH* — 1.033

CH*, CH,*, CH3*, CHOH*, CHO*, COH* were assumed to have same interactions as those of
CO*. All unlisted ¢ j are assumed to be zero.

Uncertainties associated with the exchange-correlation energies are provided by the BEEF-vdW
ensemble. The uncertainty is propagated through the kinetic model by creating an ensemble of
microkinetic models corresponding to the BEEF-vdW error estimation ensemble'”"'*. This
approach ensures that correlations between energetic errors are properly accounted for.
Uncertainties on relative rates were approximated by the standard deviation of relative rates and
were converged with an ensemble of 500 microkinetic models.

In this simple model, CH4(g) was taken as an example of hydrocarbon/alcohol products, and
H,(g) was included as the main side product. Accordingly the experimental polarization curves
included all products further reduced from CO. Both proton-electron transfer and surface
hydrogenation pathways were taken into account. The steps after forming CHO* were assumed
to be barrierless as we have shown that all the successive steps have smaller barriers than CO*
protonation to CHO* on Cu(211). Including the barriers of these steps did not alter the overall
reaction rate. We have also shown that on Cu(211) the protonation barrier to form CHOH* from
COH* is about 0.6 eV higher than that of forming CHO* from CO*. To get an upper limit of the
performance of the COH pathway, we used the CO* to CHO* barrier to estimate the COH*



protonation barrier on (211) surface. COH* protonation barriers on (111) surfaces were
explicitly calculated. All the elementary steps are described as follows:
LH +e +* e H*

.H +e +H* < Hy(g) + *

. H* + H* & Hy(g) +2*

.OH*+H" +¢ < H,0O(g) + *

.CO(g) +* < CO*

.CO* +H + ¢ & CHO*

. CO* + H* &> CHO* + *

.CHO* +H' + ¢~ > CHOH*

9.CO* + H + ¢ > COH*

10. CO* + H* «» COH* + *

11. COH* + H' + ¢ <> CHOH*

12. CHOH* + H + ¢ <> CH* + H,O(g)

13. CH* + H" +¢ < CHy*

14. CH* + H* «> CHy* + *

15. CHy* + H' + ¢ <> CH3*

16. CHy* + H* <> CH3* + *

17. CH3* + H + ¢ <> CHy(g) + *

18. CH3* + H* «> CHy(g) + 2*

where * represents a surface site. All the steps had prefactors of 10" based on harmonic
transition state theory’.
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The potential dependence of the electrochemical steps is determined from the charge of transition
state and are listed below:

dGy(stepl, 111 surface)/dU = —-0.4

dG,(step2, 111 surface)/dU =-1.0

dGy(stepl, 211 surface)/dU =-0.7

dG,(step1, 100 surface)/dU =—0.8

All unlisted electrochemical steps use dependences of —0.5.

Supplementary Note 5: Relative Rates of CO reduction and H; production
In Supplementary Figure 4, the rate relative to that of Cu(211) is shown as a function of CO*
binding energy, along with the relative uncertainty determined through BEEF-vdW error
estimation ensembles. Cu(211) remains to be close to the volcano peak even when uncertainties
are accounted for.

Supplementary Note 6: *CO and *H coverages
Overall, *CO and *H predominated under CO reduction conditions. Supplementary Figure 5
shows the coverages of these species at —0.5 and —1.0 V vs. RHE.

Supplementary Note 7: Projected density of states at the transition state
In general, processes taking place at a metal surface are not limited by electron transfer'’. This is
illustrated in Supplementary Figure 6, which shows the projected density of states for the
transition state of proton-electron transfer to CO, obtained using a very small smearing width of



0.01 eV and k-point grid of [20x20x1]. Since the width of the adsorbate-induced states is on the
order of eV, the Heisenberg uncertainty principle suggests the rate of electron jumps between the
adsorbate and metal surface to be more than 10" s

Supplementary Note 8: Transition state configurations for molybdenum sulfide and Ni-

doped molybdenum sulfide
From a thermodynamic perspective, MoS, type materials break the scaling between *CO and
*CHO, since *CO binds to metal edge sites and *CHO the sulfur ones'®. However, such a
deviation is not shown in the transition state scaling lines of Figure 2. This result can be
rationalized by examining the configuration of the associated transition states, shown in
Supplementary Figure 7 for MoS, and NiMoS,. The CO->CHO transition state is initial state
like, i.e. bound to the metal site, and so the stabilization of *CHO by the sulfur site does not
affect the transition state.
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Supplementary Figure 1 Images along the reaction pathway for the proton-electron transfer to
*CO to form *CHO on Cu (111) and (211) facets.
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Supplementary Figure 2 Adsorbate scaling relations
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Supplementary Figure 3 Transition state scaling relations
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Supplementary Figure 4 Pressure dependence on Cu(100), Cu(111) and Cu(211).
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Supplementary Figure 5 Relative CO reduction and hydrogen evolution volcanoes as a function
of CO binding energy, as determined through microkinetic modeling. Cu(211) was taken as the

reference.
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Supplementary Figure 7 Calculated projected density of states (PDOS) of the transition state of
CO protonation to CHO on Cu(111) and Cu(211) surfaces.
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Supplementary Figure 8 The transition states images of CO protonation to CHO on the edges of
MoS; and Ni-doped MoS;.



Supplementary Table 1 Free energy corrections to the electronic energies applied to the various
reaction barriers considered. Transition state energies are corrected by their zero-point energy.

Reactions Surfaces | *CO (eV) | H-CO (eV) | AGa(eV)
Cu(111) 0.19 0.34 0.15
Pt(111) 0.19 0.42 0.23
Au(111) 0.19 0.38 0.19
Ag(111) 0.17 0.44 0.27
Cu(211) 0.19 0.34 0.15
«CO +H* + e~ -+ CHO Pt(211) 0.20 0.37 0.17
Au(211) 0.19 0.34 0.15
Ag(211) 0.17 0.34 0.17
Pd(211) 0.17 0.34 0.17
MoS, 0.24 0.43 0.19
NiMoS, 0.24 0.43 0.19
Cu(111) 0.19 0.43 0.24
Pt(111) 0.19 0.53 0.34
Au(111) 0.19 0.45 0.26
e CO+H + o= =« COH Ag(111) 0.17 0.40 0.23
Cu(211) 0.19 0.43 0.24
Pt(211) 0.20 0.53 0.33
Au(211) 0.19 0.49 0.30
Ag(211) 0.17 0.44 0.27
«C0, + H* + e~ — « COOH Cu(211) 0.32 0.62 0.30
* COOH + H*+ e~ »*(C0 + H,0 Cu(211) 0.62 0.76 0.14
«CHOH + H* + e~ —+CH + H,0 | Cu(211) 0.71 0.92 0.21
«CH+ H* + e~ > * CH, Cu(211) 0.35 0.58 0.23
«CH, + H* + e~ — * CH; Cu(211) 0.63 0.81 0.18
«CH, + H* + e- > CH, Cu(211) 0.93 112 0.19
«CHO + H* + e~ -+ CHOH Cu(211) 0.34 0.71 0.37
x CHO+H*+ e~ > CHOH Cu(111) 0.46 0.71 0.25
x COH+ H"+ e -»*xCHOH Cu(211) 0.19 0.34 0.15

«COH + H' + e~ >+ CHOH Cu(111) 0.19 0.34 0.15




Supplementary Table 2 Barriers from Figure 1 and 2 in eV

Figure 1

CO,+ (e +H") > COOH 0.21
COOH + (¢ + H") = (CO+H,0) 0.67
CO+ (e +H") > CHO 0.97
CHO + (¢ + H") > CHOH 0.78
CHOH + (¢ + H") & (CH +H,0) 0.69
CH+ (e +H') > CH, 0.37
CH, + (¢ + H) > CH; 0.29
CH;+ (¢ +H") > CH,4 0.55
CO+ (e +H") > COH 1.31
COH + (¢ + H") > CHOH 1.62
Figure 2

CO+ (e +H'") > CHO on Ag211 0.90
CO+ (e +H") > CHO on Au211 0.95
CO+ (e +H") > CHO on P211 1.58
CO+ (¢ +H") = CHO on Pd211 1.56
CO+ (e +H') > CHO onIr211 1.46
CO+ (e +H") > CHO on Pt211-2/3CO ML 1.51
CO+ (e +H") > CHO on Pt211-3/3CO ML 1.17
CO + (¢ + H") > CHO on MoS; 0.88
CO + (¢ + H") = CHO on NiMoS, 1.35
CO+ (e +H") > CHO on Aglll 1.05
CO+ (e +H") > CHO on Aulll 0.98
CO+ (e +H") > CHO on Culll 1.34
CO+ (e’ +H") = CHO on Pt111-1/6CO ML 1.89
CO+ (e’ +H") = CHO on Pt111-2/6CO ML 1.63
CO+ (e +H") > CHO on Pt111-3/6CO ML 1.54
CO + (e +H") > CHO on Cul00 1.26




Supplementary Table 3 Adsorption energies of all reaction intermediates used in kinetics, in eV

Eads (eV)

Surfaces | CO* | CHO* | COH* | CHOH* | CH* | CHy* | CH:* | OH* | ~ooms
AgCID 1 940 | 022 | 001 1.64 040 | 1.60 | 024 |-1.16 | -0.21 /
AuID | g0 | 031 | -035 | 0.76 0.19 | 078 | -045 | -1.50 | 0.18 /
Cu@ID | 902 | 075 | -0.55 | 0.58 040 | 024 | 062 | -1.56 | -0.84 | -0.87
PA@ID | 025 | <167 | 121 | 072 | -147 | -1.09 | -136 | -1.86 | -0.27 |
PRID 1 039 | -177 | <155 | <136 | -1.85 | -1.44 | -1.88 | 222 | -0.32 /
Rh@ID) | 036 | -1.81 | -1.61 | -129 | -1.66 | -1.09 | -1.72 | -2.07 | 0.84 | |
Ni2ID | 53 | .187 | -1.56 / 1,65 | <155 | -1.69 | 2.04 | -1.19 /
r@ID | 057 | 219 | <193 | 175 | -1.95 | -1.80 | 2.16 | -2.40 | -0.91 /
AgdID | 954 | 008 | 021 | 187 098 | 1.81 | 0.64 | -0.99 | 0.03 /
AullID) | 056 | -001 | -017 | 110 | 053 | 093 | 012 |-131 | 0.66 /
CollID) | 012 | -048 | 009 | 0.64 034 | 047 | 020 |-125[-038 | /
PA(I1D) 1 36 | 178 | -120 | -131 094 | -1.24 | -1.20 | -1.85 | 0.07 /
P | 020 | -147 | <131 | -142 | 132 | -151 | -140 | -2.08 | 0.1 /
RhATD | 027 | -168 | -133 | -143 | -1.05 | -152 | -1.39 | -1.87 | -0.27 /
Ni(lID) 1 47 | -188 | -133 | -1.55 119 | <157 | -1.56 | -1.83 | -0.49 /
(D 1 519 | 147 | 114 | -156 121 | <170 | -1.49 | -1.99 | -0.02 /
Cu(100) | 11 | -0.62 | -025 | 0.12 0.01 | 034 | 042 | -146 | -0.59 | /

Supplementary Table 4 Transition state energies of all chemical steps used in kinetics in eV

Surfaces ETS (eV)

H-CO* CO-H* CH-H* CH2-H* CH3-H*
Ag(211) 0.82 / 2.41 1.00 -0.22
Cu(211) 0.21 1.69 0.63 -0.33 -0.96
Pd(211) -0.65 -0.08 -0.46 -0.84 -1.71
Pt(211) -0.63 -0.80 -1.11 -1.50 -1.93
Rh(211) -0.01 0.08 -1.13 -1.65 -2.36




Ag(111) 0.97 275 2.62 1.43 0.03
Au(111) / / / 0.84 -0.25
Cu(111) 0.36 1.63 0.97 0.32 -0.64
Pd(111) -0.50 0.05 -0.76 -0.77 -1.58
Py(111) -0.36 -0.02 -1.01 -1.10 -1.54
Rh(111) 20.60 -0.11 -1.25 -1.29 -1.65
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