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Supplementary Figure 1. Image of the three-electrode H-cell employed for CO electrolysis
study.
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Supplementary Figure 2. Total current density and Faradaic efficiency of CO electroreduction in
the electrolyte pH range of 7.2 — 13.9: (a) 0.3 M NaH2POs4 + 0.35 M NaxHPO4 (pH = 7.2), (b) 1.0

M NaHCOs (pH = 9.0), (c) 0.5 M Na2CO3 (pH = 11.3), (d) 0.1 M NaOH + 0.9 M NaClOs (pH =

12.9) and (e) 1.0 M NaOH (pH = 13.9). The error bars represent the standard deviation from at
least three independent measurements.
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Supplementary Figure 3. The logarithms of partial current densities for CH4 formation vs
calculated RHE potential using the local pH near electrode surface (Details are shown in
Supplementary Note 2). The error bars represent the standard deviation from at least three
independent measurements.
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Supplementary Figure 4. Current densities for C2+ products formation at different electrolyte pH
plotted in SHE scale. The error bars represent the standard deviation from at least three
independent measurements.
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Supplementary Figure 5. pco dependent Cz+ products formation rate at different electrolyte pH.
The logarithms of partial current densities for (a) acetate, (b) ethanol and (c) n-propanol vs
logarithms of pco. The potential for all electrolysis is kept at -1.50 V vs SHE. The potential for all
electrolysis is kept at -1.50 V vs SHE. The error bars represent the standard deviation from at least
three independent measurements.
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Supplementary Figure 6. Schematic of the in situ electrochemical spectroscopic cell for ATR-

SEIRAS test.



Supplementary Figure 7. Image and design of the in-situ electrochemical spectroscopic cell for

SERS test.
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Supplementary Figure 8. SHINER spectra on Cu MPs in (a) 1.0 M NaHCO3 (pH 9.0) and (b) 0.5
M Na2COs (pH 11.3) at potentials indicated in the figure. The spectra were collected at constant
potentials with 0.1 Vsue intervals in the cathodic direction from the OCP to -1.3 VshE.
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Supplementary Figure 9. The logarithms of partial current densities for CH4 formation plotted in
SHE scale at different electrolyte pH. The error bars represent the standard deviation from at least
three independent measurements.
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Supplementary Figure 10. pco dependent methane formation and hydrogen evolution at different
electrolyte pH. The logarithms of partial current densities for methane formation (red) and
hydrogen evolution (gray) vs logarithms of pco at electrolyte pH of (a) 7.2, (b) 11.3 and (c) 12.9.
The potential for all electrolysis is kept at -1.50 V vs SHE. The error bars represent the standard
deviation from at least three independent measurements.
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Supplementary Figure 11. The logarithms of partial current densities for hydrogen evolution
plotted in (a) RHE scale and (b) SHE scale, respectively. The error bars represent the standard
deviation from at least three independent measurements.



Supplementary Table 1. Summary of other possible reaction schemes for C2+ product (a.1-a.3)
and CHa (b.1) formation and their corresponding Tafel slopes.

Possible reaction scheme for CO order at pH
. Tafel slope
C»+ product formation high 8co dependent
H' +e +* —*H .

a.l RDS 59 mV dec’! negative yes

*CO+*H———>*CO(H)+*

*CO+H,0+e” — *CO(H)+OH

a.2 *CO+*CO(H) —>=—*C,0, (H)+* 59 mV dec’! 0 no

or *CO(H)+*CO(H)—=—*C,0, (H), +*
*CO+H +e” — *CO(H)
a.3 *CO+*CO(H) —>=—>*C,0, (H)+* 59 mV dec’! 0 yes
or *CO(H)+*CO(H) —=—>*C,0, (H), +*
CH4 formation
H +e +* —>*H
b.1 *CO+H' +e” —*CO(H) 29.5mV dec!  negative yes
*CO(H)+*H—=>*CO(H), +*




Supplementary Table 2. The estimated CO adsorption equilibrium constant based on the
proposed mechanisms in this work. The rate expressions for the formation of Ca+ products and
methane are shown in Supplementary Note 1.

pH value Kot K omethane
7.2 3.9 2.6
9.0 7.6 7.0
11.3 7.6 3.2
12.9 7.3 2.2

13.9 6.8 2.2




Supplementary Note 1: Derivation of mechanistic models

Reaction schemes of Cz+ production

Scheme 1: Dimerization between two *CO

The rate-determining step (RDS) is the coupling between two *CO.
k.
RDS: *CO+*CO+e —2—=*C,0; +*
The rate of this process can be written as:

ﬁﬂ_Fj

Je,, = ke [*COT exp( o7 (1)

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
K

co *

CO(g) +*«*2>*CO
[*CO]
0T 5 e 2
PCO[*] ( )

Because *CO is the only major adsorbate, the concentration of all sites [L] can be expressed as:

[L]=[*CO]+[*] (€)

From equations (2) and (3), we can obtain:

[*CO] = M[L] )]
+K Py

Combining equations (1) and (4) yields:

2
. F K P
jo =k exp| P1E || Keofco | ppp 5)
0 PR 14K Py

At low P.,, according to equation (4), the [*CO] term approaches K. P.,[L], and the rate
expression can be expressed as:

. F
Je,, = kczo; exXp (ﬂRLTj Kcozpcoz[L]2 (6)

The reaction order with respect to P, 1s 2.

At high P.,, the [*CO] term approaches [L], and the rate expression becomes:



Jor = exp(%}[w ™

The reaction order with respect to P, is 0.

This reaction scheme can be consistent with the experimental observations shown in Figs. 2a
and Supplementary Fig. 5.

Scheme 2: Dimerization between *CO and CO)

The RDS is the coupling between *CO and a CO molecule:
RDS: *CO+CO,, +e —S25*C,0;

The rate expression can be written as:
. F
o, =key, *COIR,, exp(%j ®)

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
Ko

CO(g) + k ¢ Keo N *CO
[*CO]
co = 9
Frol*] ®

Because *CO is the only major adsorbate, the concentration of all sites [L] can be expressed as:

[L]=[*CO1+[*] (10)

From equations (9) and (10), we can obtain:

[*CO]=M[L] (11)
+K P,

Combining equations (8) and (11) yields:

K. P,
jo =k, exp| 2L ) Beolco (12)
o PP\ R Ty kP,

At low P.,, according to equation (11), the [*CO] term approaches K.,F.,[L], and the rate
expression can be expressed as:

. F
Je, = kczog CXp (ﬂRLTj KCOPC02 [L] (13)



The reaction order with respect to F, is 2.

Athigh P.,, the [*CO] term approaches [L], and the rate expression becomes:

. F
Jo, = kczog exp (ﬂRLTj P[L] (14)

The reaction order with respect to P, 1s 1.

This reaction scheme is not consistent with the experimental observations shown in Fig. 2a
and Supplementary Fig. 5.

Scheme 3: Dimerization between *CO(H) and *CO

Possibility 1: The RDS is the hydrogenation of surface-bound CO (noted as *CO). The hydrogen
source is the proton in solution. Ca+ is produced via CO coupling between *CO and *CO(H).

RDS: *CO+H" +¢ —2 s*CO(H)

Ca+ production: *CO+*CO(H)—225*C,0, (H)+*
Note that *CO(H) is also an important intermediate for methane formation.
Methane production: *CO(H )%—)CH f

Assuming [*CO(H )] remains constant under steady state, we can obtain:
. + F
Je,, = kCO(H)[*CO][H Jexp (%J (15)

From equation (15), we can obtain:

. F
Keoun *COILH ]exp(ﬁR”Tj
[*COH)]= ” (16)
ke,o,in[*COL + ke,
The rate expression of Cz+ formation can be written as:
+ F
kC202 (H)kCO(H) [*CO]2 [H " ]Jexp [ﬂRnT)
jC2+ = kczoz(H)[*CO][*CO(H)] = 17)

kczoz(H) [*CO]+ kCH4

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
Ko

CO(g) + % ¢ Keo N *CO



_[*co]

co 18
Byl 1o

[*CO(H)] is small due to its consumption being faster than its production. Therefore, *CO is the
only major adsorbate and the concentration of all sites [L] can be expressed as:

[L]=[*CO]+[*] (19)
From equations (18) and (19), we can obtain:
K. P

[*COl=——"-[L] (20)
K F.,

Combining equations (17) and (20) yields:

N F
kCZOZ(H)kCO(H)KC02PC02 [H " ]Jexp (:BRUTj [L]2
jC2+ = 2 (21)
kC202(H)KC0PCO (1 + Keobeo )[L] + kCH4 (1 + KcoPco)

At low P, according to equation (20), the [*CO] term approaches K .,FP.,[L], and the rate
expression can be expressed as:

k k
jC2+ — C,0,(H)"™CO(H) KCO2PCO2[H+]eXp(ﬂnF j[L]Z (22)

ke,
The reaction order with respect to P, is 2.

At high F.,, the [*CO] term approaches [L], and the rate expression becomes:

. F
kCZOZ(H)kCO(H)[H ]exp(ﬂRnT )[L]Z 23
j =
keo,um L1+ ke,

The reaction order with respect to P, 1s 0.

This reaction scheme can be consistent with the experimental observations shown in Fig. 2a
and Supplementary Fig. 5. However, it leads to a pH dependence of Cz+ products formation
which is inconsistent with our observation shown in Fig. 1 that rates of C,+ products are pH
independent.

Possibility 2: The RDS is the hydrogenation of surface-bound CO (noted as *CO). The hydrogen
source is the water in solution. Cz+ is produced via CO coupling between *CO and *CO(H).

RDS: *CO+ H,0+e¢ —< 5*CO(H)+OH"



Ca+ production: *CO+*CO(H)—22 55,0, (Hy+*
Note that *CO(H) is also an important intermediate for methane formation.
Methane production: *CO(H) w5 sCH f

Assuming [*CO(H )] remains constant under steady state, we can obtain:
k *CO pnk =k *CO[*CO(H)] + k,,, [*CO(H 24
CO(H)[ lexp RT CZOZ(H)[ 1 (H)] cH, [ (H)] (24)

From equation (24), we can obtain:

F
kCO(H)[*CO] exp(ﬁRnT)

[*CO(H)]= (25)
ke,0,n[*COT+ ke,
The rate expression of C2+ formation can be written as:
F
kCZOz(H)kCO(H)[*CO]Z exp(ﬁRnT]
jc2+ = kczoz(H)[*CO][*CO(H)] = (26)

kczoz(H)[*CO] + kcm

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
K.:

CO(g)+*<—>KC0 *CO
[*CO]
co = 27
Pol®] @7

[*CO(H)] is small due to its consumption being faster than its production. Therefore, *CO is the
only major adsorbate and the concentration of all sites [L] can be expressed as:

[L]=[*COJ+[*] (28)
From equations (27) and (28), we can obtain:

[*CO] = M[L] (29)
1+I<COPCO

Combining equations (26) and (29) yields:

BnF
kc202(Hr)kCO(H)Kcozpco2 eXp (RT [L]2

> (30)
kCZOZ(H)KCOPCO (1 t KeoFeo )[L] + kcm, (1 + Kcopco)

‘]CZ+ =



At low P, according to equation (29), the [*CO] term approaches K.,F.,[L], and the rate
expression can be expressed as:

k k.
Je,, = S0t ol Kcozpco2 exp(fgfj[uz (€2)

2+ kCH4
The reaction order with respect to P, is 2.

Athigh P, the [*CO] term approaches [L], and the rate expression becomes:

ﬁ‘;l 2
k k CeXp| ——— L
C,0,(H)™"CO(H) [ RT [ ]

i = (32)
o kczoz(H)[L] + kcm,

The reaction order with respect to P, is 0.

This reaction scheme can be consistent with the experimental observations shown in Fig. 2a
and Supplementary Fig. S. It leads to a pH independence of Cz+ products formation which is
consistent with our observation shown in Fig. 1 that rates of C2+ products are pH independent.

Scheme 4: Dimerization between two *CO(H)

Possibility 1: The RDS is the hydrogenation of surface-bound CO (noted as *CO). The hydrogen
source is the proton in solution. Cz+ is produced via CO coupling between two *CO(H).

RDS: *CO+H" +¢ —<2 s*CO(H)

Ca+ production: *CO(H)+*CO(H)—22t2_5*C 0, (H), +*

Note that *CO(H) is also an important intermediate for methane formation.
Methane production: *CO(H) o s SCH f

Assuming [*CO(H )] remains constant under steady state, we can obtain:
k *CO|[H” sk =k, *CO(H)) + k., [*CO(H
counl 1[H " ]exp RT .0, | (H)] oL (H)] (33)

From equation (33), we can obtain:

R F
\/kc,,j + bk i keoun [FCOILH ]exp(’BR ’7T j ke,

[*CO(H)]= (34)

2kC202 (H),

The rate expression of C2+ formation can be written as:



2

. F
kCH42 +4ke,o,m), kcoun [ *COJH ]eXP('HRnTj —key,

Je,, = ke, [*COH )T = ke,o,), 2k

G0,(H),

(35)

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
Ko

CO(g)'i‘*( Keo )*CO
*CO
co= [ *] (36)
Feol*]

[*CO(H)] is small due to its consumption being faster than its production. Therefore, *CO is the
only major adsorbate and the concentration of all sites [L] can be expressed as:

[L]=[*CO]+[*] (37)
From equations (36) and (37), we can obtain:

[*CO] _ KCOPCO

- 1-l_I(VCOPCO [L] (38)

Combining equations (35) and (38) yields:

2

KeoF, o (PuF
kCH42 + 4kC202(H)2 kCO(H) — OSSO [L|[H " Jexp —kCH4
: 1K o Feo RT
‘]C2+ = kC202(H)2 2% (39)
CZOZ(H)Z

At low F.,, according to equation (38), the [*CO] term approaches K ,F.,[L], and the rate
expression can be expressed as:

2

pnk

kew,” + 4ke o, i, Kcoun K coPeo [ LIIH "] exp —key,
RT (40)

jC2+ = kC202(H)2 2k

G,0,(H),

The reaction order with respect to P, is close to 1.

Athigh F.,, the [*CO] term approaches [L], and the rate expression becomes:



2

. F
kCH42 + 4kC202(H)2kCO(H)[L][H ]eXp(’Hnj —kCH4
RT @1

Je.. =keo,an,
2kC202(H)2
The reaction order with respect to P, is 0.

This reaction scheme can be consistent with the experimental observations shown in Fig. 2a
and Supplementary Fig. 5. However, it leads to a pH dependence of Cz+ products formation
which is inconsistent with our observation shown in Fig. 1 that rates of C,+ products are pH
independent.

Possibility 2: The RDS is the hydrogenation of surface-bound CO (noted as *CO). The hydrogen
source is the water in solution. Cz+ is produced via CO coupling between two *CO(H).

RDS: *CO+ H,0+e¢ —< 5*CO(H)+OH"

C2+ production: *CO(H)+*CO(H) M)*CZOZ (H),+*
Note that *CO(H) is also an important intermediate for methane formation.

Methane production: *CO(H)—— _tow . SCH f

Assuming [*CO(H )] remains constant under steady state, we can obtain:
(+*Colexp| 2715 *CO(H)® +k,.,, [*CO(H 42
CO(H) p RT CZOZ(H)Z[ ( )] cH, [ (H)] (42)

From equation (42), we can obtain:

F
\/kcmz + 4kczoz<H>zkc0(H>[*CO]eXp(ﬂRnT) —ken,

[*CO(H)]= %

(43)

C,0,(H),

The rate expression of C2+ formation can be written as:

2

F
\/kCH42 + 4kC202(H)z kCO(H)[*CO]eXp (ﬂRnT) - kCH4

2k

Je, = keo,0m,[* CO(H)Y = ke,o, ), (44)

C,0,(H),

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
Ko



CO(g)+*« L 5*CO

_[rcoy

co = 45
Feol™] @

[*CO(H)] is small due to its consumption being faster than its production. Therefore, *CO is the
only major adsorbate and the concentration of all sites [L] can be expressed as:

[L]=[*COJ+[*] (46)

From equations (45) and (46), we can obtain:

[*Co]zﬂ[ L] (47)
1 KCOPCO

Combining equations (44) and (47) yields:

2 K pnkF
\/kcm +4k020 (H), kCO(H) 1+[§0 ICDO [L]e P( RT kCH4

Je,, =kco,m), 2%
C,0,(H),

2

(48)

At low P.,, according to equation (47), the [*CO] term approaches K .,P.,[L], and the rate
expression can be expressed as:

F
kCH42 + 4/(0202(11)2 kCO(H)KCOPCO [L]exp ( pn ) CH,
: RT 49
JC2+ = kczoz(H)z 2k ( )
C,0,(H),
The reaction order with respect to P, is close to 1.
At high P, the [*CO] term approaches [L], and the rate expression becomes:
F
\/kCH42 + 4k6202(H)2kCO(H)[L]eXp(%) - kCH4
i =k (50)
Je,. T Ke,0,am, T

The reaction order with respect to P, is 0.

This reaction scheme can be consistent with the experimental observations shown in Fig. 2a
and Supplementary Fig. 5. It also leads to a pH independence of C»+ products formation
which is consistent with our observation shown in Fig. 1 that rates of C»+ products are pH
independent.



Reaction schemes of methane production

Scheme 1: Coupling between *CO and *H.

Possibility 1: The RDS is the protonation of *CO. The proton source is the surface adsorbed *H
(B.1 mechanism).

RDS: *CO +*H — s*CO(H ) +*
The rate expression can be written as:
jCH4 = kCO(H)[*CO][*H] 51

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
Ko:

CO(g)+*<—>KC0 *CO
[*CO]
co = 52
Pol®] ©)

Similarly, the reduction of H20 to produce *H is assumed to be a fast equilibrium. We note that
the absolute Hads coverage on Cu likely remains low due to the lack of experimental observation
and relatively low hydrogen binding energy.[!l The Hads coverage keep nearly constant with the
change of applied potential:

H,O+e +*<« 2o + OH™

K, =X (53)
[H %)

Where Kw represents the ion-product constant of water.

The concentration of all sites [L] can be expressed as:

[L]=[*CO]+[*H]+[*] (54)
The coverage of Hags is typically considered to be small:

[L]=[*CO]+[*] (55)

From equations (52), (53) and (55), we can obtain:

* _ KeoFeo

[*CO]= K, P, [L] (56)
w171 K, [H"]

[*H]= I (1+KcoPco)[L] (57)

Combining equations (51), (56) and (57) yields:



) K. P K, [H"
Jen, = keoan cofcokl ]2 (L) (58)
K, (1+K,P,)

At low B, according to equations (56) and (57), the [*CO] term approaches K.,P-,[L], and

K, [H"
the [*H] term approaches %[L] , the rate expression can be expressed as:
w
k, K, K. P H"
Jon, = e B ool Ly (59)
KW

The reaction order with respect to ., is 1

At high P, , the [*CO] term approaches [L] , and the [*H] term approaches
K,H'] 1
KW KCOPCO

[L], the rate expression can be expressed as:

k K, [H"
jCH4 =2 L 1 [L]Z (60)
K, KcoFeo

The reaction order with respect to ., is -1

Possibility 2: The RDS is the Volmer step followed by the protonation of *CO. The proton source
is the surface adsorbed *H (B.2 mechanism).

RDS: H,0+e +*—2—>*H+OH"
*CO +*H — 5 *CO(H ) +*
The rate expression can be written as:
Jen, = ko *COI*H ] (61)

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
K.

CO(g)+*«Le 5*CO
%
=L CO*] (62)
Feol*]
the concentration of all sites [L] can be expressed as:
[L]=[*COJ+[*H]+[*] (63)

The coverage of Hads is typically considered to be small:



[L]=[*COI+[*] (64)
From equations (62) and (64), we can obtain:

KCOPCO

[*CO]=
K coFeo

[L] (65)

Note that *H is also an important intermediate for hydrogen evolution reaction.

Hydrogen evolution reaction through the Volmer-Heyrovsky mechanism:
*H+H,0+e¢ —>H,+OH"

Assuming *H remains constant under steady state, we can obtain:

ky[*]exp (—fj =kcoun*CON*H] + ky, [*H ]exp (%) (66)

From equations (64) and (66), we can obtain:

pnkF

ky exp( j([L] [*COo])

[*H]= (67)

ky+ kCO(H)[*CO] + kH2 [*H] eXp(Z};j

Combining equations (65) and (67) yields:

k, exp[ﬂ’7 j[ ]

[*H]= I KT F e (68)
(k, exp( RT ) kHz exp(R j)-ir (kCO(H)[L]Jrk exp( RT j-i— kH2 exp(RTj)KCOPCO

Combining equations (61) and (68) yields:

| Keouni exp(ﬁ”F )Kwa[Lf (69)

o™ k, exp(ﬁ” j+k exp[ ]+(k ol L1+ 20k, exp(ﬁn j+k exp[ j))Km o ko [L1+ exp(ﬂn )+k exp( ))K(O P

Atlow F,,, the rate expression can be expressed as:

F
kCO(H)kHKCOPCO exXp ( ﬁRﬂT j[L]2

jc1-14 =
k,, exp(ﬁn ) k,, exp(nFj
RT h RT

The reaction order with respect to P, is 1.

(70)

At high P, the rate expression can be expressed as:



F
kCO(H)kH eXp ( ’6;77, ) [L]2

7 (71)
(keoum L1+, exp(ﬁ;? j e,y exp(ZTj)KCOPCO

jCH4 =
The reaction order with respect to £, is -1.

Scheme 2: Reaction between *CO and H>O in solution.

Possibilityl: The RDS is the protonation of *CO. The hydrogen source is the water in the
electrolyte (B.3 and B.5 mechanisms).

RDS: *CO+H,0+¢ —< 5*CO(H)+OH~

The rate expression can be written as:
jCHA kCO(H) [*COlexp [ ﬂUT j (72)

where f is the symmetry factor for the reduction process.

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
K

CO(g) +* "2 >*CO
[*CO]
co = 73
Fol*] )

Because *CO is the only major adsorbate, the concentration of all sites [L] can be expressed as:

[L]=[*COJ+[*] (74)

From equations (73) and (74), we can obtain:

[*CO] =M[L] (75)
1+K Py

Combining equations (72) and (75) yields:

pnF\ KooFrp
RT )1+ K P,

jCH4 = kCO(H) exp( [L] (76)

At low P.,, according to equation (75), the [*CO] term approaches K. ,P-,[L], the rate
expression can be expressed as:



. F
Jen, = kcor eXp (ﬂRLT] KeoFeol L] (77)

The reaction order with respect to P, is 1.

At high F.,, the [*CO] term approaches [L], the rate expression can be expressed as:

jCH4 = kCO(H) cXp (ﬁ}?—f] [L] (78)

The reaction order with respect to P, is 0.

Possibility 2: The RDS is the later proton-coupled electron transfer step (B.4 mechanism).

RDS: *CO+ H,0+e¢ — 5 *CO(H)+OH "
*CO(H)+ H,0+e —4%_5*CO(H), +OH~

The rate expression can be written as:

Jen, = ko, [FCO(H)exp (?—f] (79)

where f is the symmetry factor for the reduction process.

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
K

co *

CO(g) +* "2 >*CO
[*CO]
co = 80
Pol*] 0

Because *CO is the only major adsorbate, the concentration of all sites [L] can be expressed as:
[L]=[*COI+[*] (81)
From equations (80) and (81), we can obtain:

KCOPCO

[*CO)=
1—’_]<CO])CO

[L] (82)

Similarly, the generation of *CO(H) is assumed to be a fast equilibrium, and the rate expression
of the generation of *CO(H ) can be written as:



Ky [*CO(H)]

K = (83)
o [*CO][H+]GXP(UF)
RT
Where Kw represents the ion-product constant of water.
Combining equations (79), (82) and (83) yields:
k K H" K. P
Jen, = coun, Keoun ] exp£(1 +ﬂ)77Fj coeo 1y (84)
K, RT K. P,

At low F.,, according to equation (82), the [*CO] term approaches K .,F.,[L], the rate
expression can be expressed as:

_ keoun Keou ] exp((1 T )UF]KCOPCO[L] (85)

Jen, ==

w

The reaction order with respect to P, is 1.

Athigh P, the [*CO] term approaches [L], the rate expression can be expressed as:

ko, K counH '] [(Hﬂ)ﬂFJ
PR 2 € L 86
Jcn, K, Xp RT [L] (36)

The reaction order with respect to P, is 0.

Possibility 3: The RDS is the later chemical hydrogenation step (B.6 mechanism).

RDS: *CO+ H,0+e — 0 5 *CO(H)+OH~

*CO(H ) +*H —ue 5% CO(H),+*

RDS
The rate expression can be written as:

jCH4 = kCO(H)2 [*CO(H)][*H ] (87)

We assume a fast equilibrium for CO adsorption on the surface, where the equilibrium constant is
Koo

CO(g) + % ¢ Keo N *CO
*CO
o= [ *] (88)
Feol™]

Similarly, the reduction of H20 to produce *H is assumed to be a fast equilibrium. We note that
the absolute Hads coverage on Cu likely remains low due to the lack of experimental observation



and relatively low hydrogen binding energy.[!! The Hads coverage keep nearly constant with the
change of applied potential:

H,0+e +*«"s*H + OH~

K, [*H]

TH )
Where Kw represents the ion-product constant of water.
The concentration of all sites [L] can be expressed as:
[L]1=[*CO1+[*H]+[*] (90)
The coverage of Hads is considered to be small:
[L]=[*CO]+[*] o1
From equations (88), (89) and (91), we can obtain:
[*CO) = e 1] ©2)

cotco

(h) =R 93)

] =
K, (1 + KCOPCO)

The generation of *CO(H) is assumed to be a fast equilibrium, and the rate expression of the
generation of *CO(H) can be written as:

Ky [*CO(H)]

Feoon = (*CONH" Jexp| 15 .
P RT
Combining equations (87), (92), (93) and (94) yields:
o, = v B Eal L (ﬂjiwzmz 95)
) KW RT (1+KCOPCO)

At low F.,,, according to equation (92), the [*CO] term approaches K ,FP.,[L], the rate
expression can be expressed as:

ko KeowKalH'] [ nF
Jen, = — CI(;(::) & eXp(EjKCOPCO[L]Z (96)

The reaction order with respect to P, is 1.

At high P, the [*CO] term approaches [L], the rate expression can be expressed as:



k K K, [H"
e, =BTl L1} Ly ©7)
: K RT J1+K P,

w

The reaction order with respect to P, is -1.



Supplementary Note 2: Calculations of local pH during CORR

Calculations of local pH in the buffer solutions at electrolyte pH 7.2 and 9.0

A typical method reported by Hori et al.’¥) was used to estimate the electrolyte pH at electrode
surface in this work. The local pH in the buffer solutions at electrolyte pH 7.2 and 9.0 can be
calculated by the following equation:

CZb + FD
pH = pK +log = : (98)
Clb -
FD,

Where Ka represent the equilibrium constant of eq. 1 and eq. 3 at electrolyte pH 7.2 and 9.0
respectively. Civ and Cab are the concentrations of H2PO4™ and HPO4?" at electrolyte pH 7.2 and
HCO3 and CO3* at electrolyte pH 9.0. D represent their corresponding diffusion coefficients
obtained from CRC Handbook of Chemistry and Physics 95™. F is the Faraday’s constant (96485
C mol™). i is the current density during CORR. 7 is the boundary layer thickness, estimated to be
~1 um based on the reaction-diffusion model reported in previous studies.[*-]

The pKa value of specific chemical equations and diffusion coefficients of species are obtained
from CRC Handbook of Chemistry and Physics 95™.

Chemical equation pKa at 25 °C
1 H,PO,” = H" + HPO,” 7.21
2 HPO,” =H" + PO,” 12.32
3 HCO, =H" +CO,” 10.33
Species D/(10° m? s
OH" 5.273
COs* 0.923
HCOs3 1.185
PO4* 0.824
HPO4+* 0.759
H2PO4 0.959

Calculations of local pH in the buffer solutions at electrolyte pH 11.3. 12.9 and 13.9




OH" produced at electrode surface will not be neutralized by any species at these alkaline
electrolytes. Therefore, the local pH can be calculated by the following equation:

pH =14+10g([OH,, i, ] +[OH,,, ) (99)

formation

Where [OH,

formation ]

represents the increased concentration of OH during the reaction at the

electrode surface and [OH,,, ] represents the concentration of OH in the bulk electrolyte. The

concentration of OH" as a function of the distance from the electrode surface can be given by the
steady-state governing equation as shown below:

d[OH ]

DOH* dx = _OH;)rmation (100)
Where OH ..., represents the rate of OH formation at cathode surface. x represents the distance

from electrode surface. D represents the diffusion coefficient of OH obtained from CRC
Handbook of Chemistry and Physics 95™. According to equation (100), the equation (99) can be
expressed as:

ri _
pH=14+10g(D F-I—[OHbu,k]] (101)

OH~

As detailed in calculations in Supplementary Note 2, the influence of local pH rise is insignificant
based on our analysis due to the concentrated buffer employed in near neutral electrolytes and the
thin boundary layer of our gas diffusion type electrodes (Supplementary Fig. 3).
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