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Calculating bulk concentrations

We assume Henry’s law to be valid for CO, gas and calculate its concentration in water

using equation (1). We assume the fugacity of CO, to be 1 bar.

08’02,0.(1 = KIO{CCOZQ (1)
where K9 is Henry’s constant and is given as a function of temperature T by equation (2).5!
The temperature is assumed to be 298.15 K for our calculations.
100 T
In Ky = 93.4517 * (T) — 60.2409 + 23.3585 x In (ﬁ) (2)
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The saturated concentration of CO, in an electrolyte (Cco2,44) With 0.1 M KHCOj is then
given by equation (3).52

1 C%OQ,aq — KO
og C— — K sugs (3)
CO2,aq

where Cy is the molar concentration of the electrolyte (0.1) and Ky is the Sechenov’s constant
and can be estimated using parameters h; for species i. Values of h for all species can be

found in the Parameters section.

Kg = Z(hcoz + Rion) (4)

hoor = heos + hioe(T — 298.15) (5)

In order to calculate the concentration of solution species in the bulk electrolyte, the
Sechenov equation (3) is used to estimate the saturated concentration of CO, in a 0.1 M
KHCOj, electrolyte. The estimated CO, concentration is then used to solve the rate equations

(6) to (10) (corresponding to equations (6), (7) and (8) in the main text) till steady state is

reached.
oC
Rpy+ = 8f+ = —kw2Cr+Con- + kw1 (6)
0Com-
ROH— = ({;)tH _ —kaCH+COH__k'alCOH— CHC’OS__kblcCOQCOH_+kW1+kaQCCO§_ +kb2CHCOg_
(7)
IChco-
Ruoo; = % = —kaCon-Cpyoo; = knCrco; + kaCooz- + knCoo,Con- (8)
0C 02~
RCO%’ = ot = _kaQCCOg* + kalconc’HC’O; (9)
oC,
Reo, = aCtOQ = —knCcoo,Con- + k2Crco; (10)

The resulting bulk species concentrations for a 0.1 M KHCOj electrolyte saturated with

CO, at 1 bar and room temperature are (in mM): C¢.o, = 34.061, C?, .- = 0.039, C}, =

02~

0.00014, C°

Hoor — 99.920, CY%., = 100.0, C3,, = 7.1e-05, pH = 6.853.
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Deviation from equilibrium

Equilibrium constants for the reactions (6), (7) and (8) in the main text are defined as:

w ka k
Keq, = L and Keq, = b and Keq, = L
kw2 ka2

The deviation of the homogeneous reactions from their equilibrium is then defined as:

H][OH]

devwaterfdissociation =1~ [ Keqw (11>
[CO,*]
d icarbonate—carbonate — 11— = — 12
CUbicarbonate—carbonat [HCO, J[OH |Keq, (12)
[HCO;™]
d —bicarbonate — 1 — — 13
€VCO2—bicarbonat [COQ][OH ]Keqb ( )

Limiting H" current case

In the limiting H™ current case, a proton consumption current is added to the overall current
such that only <10% of the bulk proton concentration is allowed to be present at the OHP

at steady state. The H" at the OHP is consumed in the heterogeneous reactions:

IH' 420" — H,(g) (14)
CO,(aq) +2H" +2e¢~ == CO(g) + H,O (15)

The OH™ and H" flux at the OHP (x=0) then becomes:

Jtot

jOH*'sz,t = - F X (1 - jH*frac) (]‘6)
7 jtot .
JH+|x:0,t = F X JH+ frac (17)

where jg+ frqc is the fraction of the total current density due to H" consumption. The CO,

flux remains the same as in equation (4) in the main text.
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Scaling the GMPNP equations

We scale the GMPNP equations (9), (10) and (11) in the main text and write them using

dimensionless variables as follows:

i %c:i —V. (v@- + C;z Vo + C (1?2%: }Vj )) + Z Vip R (18)
V. (,VP) = —qzz, ; (19)
Laebye = 22(2?2% (20)

where L,, is the system length which is assumed to be 50 pm, Lgepye is the Debye length
as defined by equation (20), Cp.. is the bulk concentration of the electrolyte, ey is the
fundamental charge of electron and C? is the bulk concentration of species i. The equations
(18) and (19) are solved simultaneously with the appropriate initial and boundary conditions

to obtain the species concentration and potential profiles at steady state.

Reaction-Diffusion and PNP system of equations
Reaction-diffusion model

In the reaction-diffusion model, the flux term in the mass balance equation only contains
the diffusion mass transport term and excludes the migration and volume correction terms

as given below.
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oC;
ot

:—V'j;'—l-ZRi (21)
J; = =D,V C; (22)

PNP equations

The Poisson-Nernst-Planck (PNP) equations solve the dynamics of the mass transport of
solution species including the effects of diffusion, reaction as well as migration such that
equations (23) and (25) are solved simultaneously. However, dilute solution theory is used

and the equations are valid for point species.

oC;

p
Ji==DNC — TV (24)
V- (205, V9) = —F Y zC; (25)
i=1

Equation (12) in the main text is assumed to hold for the relative permittivity (e,). For
both the reaction-diffusion and PNP systems, R; are as given in equations (6) to (10) and
the boundary conditions used for the species concentrations are the same as that for the

GMPNP system of equations.

SUPG Stabilization of the PNP system

A Streamlined Upwind Petrov-Galerkin (SUPG) stabilization was used for the PNP equa-

tions to be able to resolve the steady-state concentration and potential profiles at practically

relevant applied voltages for a system of size 50 pm.53 56

by = —z VP (26)
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0i, = 00 X Pey, (27)

where

0 hb

of = s (28)
20l [Vl

and

hL‘ZiH'V‘bHQ lf PG‘ < 1
9 W o

Pe;, = (29)
1 if Pe;, > 1
b_; is the flow field due to migration which is the equivalent dimensionless velocity term in
equation (23) and (24). o, and Pe;, are the stability parameter for the SUPG term and the
Péclet number for species i for element ¢ of the mesh, respectively.

The test function of the SUPG stabilization term in the Galerkin form is then given by:

. ~hiage. v, if Pe. < 1
v"PY = oy,bi- Vo; = (30)
hin . . ] .
—aneen, VO Vo if Pey > 1

The SUPG stabilization term in its weak-form for the Nernst Planck equations (NP) is
given by multiplying the test function as given by equation (30) to the residual of the NP.

The overall stabilized NP equation is then given by equation (31).

CN'-”_H . C~’n ~ ~

Z/(( A x ADin> - V. (V(f'mtéiziV(I)) Z§1p3> VSUPG (31)

el
where the first integral term in equation (31) is nothing but the residual of the scaled PNP
equation multiplied by the test function v; and integrated over the entire finite element

domain 2. The second term in equation (31) is the stabilization term which is a summation
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of the residual multiplied by the test function for SUPG (equation (30)) integrated over each
element in the mesh.

The first term in equation (31) is integrated by parts to derive the weak form as is common in
finite element mothods. We drop the higher order differential terms in the SUPG stabilization
(second term in equation (31)) since the basis functions used for the finite element solver as

piece-wise linear. The final form of the stabilized scaled NP equation is given by (32).

é'n+1 . én ~ ~

> / (( A h n) %VC;- VP — Zﬁﬂ) v3UPG oy (32)

el
Note that although the Poisson equation is solved simultaneously with the NP equation,
it does not feature in the stabilization implemented. Equation (32) is simultaneously solved
with the Poisson equation with the initial and boundary conditions mentioned in the main

text.

PZC values for Ag

Potential at the point of zero charge in V vs SHE at pH=7:%7

Surface | Value

Ag-pc -0.70

Ag(111) | -0.450

Ag(110) | -0.735

Ag(100) | -0.616
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Parameters

Rate-constants:

Constant | Value Units Reference
kwl 2.4e-2 molm-3s-1 38510
kw?2 2.4e+6 | mol-1m3s-1 (58510

kal 6.0e4+6 | mol-1m3s-1 [3!

ka2 1.07e+6 | s-1 s11

kb1 2.23 mol-1m3s-1 {51!

kb2 5.93¢-5 | -1 s11

Diffusion-coefficients in m?s—!:

Constant | Value Reference
Dy 9.311e-9 [359
Don- 5.273e-9 [3859
Dcos 1.91e-9 %59

DHCO37 1.185e-9 58,59

Dcogg_ 0.923e-9 58,89

Dy 1.957e-9 312

Do 1.334e-9 [512

Dprit 1.029¢-9 312

Doy 2.06e-9 [312
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Solvation sizes in m:513

Constant | Value

ag+ 0.56e-9
A0 H— 0.6e-9
a0 0.23e-9
aycos— | 0.8e-9

ac032— 0.788e-9

axt 0.662¢-9
ANat 0.716e-9
aris 0.764e-9
a0+ 0.658e-9

* The solvated size of HCO, is assumed to be similar to CO,*" due to unavailability of
a reliable value in literature. ** The solvated size of CO, is assumed to be twice the C=0

bond distance.

Parameters used to estimate Sechenov’s constant in m?3kmol—1:52

Constant | Value

hyes 0.0922

hom- 0.0839

hpcos— | 0.0967

heosa. | 0.1423

1, -0.0172

hZ, -0.000338
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Hydration numbers for cations used in equation (12) in the main text:514515

Constant | Value
Wkt 4
Writ i)
WNat 5
W(ist 3
WH+ 10
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Supplimentary Results
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Figure S2: The electrical double layer (EDL) facing a planar CO,ER catalyst for a 0.1
M KHCO; electrolyte solution saturated with CO,. The above results are derived for a
total current density of 1 mA /cm? and a CO Faradaic efficiency of 0.8. PZC stands for the
potential of point of zero charge of the planar catalyst surface and x=0 is the OHP.
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Figure S3: Comparison between results obtained from reaction-diffusion (RD) model, a
Poisson-Nernst-Planck (PNP) model and a generalized modified PNP (GMPNP) model for
the EDL region. x=0 is located at the OHP. All results have been derived for a total current
density of 1 mA/cm? and a CO Faradaic efficiency of 0.8. The PNP and GMPNP results
are for a voltage of -0.32 V vs PZC at the OHP.
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Figure S4: Influence of total current density on CO, concentration derived using the GMPNP
model. Figure (a) shows the profiles for a region of 10 nm from the OHP whereas Figure (b)
shows the profiles for the entire Nernst layer extending to 50 pm. Figure (c¢) shows results
obtained using reaction-diffusion (RD) model for the purpose of comparison. All results are
calculated for a CO Faradaic efficiency of 0.8 and the GMPNP results are for a potential of
-0.32 'V vs PZC at the OHP.
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Figure S5: Influence of total current density on pH derived using the GMPNP model for
the limiting H™ current case where no more than 10% of the bulk proton concentration is
allowed to be present at the OHP (x=0). Figure (a) shows the profiles for a region of 10 nm
from the OHP whereas Figure (b) shows the profiles for the entire Nernst layer extending to
50 pm. All results are calculated for a CO Faradaic efficiency of 0.8 and for a potential of
-0.32 V vs PZC at the OHP.
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Figure S6: Illustration of the qualitative difference in the concentrations and potential screen-
ing lengths of a small solvated cation vs. a large solvated cation acting as counter-ions in
the EDL. The red dashed line represents the OHP. C; and d; are concentration at the OHP
at the steric limit and the width of the condensed region of the EDL, respectively for cation
i.
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Figure S7: Effect of cation size on the relative permittivity and pH of the EDL. Calculations
are performed for a potential of -0.32 V vs PZC at the OHP for a total current density of 1
mA /em? and a CO Faradaic efficiency of 0.8.
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