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Electrochemical CO, reduction (CO,R) using renewable electricity is
akey pathway toward synthesizing fuels and chemicals. In this study,
multi-physics modeling is used to interpret experimental data obtained
for CO,R to CO using Ag catalysts inamembrane electrode assembly.
The one-dimensional modelis validated using measured CO, crossover
and product formation rates. The kinetics of CO formation are described
by Marcus-Hush-Chidsey kinetics, which enables accurate prediction
of the experimental data by accounting for the reorganization of the
solvent during CO,R. The results show how the performanceis dictated
by competing phenomena includingion formation and transport, CO,
solubility, and water management. The model shows that increasing the
ion-exchange capacity of the membrane and surface area of the catalyst

increases CO formation rates by >100 mA cm 2 without negatively impacting

CO, utilization. Here we provide insights into how to manage the trade-off

between productivity and CO, utilization in CO, electrolyzers.

Electrochemical CO,reduction (CO,R) canbe used to convert CO, emit-
ted fromvarious stationary sources into valuable chemicals and fuels.
Carbon monoxide (CO) is a valuable product of CO,R because of its
utility as a reactant for the production of longer chain hydrocarbons
via Fischer-Tropsch synthesis'. Techno-economic analyses of CO,R
show that CO can be produced for as little as US$0.6-1.0 kg (ref. 2);
however, CO produced by steam reforming of natural gas currently
costs ~US$0.15 kg™ (ref. 3). The key to overcoming this price differential
and making a CO, electrolyzer economical is to minimize the energy
costs by maximizing the partial current density for the CO evolution
reaction (icogr) and minimizing the cell voltage (V..)*".

Membrane electrode assemblies (MEAs) are the most efficient CO,
electrolyzer architectures for attaining high rates of CO formation®.
MEA devices for CO,R are similar in construction to water electrolyzers
and hydrogen fuel cells, consisting of porous electrodes separated by a
thinion-exchange membrane. The use of an anion-exchange membrane
(AEM), atype ofion-exchange membrane composed of a polymer with
fixed positive charges (typically quaternary amines), has beenshownto
enable high CO formation rates (i, > 200 mA cm2) in CO, electrolyz-
ers’. However, AEMs also permit the crossover of (bi)carbonate anions

(thatis, HCO, and CO,*) from the cathode to the anode, where the (bi)
carbonate anions are converted by a pH swing to reform CO, whichis
lost from the anode®. The CO, crossover rate is therefore another figure
of merit that must be considered when designing a CO, electrolyzer
because it represents an efficiency loss that defines the costs associ-
ated withseparating and recycling the CO, reactant downstreamof the
electrolyzer®”. Cation-exchange membranes and bipolar membranes
candecrease the rate of CO, crossoverin CO, electrolyzers by deliver-
ing protons to the cathode that reconvert (bi)carbonates back into
CO, before they cross the membrane''?, However, these membranes
yield lower CO partial current densities because of the acidic condi-
tions furnished at the cathode, which promote the hydrogen evolution
reaction (HER)".

While the development of membranes and electrodes tailored for
CO,Risanactive field," relatively few theoretical studies have investi-
gated how the properties of the materials used in electrolyzersimpact
the rate of CO,Rin an MEA, and even fewer studies combine self-con-
sistent experimental and theoretical studies. Several models of MEAs
for CO,R exist that examine the physics of CO, transport” s, However,
these models do not adequately account for the chemistry occurring at
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theanode, inthe anolyte and inthe membrane adjacent to the cathode,
all of which impact the performance of an MEA. Consequently, these
models cannot accurately reproduce experimental polarization and
CO, crossover measurements simultaneously. More sophisticated
continuum models that correlate the performance of CO,R MEAs with
material properties and operating conditions are therefore required to
resolve the mechanisms of transport losses and optimize the proper-
ties of the membrane, catalyst layer and electrolyte. Consideration of
electro-osmosis and water managementis particularlyimportant, but
these phenomena are often neglected in CO,R studies.

Inthis Article, we describe experimental investigations of CO,R to
form CO on Agin MEA cells and use the crossover and partial current
density data to inform and validate the development of a continuum
one-dimensional (1D) multi-physics cellmodel. The modelis then used
to explore the effects of the thickness and electrochemically active
surface area of the catalyst layer, ion-exchange capacity (IEC) of the
membrane and anolyte concentration on CO,R performance metrics
including CO, crossover from cathode to anode, whichis dueto changes
intheidentity of the charge-carrying species. Key to predicting therate
of CO,Rat high overpotentialsis the adoption of Marcus-Hush-Chidsey
(MHC) theory (which accounts for the reorganization of solvent mol-
ecules duringelectron transfer) as opposed to traditional Tafel kinetics.
The experimentally validated model utilizes chemical engineering
fundamentals to guide the design of next-generation CO, electrolyzers.

Results

Model development and validation

A1D isothermal continuum model was developed in COMSOL Mul-
tiphysics 6.0 to simulate the partial current densities for H,, CO,and O,
formationina CO,electrolyzer MEA and the crossover of carbon from
cathodetoanode (Fig.1a,b). The model consists of five domains: a plati-
nized titanium anode porous transport layer (thickness of 190 um), an
iridiumoxide anode catalyst layer (10 um), anion-exchange membrane
(50 pum), acathode catalyst layer (10 pum) composed of silver nanopar-
ticles on carbon mixed withionomer and a cathode gas diffusion layer
(GDL; 325 um; Fig.1c). Volume-averaged properties for each phase are
used as inputs to solve the conservation equations for momentum,

mass and charge transport (fullmodel descriptionin Methods). Model
parameters are presented in Supplementary Tables 1-6.

Experimentally, the CO,electrolyzer was operated at constant cell
potentials ranging from 2.35V to 4.00 V while measuring the partial
current densities for CO and H, formation® (Fig. 2a,b). The CO forma-
tionrateincreased toa peak value of 300 mA cm™as the potential was
increased to 3.20 V. The CO partial current density then decreased as
the potential wasincreased further to4.00 V, and the H, partial current
density increased to 850 mA cm™ The model was fit to the experimen-
tally measured polarization data by adjusting the parameters in the
MHC expression for the rate of CO, reduction (that is, koo and A,eorg;
equation (16) in Methods) and in the Tafel equation for HER (that is,
{o,HER pase AN O yer; €quation (11) in Methods) while holding the other
model parameters constant. Quantitative agreement between the
model and experimental CO partial current densities is observed for
the MHC model when A, = 1.34 eVis used (Fig. 2a). This value agrees
withthe range of fit values of A, (0.8-2.0 eV)*° for CO,R experiments
performed with planar silver cathodes (see Supplementary Note 1and
Supplementary Fig. 1 for sensitivity analysis and more details on the
physical interpretation of this value). Moreover, the charge transfer
coefficient for H, (a_ = 0.13) agrees well with a recent study using
continuum modeling to resolve kinetic parameters of H, formation on
planarsilver”. The applied voltage breakdown (Supplementary Note 2
and Supplementary Fig.2) demonstrates that thekinetic overpotentials
arethe dominant contributorsto the overall cell voltage. The high over-
potential associated with the CO evolution reaction (COER) highlights
the need to develop more efficient electrocatalysts. Moreover, the
ionic and electrical resistances account for >300 mV of voltage loss
at 1,000 mA cm™ This result indicates that more conductive porous
transport layers and membranes may also improve performance.

To validate the mass-transport framework used inthe model, the
simulated and experimentally measured CO, crossover fluxes were
compared over a current density range of 0-1,050 mA cm (Fig. 2c).
Good agreement is observed between the model and experiment at
high current densities; however, the model slightly overpredicts the
CO, crossover flux at lower current densities. This discrepancy exists
because CO,bubbles that forminthe anode chamber arerecirculated
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results obtained with MHC and Tafel models.

to the anolyte CsHCO; reservoir by the peristaltic pump. This process
provides the opportunity for CO, toredissolve and buffer the anolyte,
which decreasesthe amount of CO, inthe anolyte headspace measured
experimentally. A model that encompasses the along-the-channel
effects and anolyte reservoir is necessary to capture this effect.

MHC theory hasbeen employed widely in the field of electrochemi-
cal engineering because it accounts for electron-transfer limitations
at high overpotentials and the free-energy change associated with
reorganizing the solvent after electron transfer®. By contrast, the
Tafel model (equation (18) inMethods) assumes ion-transfer limits the
overall rate of CO,R*. These two models both exhibit good agreement
between the experimental data at low cell potentials where electron-
transfer limitations are not expected (Fig. 2d). The agreement between
the Tafel model and experiment at low potentials shows that the kinetic
parameters obtained from experiments with planar silver electrodes
arereasonably transferable to MEA experiments?. However, the Tafel
model overpredicts the CO formationrate at high cell potentials, even
when mass-transport effects are taken into account. We considered
thatagreementbetween the experimental dataand Tafel model could
be improved by incorporating a fit film resistance into the effective
overpotential (equation (19) in Methods and Supplementary Fig. 3).
The film resistance improves agreement between the Tafel model
and experimental CO partial current densities at high cell potentials
at the expense of agreement at low cell potentials. However, the fit
film resistances (10> Q cm?) are larger than the values expected from
measurements of silver oxide films**. Collectively, these results suggest
that both electron-transfer and mass-transfer limitations occur for
CO,RinMEAs and that filmresistances cannot explain curvatureinthe
CO partial current density data. The need to use MHC to capture these
electron-transfer limitations is consistent with the calculation of large
barriers for solvent reorganization?, although further experimental
investigation is needed to confirmthis.

Because CO, reduction involves bond breaking and reforming,
there must be a contribution associated with ion transfer in addition
to electron transfer. This mechanisticinterpretation suggests the need
for models beyond MHC, which purely accounts for electron transfer,
toward models of coupled ion-electron transfer (CIET) that account

forbarriers associated withion transfer and electron transfer. Work by
Bazant™ has demonstrated that the rate law for an electron-transfer
limited CIET is similar to the MHC kinetics utilized herein that provides
the best fit to our experimental data (Supplementary Note 3), where the
contribution associated with ion transfer is found in the pre-factor of
therate expression. Accordingly, the value of k, o, fit to the MHC kinet-
ics used in the present study can be considered a lumped parameter
that implicitly includes the effect of ion transfer on the rate of CO,R.
This analysis suggests that CO,R is probably governed by coupled
ion-electron transfer kinetics in the limit of electron-transfer limited
CIET. The use of electron-transfer limited CIET can also potentially
explain the high value of thefit reorganization energy (1., =1.34 €V)
because this limit is most applicable when the effective ion-transfer
free-energy barrier and the magnitude of the formal overpotential
are much smaller than the reorganization energy. Thus, this higher
value of thereorganization energy is consistent with the fact thations
are completely breaking and reforming solvation shells that couple to
electron transfer and is perhaps exceeding ion-transfer energies for
molecular bond breaking/reforming.

The assertion that CO,R occurs via an electron-transfer limited
CIET is further supported by alternatively considering CIET in the
ion-transfer limit. The work of Bazant on CIET also introduced a rate
expression for ion-transfer-limited CIET?, which is similar to the BV
kinetics (now with a pre-factor that accounts for barriers associated
with electron transfer) that struggle to fit our experimental data.
Hence, similar to how BV kinetics are shown to not be descriptive of
our experimental data, ion-transfer limited CIET is also unlikely to
explain polarization data observed in CO,R (Supplementary Note 4),
suggesting that electron-transfer limitations, rather thanion-transfer
limitations, dictate observed rates.

Transport of CO, and ionic species

The validated model was used to investigate the transport of CO, and
ionic speciesin the CO,R MEA (Fig. 3). At 0 mA cm?, the pH throughout
the MEA resembles that of the1 M CsHCO; solution and the CO, concen-
tration profileisindicative of the gradient between the bulk concentra-
tion of CO, presentinthe anode chamber and the maximum solubility
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Fig. 3| Concentration profiles in the CO, electrolyzer. a-d, Modeled CO, concentration (a), pH (b), HCO; concentration (c) and CO,> (d) as functions of current
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of CO,in1M CsHCO, at 50 °C for a gas phase containing 88 wt% CO,
and 12 wt% H,0 (14.7 mM; Fig. 3a). As the current density increases,
the CO, concentration increases in the anode catalyst layer as H" pro-
duced by acidic oxygen evolution reaction (OER) decreases the local pH
(Fig. 3b), shifting the (bi)carbonate equilibrium toward HCO;~
(Fig.3c)*. Concurrently, the pHin the cathode catalyst layer increases
to>14at 1,000 mA cm 2 due to hydroxide formation (Supplementary
Fig. 4). This elevated current density decreases the CO, concentra-
tion at the cathode by consuming CO, to form CO, shifting the (bi)
carbonate equilibrium from CO, to CO,* (Fig. 3d) and increasing the
total ionic concentration of the solution, thereby reducing the CO,
solubility. A main contributor to the reduced solubility of CO, is the
high concentration of cesium cations present in the cathode at high
current densities (Supplementary Fig. 4), which originate from the
anode and decrease the Henry’s constant from 14.7 mM atm™ CO, to
2mM atm™ CO, (per equation (52) of Methods). Consistent with previ-
ous studies, the Donnan exclusion effect of the AEM is insufficient to
block cation transport from anode to cathode®. The net result of these
phenomenais a decrease in reactant CO, available for the CO,R, and
consequently, a decrease in CO formation rates at high cell potentials
(Fig. 2a). Other possible effects of cesium on the rate of CO,R and the
HER are discussed in Supplementary Note 5.

The partial pressure of COin the cathode catalyst layerincreases as
the current density is increased from 0 to 200 mA cmbefore decreas-
ing atthe onset of H, evolution (Supplementary Fig. 5). The CO, partial

pressure decreases because CO, dissolves and reacts in the cathode
catalyst layer (Supplementary Fig. 5). The H,O partial pressure in the
cathode catalyst layer decreases throughout the GDL as the current
density is increased from 200 to 1,000 mA cm 2 because of the pres-
sure drop through the GDL and consumption of water by CO,R and the
HER. Inthe anode, the partial pressure of CO,increases as the current
density increases from 0 to 200 mA cm ™ because of the increase in
CO,concentrationintheelectrolyte (Supplementary Fig. 6). However,
at 1,000 mA cm?, the CO, partial pressure in the anode decreases
because the partial pressure of O, increases (Supplementary Fig. 6) and
the equilibrium between the CO, in the gas and electrolyte phases is
established. These nonintuitive results demonstrate the importance of
modeling the dynamics of the gas phase and the CO, phase equilibrium.

To understand the crossover of carbon from cathode to anode
(Fig. 2¢), we examined the transference numbers in the MEA. The
CsHCO, delivered to the anode generates a HCO,™ concentration
gradient that drives the transport of HCO;™ from anode to cathode
against the potential gradient. Consequently, a negative transfer-
ence number for HCO, is observed in the membrane at 10 mA cm 2
(Fig. 4a). To maintain charge conservation, CO,* is transported from
cathode to anode with a transference number of -2 in the membrane
at 10 mA cm™ (Fig. 4b). These opposing fluxes of carbon yield a pro-
portional relationship between CO, crossover flux and current density
from O to 200 mA cm™. The decrease and subsequent plateau in CO,
crossover at 200 mA cm coincide with the appearance of CO,* as the
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sole charge-carrying speciesin the membrane. As the current density
isincreased to 1,000 mA cm?, hydroxide emerges as the main charge
carrier through the membrane (Fig. 4c), which reduces Ohmic losses
due to the faster diffusion of OH™ relative to CO,*". This transition in
charge-carrying species from CO,* to OH™ also decreases the CO,
crossover flux, however, CO, is still measured in the anode effluent of
the electrolyzer due to the continuous conversion of HCO;™ from the
anode feedstockinto CO,. Consequently, HCO, remains the dominant
charge carrierinthe anode atall current densities (Fig. 4a). The abrupt
changesintransference numbers seeninthe membrane are aresult of
the pH gradient through the membrane, which transforms HCO;™ fed
to the anode into CO,? and CO,* originating from the cathode into
HCO;". The flux of dissolved CO, accounts for less than 1% of the total
dissolved carbon that crosses the membrane. The results here under-
score the opportunity to operate at high current densities where OH™is
the charge carrier toreduce Ohmiclosses and the need to model both
the anode and cathode of a CO, electrolyzer to describe electrolyzer
performance accurately.

Water transport and electro-osmosis

Water transportin the membrane is driven by chemical potential gra-
dients and ionic fluxes, which lead to a decrease in water activity and
liquid water pressure in the membrane as the current density is
increased (Supplementary Fig. 7). The diffusional flux of water (from
anode to cathode) is directly proportional to the water activity gradi-
ent in the MEA, whereas the flux of water due to electro-osmosis is
dependent on the ionic charge carrier because the electro-osmotic
coefficient is roughly equal to the number of water molecules in the
hydration shell of each ion” (equations (57) and (58) in Methods). As
showninFig.4d, the flux of water associated with diffusion and electro-
osmosis bothincrease with increasing current density. At 10 mA cm,
the diffusional flux of water is balanced by electro-osmosis. The aver-
age electro-osmotic coefficient in this current density regime is 12,
because HCO,™ and CO,> moveinopposite directions along with 8 and
20 water molecules, respectively (Fig. 4¢). At200 mA cm?, the flux of
HCO, approaches O (Fig. 4a), and therefore the average electro-
osmotic coefficient corresponds to that of CO,> (that is, (co§* =20).
The flux of water associated with electro-osmosis at 200 mA cm 2 is

higher than the flux of water due to diffusion as a result of the high
electro-osmotic coefficient of CO,*, and therefore the net water flux
isnegative (from cathode to anode). At 1,000 mA cm 2, water transport
by diffusionis greater than water transport by electro-osmosis because
OH™ (with an electro-osmotic coefficient of {yy- = 6) becomes the
majority charge carrier, giving rise to a positive net water flux. This
interplay points to intermediate current densities (200 mA cm™?) as
being most susceptible to membrane dehydration due to the high
electro-osmotic coefficient of CO,* relative to OH", which is anonintui-
tiveresult arising from the complicated coupling of interspecies trans-
portand reaction rates.

The net electro-osmotic coefficient (denoted as 5; equation (59)
in Methods) describes how much water is transported through the
membrane from anode to cathode relative to the amount of water
consumed by the electrochemical reactions (Supplementary Fig. 8). At
low current densities (that is, 10 mA cm™), Bis negative, which means
that the net flux of water is directed away from the cathode, indicating
that water must come from the humidified CO,gas to supply thereac-
tant for the CO,R and HER. As the total current density is increased to
500 mA cm™ (at which point the CO formation rate is at its maximum),
Bbecomes positive. At 1,000 mA cm™, Bincreases to ~0.8. This result
indicates that, when OH™is the dominant charge carrier, enough water
is transported through the membrane to sustain the electrochemical
reactions. Accordingly, the use of a humidified CO, feed may not be
necessary at high current densities when aliquid anolyte feed is used.
These results show that water is not the limiting reagentin CO,R. None-
theless, water managementis still critical in CO, electrolyzers because
itimpactsthe Ohmiclosses and transport of speciesinthe membrane.

Effect of catalyst-layer thickness and surface areaon CO,R

The validated model allows for the investigation of key properties
and virtual experiments to provide design guidance by analysing the
complex trade-offs endemic to this system. Herein the cathode cata-
lyst-layer thickness and specific surface area (SSA) were explored. The
model demonstrates that reducing the cathode catalyst-layer thickness
from 10 to 1 pm decreases the partial current density for CO (Fig. 5a)
and H, formation (Supplementary Fig. 9). The H, partial current density
decreaseslessthanthe CO partial current density, which leads to alower
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faradaicefficiency for CO (FE,) at high current densities (Supplemen-
tary Fig. 9). The lower H, partial current density with thinner catalyst
layers comes as aresult of the lower surface arearelative to the thicker
catalystlayers. Moreover, at a constant current density, the pHis higher
inthe smaller volume of the thinner catalyst layers for the same flux of
OH from CO,R and the HER (Supplementary Fig. 9). The higher pHin
the thinner catalyst layer reduces the CO, concentration (Supplemen-
taryFig.9). The CO partial current density is therefore more sensitive to
increasing the catalyst-layer thickness than the partial current density
for the HER because of the compounding effects of increased surface
areaand CO,reactant concentration. While these phenomenalead to
ahigher CO partial current density with thicker catalyst layers, the CO,
utilization (thatis, theamount of CO formed divided by the amount of
CO, thatisreacted to form HCO; and CO,> and subsequently released
at the anode; equation (77) in Methods) follows the opposite trend
(Fig. 5b). This trade-off suggests an optimum catalyst layer thick-
ness of 5 um to simultaneously enable a CO partial current density
>200 mA cm2and CO, utilization efficiency >60 %.

Catalyst SSA is another important characteristic of CO, electro-
lyzers thatisinversely proportional to the size of the catalyst particles
as per equation (21) in Methods. The model shows that increasing the
SSA (that is, reducing the particle size while maintaining the catalyst
mass) increases both the CO partial current density (Fig. 5c) and the
H, partial current density (Supplementary Fig. 10) owing to a higher
availability of surface sites for electron transfer. The lower SSA catalyst
layers achieve a higher peak FE, (Supplementary Fig. 10) owing to
the lower onset potential for H, formation, but this peak diminishes
at the onset of CO evolution. The higher CO partial current density
with higher SSA catalyst layers is enabled by a higher surface area for
transport of CO,across the gas/ionomer interface, as per equation (51)
of Methods. The faster transport of CO, across theionomer layer yields
a higher CO, concentration relative to the maximum solubility (Sup-
plementary Fig. 10). Consequently, theincreased CO formation rates
enabled by decreasing particle size come at the expense of increased
crossover of CO, across the membrane (Supplementary Fig. 10).
Athigh current densities, however, the crossover of CO, is not strongly

affected by catalyst particle size. Therefore, a higher CO, utilization
is observed with smaller catalyst particles at high current densities
(Fig. 5d). The implication of these results is that smaller catalyst par-
ticles enable higher CO formation rates than larger catalyst particles
without decreasing the CO, utilization at high current densities.

The thickness of the GDL was found to have less of an effect on
CO formation in MEAs than catalyst-layer thickness and SSA (Sup-
plementary Fig. 11). Decreasing the GDL thickness from the nominal
value for Sigracet 39BC (325 pm) to 100 pm led to a smaller gas-phase
pressure drop between the flow channel and cathode catalyst layer.
Consequently, a higher partial pressure for CO, is observed in the
cathode catalyst layer for thinner GDLs (Supplementary Fig.11), which
increases the concentration of CO, in the electrolyte. This higher CO,
concentration modestly increases the peak CO partial current density
(Supplementary Fig.11).

Effect of anolyte pH and membrane IEC on CO,R and the HER

HCO;"is commonly used as abuffering anion for CO,Rbecauseit slows
the pHrise at the cathode to reduce the rate of conversion of CO, to
(bi)carbonates®®*. However, Sustainion is much more conductive in
its OH™ form than in its HCO,™ form’. To examine these trade-offs, we
simulated a CsOH anolyte and compared the resultsto those obtained
with CsHCO,. Switching the anolyte from CsHCO,to CsOH increases the
average conductivity of the membrane from-12mS cm?to~25mS cm™
(Supplementary Fig. 12), which reduces the ohmic resistance associ-
atedwithiontransport. These results are consistent with independent
conductivity measurements documented ina previous study*’. Accord-
ingly, the cell voltage for maximum CO formationis shifted to 3 Vwith
CsOH, compared with3.3 Vwith CsHCO, (Supplementary Fig.12). The
lower peakinthe CO formation rate with CsOH compared to CsHCO, is
caused by the higher pHinthe cathode catalyst layer (Supplementary
Fig.12). This higher pH with CsOH decreases the CO formation rate by
decreasing the concentration of CO,in the cathode relative to CSHCO,
(Supplementary Fig.13). Additionally, the CsOH anolyte increases the
netelectro-osmotic coefficient (8) relative to CsHCO; (Supplementary
Fig. 13) because of the larger flux of OH" relative to HCO,™ and CO,>,
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whichincreases the water activity at the cathode, thereby giving rise
to faster HER kinetics.

The conductivity of the membrane is directly correlated with
the concentration of fixed-charge groups (that is, the IEC). Although
commonly used, Sustainion has anotably low IEC compared with other
AEMs". The model shows thatincreasing the IEC of the membrane from
1.2t02.0 mmol g'leads toa dramatic increase in the CO partial current
density (Fig. 6a). By contrast, the H, partial current density is not strongly
impacted by an increase in IEC (Supplementary Fig. 14). The higher
IEC membranes expectedly exhibit higher conductivities (Fig. 6b).
However, the high [EC membranes also decrease the pH (Fig. 6¢) in the
cathode catalyst layer by excluding co-ions (for example, H"and K*) via
Donnan exclusion, trapping them in the cathode catalyst layer, while
also more efficiently transporting alkaline counter-ion species (that
is, CO,* and OH") away from the cathode catalyst layer, which reduces
the overpotential that drives HER. The lower HER overpotential has
alarger impact on the H, partial current density than the increased
conductivity, therefore, a slightly lower H, partial current density is
observed for membranes with a higher IEC (Supplementary Fig.14). It
isimportant to note that the model does not account for the effect of
IEC onthe swelling behavior and mechanical integrity of theionomer,
which could lead to adecrease in performance asthe IECis increased.

Thelower pHinthe cathode catalyst layer observedinthe higher
IEC membranes reduces the extent of CO, conversion into CO,*,
thereby enabling a higher CO, concentration (Supplementary Fig.14).
This effect, combined with the higher conductivity of the higher
IEC membranes, explains why a higher CO partial current density is
observed. The higher IEC membranes also increase the crossover of
carbon from cathode to anode because of the higher affinity for CO,*
transport over OH™ transport (Supplementary Fig. 15). However, the
increase in CO formation rate enabled by higher IEC membranes is
larger than the increase in CO, crossover rate, which results in higher
CO, utilization (Fig. 6d). Collectively, these results show thatincreasing
the IEC of the membrane provides ameans for increasing CO formation
rates withoutenhancing the rate of the HER or reducing CO, utilization.

Hydroxides can neutralize the positively-charged imidazolium
groupsinionomer membranes, leading to ‘currentinduced membrane

discharge’ (CIMD)*. Our simulation shows that CIMD decreases the
CO partial current density at all potentials relative to the base case,
which assumes a unity fraction of protonated imidazolium groups
(thatis, no CIMD occurs; Supplementary Fig. 16). The decrease in CO
formation caused by CIMD is more pronounced for more weakly basic
fixed-chargesites (thatis, sites with higher pKj values; Supplementary
Note 6). For apK, of -2, the simulation results are nearly identical to the
basecase. The CO, crossover flux is shown to decrease with increasing
pk, values due to alower uptake of HCO, and CO,* in the membrane
(Supplementary Fig. 16). This phenomenon occurs because of the
reduced fraction of protonated imidazolium groups in the membrane
(Supplementary Fig. 16). The reduced concentration of protonated
imidazolium increases the concentration of Cs* in the membrane,
thereby increasing the propensity for precipitationin CO, electrolyzers
(Supplementary Fig. 16). These results indicate that increasing AEMs
must furnish highly concentrated and basic fixed-charge groups to
enable high CO formation rates.

Discussion

Inthis study, we used a1D continuum model validated against measured
experimental data to investigate the myriad of coupled phenomena
occurring in MEAs undergoing CO, reduction. The model reveals that
both mass- and electron-transfer limitations dictate limiting current
densities for CO,R. The latter effect necessitates the use of MHC theory
toreproduce experimental behavior and highlights the need for further
studies investigating the nature of electron transfer and solvent reor-
ganization in CO,R. This study demonstrates how continuum modeling
can be used to link quantum mechanical theories of electron transfer
with device-scale performance.

The simulations show that CO, and water transport across the
MEA are defined by the principal charge-carrying speciesin the mem-
brane, which varies depending on the current-density regime. At low
current densities (10 mA cm™), the transport of HCO;™ from anode to
cathode against the potential gradient decreases the amount of CO,
emitted at the anode and reduces the net flux of water from anode to
cathode. At intermediate current densities (200 mA cm™), CO,> is
thesole charge carrier, whichincreases the flux of CO,and water from
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cathode to anode, thereby reducing the concentration and activity
of water and CO, at the cathode, respectively. Finally, at high current
densities (1,000 mA cm™), the high pH in the MEA gives rise to OH™ as
the principal charge-carrying species. The transport of OH reduces
the crossover of carbon and water from cathode to anode, which leads
to improved hydration and conductivity of the membrane. Anion-
exchange membranes with strongly basic fixed-charge groups are
key to transporting OH™ efficiently and mitigating current-induced
membrane discharge; thus, with less stable or charged membranes
this could become limiting.

Model sensitivity analyses performed on the anolyte, catalyst
layer and membrane properties demonstrate the trade-off between
CO formation rates and carbon crossover in CO, electrolyzers that
arise fromthe coupling betweeninterspecies ionic and water transport
and various chemical and electrochemical kinetics. Thicker catalyst
layersyield higher CO formation rates, but also lower CO, utilizations.
Catalyst layers with higher SSAs (thatis, catalysts with smaller particle
sizes) increase the CO formation rate without negatively impacting CO,
utilization at high current densities. Membranes with higher IECreduce
Ohmicresistances and lower the pH at the cathode, which benefits CO
formation and increases CO, utilization without enhancing deleteri-
ous HER. Collectively, these results provide insightsinto the dynamics
of water and ion transport in CO, electrolyzers and present different
materials optimization strategies that inform future experiments. Fur-
thermore, this study highlights theimportance of using self-consistent
(electro)chemical engineering fundamentals to explore and unravel
such complex systems.

Methods

Governing equations for charge, mass and momentum trans-
port

Electrontransportinthe conductive solid phases (Tianode transport
layer, Ir-oxide anode catalyst layer, Ag cathode catalyst layer and car-
bon GDL) was modeled using Ohm’s law

is =-V. (Oetrhs) 1

where i; and ¢, represent the current density and electric potential
in the solid electron-conducting phases. The effective conductivity
(o) of the porous electron-conducting phases was determined using
aBruggemanrelation

Ocfr = €510 2)

where e;and o, are the volume fraction and nominal conductivity of the
solid conductor, respectively (see Supplementary Table 1for values).
The governing equations for mass transfer of each chemical speciesj
inthe gas phase (jof CO,,, CO(,, H,, and H,0,) andiinthe electrolyte
phase (i of H' ), OH™ (4), HCO3 ™ (41, CO3™ (2, CO5apand Cs* ) are

V)= ), MRy 3)
J
Von =(g + s‘)Z Re, 4)

where J;and M; are the mass flux and molecular weight of gaseous
speciesj, respectively, p; is the density of the gas phase, ugis the mass-
averaged velocity of the gas phase, n;is the molar flux of dissolved
speciesi, &qisthe gas volumefractionand R, ;;is the volumetric rate of
mole generation/consumption by process k of speciesior/. The volume
fraction of ionomer (g)) in the catalyst layers was determined on the
basis of the ionomer-to-catalyst mass ratio of 3 used in the precursor
catalystink. The volume fractions of gas and liquid (¢,) in the remainder
ofthe void space were determined on the basis of the capillary pressure

(pep) inthe catalystlayer using experimental water saturation data for
Pt/C fromZenyuk et al.”? (Supplementary Fig. 17), which was assumed
to hold for Ag/C, where

Pcap =PL — Pg ()]

The implicit assumption of equation (4) is that the buffer reaction
kinetics are the sameintheionomer andbulk electrolyte. While these
kinetics may in fact vary between the two phases, previous work has
shown that the kinetic parameters obtained from bulk electrolyte
measurements provide accurate approximations of the (bi)carbonate
buffer dynamics in AEMs®.

The momentum balances on the liquid and gas phases are given as

V- (pguc) = Q¢ (6)

V- (pcu) = Q @

where Qg is the net rate of mass generation in the gas phase. p,, u, and
Q, are the density, mass-averaged velocity and net rate of mass genera-
tionintheliquid phase.

Reaction chemistry
At the anode, iridium oxide catalyzes the OER under acid and basic
conditions as

2H,0 — 4e~ + O, + 4H*

UO

OFR = 1.23V versus SHE,pH = 0 (8)

40H- - 4e~ + 0, + 2H,0

The silver cathode catalyst catalyzes the COER and the HER, which
occurs throughboth H" and H,0 reduction as

CO, + H,0 +2e~ - CO + 20H~ Ul —0.11V versus SHE,pH = 0

COER —
9

2H,0 +2e~ — H, + 20H”
USer = 0.0V versus SHE,pH=0  (10)

2H* +2e~ - H,

Theelectrochemical formation of H, through water and proton reduc-
tion is described by the following concentration-dependent Tafel
expressions:

. . O nerF

IHER base = ~lo,HER base@w EXP | = —pr—ITHER (1)
X R Cy+ O nerF
IHER,acid = —lo,HER acid (li) X (‘CR—TUHER> (12)

where iy yier base AN io 1er acig are the exchange current densities for the
HERinbase and acid, respectively. a, ;¢ and i,z are the cathodic trans-
fer coefficient and overpotential of HER, respectively. Fis Faraday’s
constant (96,485 C mol™), Ris the ideal gas constant (8.314 ) mol ' K™)
and T'is the temperature (323 K). These reactions were assumed to
exhibit a first-order dependence on the reactant concentration (cy.)
or water activity (a,). Nonidealities were not considered for the ionic
species (thatis, H") owing to the increased computational complexity
and lack of available parameters for activity correlations for concen-
trated multi-component electrolytes. Therefore, the fit exchange
current densities employed in the model can be considered lumped
parameters that encompass the nonidealities. The overpotential of
each electrochemical reaction k (r,) was calculated according to the
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reduction potential of reaction kat standard conditions (U?), account-
ing for changesin the local pH using the Nernst equation

2.303RT H)

ne=¢s— i — (Uko - 'TD (13)

The partial current densities for OER in acid (iggg, i) @and base
(ioer,base) Were modeled using concentration-dependent Tafel expres-
sions similar to those used for the HER at the cathode®*

. R Og,0eRF

ioER acid = i0,0ER acid@w® exp( aRT ’ZOER> (14)
. . Con~ g orF
IoER base = [0,0ER base (%) exp ( aRT ’IOER) (15)

where iy opg base aNd io oer acig ar€ the exchange current densities for the
OERinbaseandacid, respectively. o, oz and 170z are the anodic transfer
coefficient and overpotential of the OER, respectively.

While the HER and OER have been shown to follow a simple Tafel
relationship®, recent work has pointed to the need to account for the
reorganization energy (A,.,,¢) of the products, reactants and solvent
when modeling the CO,R reaction due to observed limitations in
current density that cannot be solely attributed to mass transfer?.
Therefore, a simplified asymptotic approximation of the indefinite
integral in MHC theory is used to relate the partial current density
of inner-sphere electron transfer to the overpotential and change in
free energy of the solvent, products and reactants in the absence of
electron transfer®*,

i -k (CCOZ )1'5 a Mhreorg
COER — —Ro,co\ 7., Tonermis Y
W 1+exp(ficoer)

M
(16)
erfe (Arcorg\ 143/ Areorg 2o )

2,/ Areorg

where ki, is a constant pre-exponential factor that relates to the
attempt frequency for CO,R and erfcis the complementary error func-
tion. The rate order of 1.5 for CO formation with respect to CO, con-
centration was deduced on the basis of experiments performed at
different partial pressures of CO,*. InMHC, A, is the energy barrier
associated withthereorganization of the water network in the catalytic
reaction environment to accommodate the quantum tunnelling of
electrons from the electrode to CO, (see Supplementary Fig. 18 for a
schematic depiction of solvent reorganization). ¢ is the dimension-
less overpotential, whichis defined as

ncoF)

flco = Nco (W a7

For the sake of comparison with the MHC kinetics above, CO,Rwas
also modeled using Tafel kinetics as

15
¢ coerf

icoer = —lo COER( le) a,, exp (‘ RT (18)

’ZCOER>

where iy cor, @ coer ANd coer are the exchange current density, cathodic
transfer coefficient and overpotential for the CO evolution reaction,
respectively. Kinetic parameters are given in Supplementary Tables 2
and 3. There is precedent to account for afilm resistance (Ry,,) within
the overpotential term of Tafel expressions. This empirical kinetic
formulation was also considered

. Ceo, 13 ¢ corrF
icoer = —l0,cOER M ay eXp|— RT

(Ncoer + imta]RﬁIm)>~ (19)

The molar consumption of reactants and generation of products
in the electrolyte by the charge transfer (CT) reactions follows Fara-
day’s Law

aySix lix|

n kF (20)

RCT,i =

where n, is the number of electrons transferred in the reaction and s;
is the stoichiometric coefficient for speciesiin reaction k (that is, the
OER, HER or CO,Rreaction). This source term applies to the generation
and consumption of H*, H,0, OH™ and CO,. The catalyst-layer specific
surface area (a,) was determined using the geometric relationship
fromWengetal.”

3¢,

a, = E (21)

where r, is the average radii of the catalyst particles, which was esti-
mated as 25 nm for the basecase simulation based on transmission
electron microscopy images (Supplementary Fig.19).

Within the electrolyte phase, the following homogeneous reac-
tions between CO,, OH", CO,*,HCO, and H* occur:

H,0“5 Ht 1 OH- K =1x107* M2 (22)

COxaq) + H20<l> pas "HE  + HCO3q) K,=427x107M (23)
HCO; “&° i+ 4+ co? K3 =458 x10™" M- (24)
COjaq) + OH™ M5+ L Heos Ky = 427 x10" M1 (25)
HCO; + OH™ “4°H,0 + COZ Ks=458x10°M-1  (26)

The consumptionand generation of chemical speciesi(including
water) by these buffer (B) reactionsis governed by the law of mass action

27

2s,,,(k I] s - 2 H Csm)

$in<0 " Sin>0

where K, is the equilibrium constant of buffer reaction n, s, is the
stoichiometric coefficient of species i the corresponding bulk reac-
tion n (s;, <0 for reactants and s;, > O for products). k,and k_, are the
forward and reverse reaction rate constants for reaction n, respectively.
Parameters for these reactions are given in Supplementary Table 4.

Ion transport

The molar ionic fluxes in the electrolyte (n,) were taken to occur via
diffusion, migration and convection under conditions where dilute
solutiontheory applies

n; = eff (Vc, +2z; RTC,V¢,> +ciuy (28)

Here z;is the charge of the mobile ionic species and ¢,is the ionic poten-
tial. Electroneutrality was assumed with consideration of the fixed
charges presentin the catalyst-layer ionomers and membrane

Zzici + 8IpiorlomerlECionomer,effective =0 (29)

i

where pPignomer AN IECigomer efreciive ar€ the density and effective ion-
exchange capacity (mol g wet polymer) of the ionomer. The chemical
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equilibrium between the imidazolium groups in the Sustainion iono-
mer and hydroxides s

C—NHZ = C—NH; + Con~ (30)

where-NH, and —NHj are the deprotonated and protonated imidazo-
liumgroups. Thisequilibrium reaction resultsin neutralization of fixed
charge groups in the ionomer (that is, current-induced membrane
discharge) that reduces the effective ion-exchange capacity of the
ionomer®. Theisotherm describing this phenomenon is given defined
by the pK; of the imidazolium groups (pK onomer) S

C_nut _ 1
14—t

10~PKB,ionomer

Acivp = (31)

C_nHi + C-NH,

where agy, is the fraction of protonated imidazolium groups. The
effective ion-exchange capacity of the ionomer is therefore given as

lECionomer,effective = AciMp IEC (32)

The base-case simulation assumes &y = 1, and the pKj jonomer Was varied
for sensitivity analysis.

Within the catalyst layers, ion transport was assumed to occur
throughbothliquid electrolyte and ionomer. To model this situation,
we assumed asingle electrolyte phase composed of a mixture of elec-
trolyteandionomer withadensity of fixed charges equal to the volume
fraction ofionomerinthe catalyst layer multiplied by the nominal fixed-
charge density of the ionomer. Physically, this formulation suggests
that that the fixed-charges presentintheionomer are homogeneously
dispersedin the electrolyte volume of the catalyst layer. The effective
diffusion coefficients were determined based on the water mole frac-
tion (x;) and volume fraction of water in theionomer @,

D LW

eff _ q
D = v gy

(33)

where D, is the diffusion coefficient of species iin water (Supplemen-
tary Table5), gis atortuosity parameter that was fit to experimentally
measured conductivity data of Sustainion measured in bicarbonate
and hydroxide forms’, ¢, is the ratio between species-solvent and
species—-membrane interaction effects, which depend onthe reduced
molecularweight of species iin the membrane (M, ;) and in water (M),

2
3

0= 35 (e
Mon =+ =) 65
M, =<A14 + MLW>_1 (36)

where M, is the molecular weight of the membrane, whichis set to an
arbitrarily large value 0f 10,000 g mol ™ and V,, is the molar volume of
water. The molar volume of the membrane (V,,) was calculated on the
basis of the ion-exchange capacity and the dry density of theionomer

1

AV,

=— 39
AVy + W (39)

2

The value of A was determined as a function of water activity and the
fraction ofimidazolium groups exchanged with carbonates or hydrox-
ides based on constant temperature water-uptake measurements for
Sustainion®’ (Supplementary Fig. 20). While the co-ion (Cs*) is known
to also impact the water uptake, this datais not available in the litera-
tureand thereforeis neglected in the model. Donnan equilibrium was
imposed at eachinterface to maintain charge neutrality in the catalyst
and membrane layers

RT, (Cix+
Pix+ — Pix- = —7"1( - )

i Cix-

(40)

where ¢, . is the electrolyte potential on the right side of the interface
and ¢, - represents the same quantity on the left side of the interface.
Similarly, c; - and c; - are the concentrations on theright and left side,
respectively. The convective velocity of the liquid phase (u,) in the
catalyst layer pores was determined using Darcy’s law
_ KgatK”-

——Vp

HL “n

u =

where y, istheliquid viscosity, p, is the pressure of the liquid phase and
k2 is the bulk saturated permeability (Supplementary Table 1). The
relative permeability (k,,) of theliquid phase was estimated on the basis
of acubicdependency on water saturation

Ky =S>. (42)

Gas transport

The mass flux of each gas-phase species (J;) was calculated using the
Stefan-Maxwell equations for multi-component mass transport with
consideration of convection

\
Jj = —png?fwaj - pGfofijn +pjuc (43)
n

where w;is the mass fraction of gas species j, p; is the mass concentra-
tion of gas speciesjand M, is the average molecular weight. The effec-
tive diffusion coefficients (D) were calculated based on the molecular
diffusion coefficients (D;“) and Knudsen diffusion coefficients (Dj‘f)
whileaccounting for the porosity of aporous medium using the Brugge-
man correlation

-1

1 1
Deff = 81-5(— + —) (44)
G m K
J Dj DJ
2r, [8RT
K_ “'p
by = 3\ M, “5)

The molecular diffusion coefficients were determined on the basis
of the formulation reported by Fuller et al.*°

_ ~ ' 4 1\ 05

rs—T 57) 107 71K17>(M; [g mol 1] ™ + M; [g mol 1) (46)

Ja = > ,
pe [atm] (vg‘?3 + vgf;?’)
Themolefraction (x,,) and volume fraction of water (®,)) intheionomer ’
were calculated using the water uptake (1) assuming free swelling
A - 1o w)
Xy = m (38) Z"#E
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where v, ;is the diffusion volume of species,j. The convective velocity
of the gas phase (u;) was determined using Darcy’s law

0
_ KsakrG

Hg “8)

Ug = Vpe

The relative permeability (k.c) of the gas phase was estimated on the
basis of a cubic dependency on water saturation
kg = (1= 5)’ (49)
The final equation used to solve the governing mass balances for

the gas phase is the summation of mass fractions

ij:l
J

(50)

CO, phase transfer and solubility
The rate of phase transfer (PT) for CO, (Rpr.co,) OCcurring at the gas/
ionomer interface was calculated as follows:

Ret.co, = avkar,co,Mco, (Hcozpc Yeo, — Ccoz) (51)
where Hco, is the Henry’s Law coefficient for CO, dissolved in the elec-
trolyte, cco, is the concentration of dissolved CO,, Mo, is the molar
mass of CO,, kg co,is the mass-transfer coefficient, which was obtained
from experimental data by Yang etal.* and yco, is the mole fraction of
CO,inthe gas phase. Thereductionin CO, solubility observed at high
salt concentrations (thatis, the ‘salting-out’ effect) was accounted for
using the Sechenov formulation with parameters obtained from
Weisenberger and Schumpe** (Supplementary Table 6)

Heo, = 10 Zilfcos i o (52)

Co,
where h;represents the solubility coefficient for the different salt spe-
ciesinsolution. The nominal Henry’s Law coefficient for CO, dissolved
inwater (in units mM atm™) is given as

1 1
0 _ el .
HCOZ =34 exp (2400 ( T 298K)> (53)

COandH,were assumedto beinsolubleintheionomer and gener-
ateddirectlyinthegasphase, therefore the rate of CO and H,generation
inthe gas phase were calculated using Faraday’s law

avsj,k |lk|
nkF

Retjzco, = (54)

Water chemical potential and transport

Theionomer phaseinthe MEAis considered tobe continuous between
theanode and cathode catalyst layers. Therefore, liquid water is trans-
ported across the membrane by dissolving in the ionomer phase of
theanode catalystlayer and transporting across the membrane to the
cathode catalyst layer according to the chemical potential gradient,
whichis defined as

Hw = RTIn (aw) + Vm,w( PLm _pL,ref) (55)

where g, is the activity of water in the ionomer, p  is the pressure
of liquid water in the membrane, V,, ,, is the molar volume of water
(18 ml mol™) and p, ,¢is the reference liquid pressure (1 atm). Concen-
trated solution theory was considered for water transport owing to
the need to account for electro-osmosis. Therefore, the equations that
describes water conservation and flux are given by

V-n, = Rk,w (56)

n, = -,V + ), om; (57)
i

where n, is the molar flux of water, p1,, is the water chemical potential
and R, is the net molar rate of water generation by electrochemi-
cal and buffer reactions and phase transfer phenomena. a,, is the
water transport coefficient, which was implemented as a function
of water activity as per experimental measurements by Petrovick et
al.* (Supplementary Fig. 21). The first termin equation (57) describes
the transport of water under chemical-potential-gradient driving
force, analogous to the relationship between the diffusion coeffi-
cientand concentration gradient for Fickian diffusion processes. ;is
the electro-osmotic coefficient for species i, which was determined
experimentally®

_ o

Gi= 7 (58)

Correspondingly, the second term in equation (57) is associated with
electro-osmotic driving forces that couple water transport to the
transport of ionsin the electrolyte.

Thenetelectro-osmotic coefficient (f) relates the amount of water
transported relative to theamount of water consumed by electrochemi-
calreactionsandis given as

)

h= i/F

(59)

The rate at which liquid water transfers from the liquid to the
ionomer phase (R,,,w) is governed by the difference in pressure between
the two phases

Riiw = aykyr (PLPLM) (60)

where ky;, is the interfacial mass-transfer coefficient for liquid water
(Supplementary Table 6). The rate of water transport from the gas
phase to theionomer phase is given by

RH
RGl,w = akaT,V (m - aw) (61)

where RH is the relative humidity and kyyy is the interfacial mass-
transfer coefficient for water vapor (Supplementary Table 6). These
phase transfer source terms are used in the momentum balances for
theliquid and gas phases

Qc = — D ReryMW,—Rgyumw,, (62)
J

QL = —RyuwMWy+Rg wMW,, (63)

The opposite signs for the mass source terms ensures that the
amount of water that leaves one phase is exactly equal to the water
thatenters the other phase.

Boundary conditions, Faradaic efficiency and CO, utilization
As seen in Fig. 1b, the far left of the simulation domain represents
the interface between the anode porous transport layer and the flow
field/current collector. Here Dirichlet boundary conditions are used
to describe the solid-phase potential, water chemical potential and
pressure of liquid water and gas in the channel

Vieo =0V (64)
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Huxco = 0 ©65)
PrLx—o = 1 bar (66)
Pcx—o = 1 bar (67)

Theboundary condition described by equation (64) indicates that the
anode is at areference potential of O V versus the standard hydrogen
electrode (SHE). The boundary conditions described by equations (65)
and (66) indicate that the water activity is1and that theelectrolyteis at
ambient pressure, respectively (thatis, aliquid electrolyte feedis used).

The flux ofions and dissolved CO, to and from the anode flow field
isgiven by amass-transfer correlation

Rigwx=0 = knr,i (Cibulk — Cix=0) (68)

where the mass-transfer coefficients are given by aflat-plate correlation
describing convective mass transfer

D;
ki = 0'664—1Re}/25c}/3

elect.

(69)

where Re;and Sc;are the Reynolds and Schmidt numbers for species i
and L, isthe characteristicelectrode length. Convective transport of
gasacross the membrane is assumed to be negligible. Water transport
across the membraneis driven only by diffusion and electro-osmosis
within the hydrophilic domains of the polymer because there is no
forced convection within these mesoscale channels. Therefore, the
velocity of both gas and liquid phases at the membrane-electrode
interfacesisassumed tobe 0 ms™inthe momentum balance equations

U 5200250 um = 0 (70)

UG x=200,250 um = O 71)
Dirichlet boundary conditions are used for the gas-phase mass
conservation equations torepresent the use of 100% humidified CO,at
theinterface between the carbon GDL/cathode flow field and the use of
N,asacarrier gas at the anode porous transport layer/anode flow field

Wj, x=585um = Wj bulk,cathode (72)

Wj, x=0pm = Wjbulk,anode (73)
Ano-flux boundary condition was used for the chemical potential
of water at the cathode CL/GDL interface

s

=0
dx X =260pm

(74)

Finally, chronoamperometry experiments were simulated by setting
the V, at the catalyst layer/gas diffusion layer interface,

Vx:SSS pm = Veell (75)

Theboundary condition described by equation (75) indicates that the
imposed potential at the cathode boundary in the modelis equivalent
to the electrolytic cell potential applied in the experiment, whereas
equation (64) specifies the anode as the ground.

The Faradaic efficiency for CO (FE.,) and CO, utilization efficiency
are

FEco = fcoer (76)

Liotal

icoer

neoF

CO,utilization = (77)

PT,CO,,aCL

where the numerator of equation (77) represents the amount of CO
formed and the denominator represents the amount of CO, that reacts
to form (bi)carbonates and crosses the membrane to the anode where
it reconverts and is released as CO,. The equations that comprise the
model were solved using the MUMPS solver in COMSOL with 14,000
elementsand arelative error of 1 x 10*. Nomenclature is definedin the
Supplementary Information.

Data availability
The experimental data are available as an excel file in the Supplemen-
tary Information.
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