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Nature Chemical Engineering

Electrochemical CO: reduction (CO2R) using renewable electricity is a key pathway
towards synthesizing fuels and chemicals. In this study, multi-physics modeling is used to
interpret obtained experimental data for CO2R to CO using Ag catalysts in a membrane-electrode
assembly. The 1-D model is 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 CO2R. The results show how performance is dictated by competing phenomena
including ion 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. This
study provides insights into how to manage the trade-off between productivity and CO:

utilization in CO2R electrolyzers.
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1. Introduction

Electrochemical CO: reduction (CO2R) can be used to convert CO:z emitted from various
stationary sources into valuable chemicals and fuels. Carbon monoxide (CO) is a valuable
product of CO2R because of its utility as a reactant for the production of longer chain
hydrocarbons via Fischer-Tropsch synthesis.! Technoeconomic analyses of CO2R show that CO
can be produced for as little as $0.6-1.0 kg %, however, CO produced by steam reforming of
natural gas currently costs ~$0.15 kg 2. The key to overcoming this price differential and making
a CO2R electrolyzer economical is to minimize the energy costs by maximizing the partial current

density for the CO-evolution reaction (icoer) while minimizing the cell voltage (V¢y)*°.

Membrane-electrode assemblies (MEAs) are the most efficient CO: electrolyzer
architectures for high rates of CO formation®. MEA devices for CO2R are similar in construction
to water electrolyzers and hydrogen fuel cells, consisting of porous electrodes separated by a thin-
ion-exchange membrane. The use of an anion-exchange membrane (AEM), a type of ion-exchange
membrane composed of a polymer with fixed positive charges (typically quaternary amines), has
been shown to enable high CO formation rates (ico> 200 mA cm™) in CO2R electrolyzers’.
However, AEMs also permit the crossover of (bi)carbonate anions (i.e., HCOs~ and COs*) from
the cathode to the anode, where the (bi)carbonate anions are converted by a pH-swing to reform
CO:, which is lost from the anode®. The CO: crossover rate is therefore another figure-of-merit
that must be considered when designing a CO2R electrolyzer because it represents an efficiency

loss that defines the costs associated with separating and recycling the CO: reactant downstream
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of the electrolyzer® °. Cation-exchange membranes and bipolar membranes can decrease the rate
of CO: crossover in CO2R electrolyzers by delivering protons to the cathode that convert
(bi)carbonates back into CO: before they cross the membrane.'” 2 However, these membranes
yield lower CO partial current densities because of the acidic conditions furnished at the cathode,

which promotes HER."

While the development of membranes and electrodes tailored for CO2R is an active field,
relatively few theoretical studies have investigated how the properties of the materials used in
electrolyzers impact the rate of CO2R in an MEA, and even fewer studies combine self-consistent
experimental and theoretical studies. Several models of MEAs for CO2R exist that examine the
physics of CO: transport'> 1o 17 18, However, these models do not adequately account for the
chemistry occurring at the anode, in the anolyte, and in the 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 CO2R MEAs with material
properties and operating conditions are therefore required to resolve the mechanisms of transport
losses and optimize the properties of the membrane, catalyst layer, and electrolyte. Of particular
importance are coupled phenomena such as electroosmosis and water management in general,

something often neglected in CO2R studies that focus mainly on new materials.

In this study, we conduct experimental investigations of CO2R to form CO on Ag in MEA
cells and use the crossover and partial-current-density data to inform and validate the

development of a continuum 1D multi-physics cell model. The model is then used to explore the
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effects of the thickness and electrochemically active surface area of the catalyst layer, the ion-
exchange capacity (IEC) of the membrane, and the anolyte concentration on CO2R performance
metrics. The model accurately predicts the crossover of CO: from cathode to and anode and
enables correlation of the charge-carrying species with the rate of CO: crossover and fluxes of
water in the MEA. Key to predicting the rate of CO2R at high overpotentials is the adoption of
Marcus-Hush-Chidsey (MHC) theory (which accounts for the reorganization of solvent
molecules during electron transfer) as opposed to traditional Tafel kinetics. The experimentally-
validated model utilizes chemical-engineering fundamentals that guide the design of next-

generation CO2R electrolyzers.

2. Results and discussion

21 Model development, validation, and comparison of MHC and Tafel

kinetics for COER

A 1-D isothermal continuum model was developed in COMSOL Multiphysics 6.0 to
simulate the partial current densities for Hz, COz, and O: formation in a CO2R electrolyzer MEA
and the crossover of carbon from cathode to anode (Figure 1a, b). The model consists of five
domains: a platinized titanium anode porous-transport layer (thickness = 190 um), an iridium-
oxide anode catalyst layer (10 um), an ion-exchange membrane (50 um), a cathode catalyst layer
(10 um) composed of silver nanoparticles on carbon mixed with ionomer, and a cathode gas-

diffusion layer (GDL; 325 um; Figure 1c). Volume-averaged properties for each phase are used
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as inputs to solve the conservation equations for momentum, mass, and charge transport (full

model description in Methods). Model parameters are shown in Table S1-56.
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Figure 1: (a) Schematic diagram of a CO: reduction (CO2R) electrolyzer MEA with anodic and
cathodic feedstocks of 1 M CsHCOs and humidified CO, respectively. (b) Schematic diagram
showing the processes of CO: reduction, (bi)carbonate formation and crossover, and CO: loss at
the anode. (c) 1-D continuum model domain showing the gas, liquid, solid, and ionomer phases.

Experimentally, the CO2R electrolyzer was operated at constant cell potentials ranging
from 2.35 to 4.00 V while measuring the partial current densities for CO and H:formation (Figure
2a, b).”? The CO formation rate increased to a 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 was increased

to 4.00 V, and the Hz partial current density increased to 850 mA cm=. The model was fit to the



Nature Chemical Engineering

experimentally-measured polarization data by adjusting the parameters in the MHC expression
for the rate of COz reduction (i.e., ko co and Ar¢org; Eq. (17)) and in the Tafel equation for HER (i.e.,
lo,HER pase and ¢ yer; Eq. (14)) 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 4,44 = 1.35 eV is used (Figure 2a). This value agrees with the range of fitted
values of A,¢org (0.8 to 2.0 eV)? for CO2R experiments performed with planar silver cathodes (see
Supplementary Note 1 and Figure S1 for sensitivity analysis and more details on the physical
interpretation of this value). Moreover, the charge-transfer coefficient for H2(a yrr =0.13) agrees
well with a recent study using continuum modeling to resolve kinetic parameters of Hz formation
on planar silver?.. The applied-voltage breakdown (Figure S2) demonstrates that the kinetic
overpotentials are the dominant contributors to the overall cell voltage. The high overpotential
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 1000 mA cm=2 This result indicates that more conductive porous-transport layers and

membranes may also improve performance.
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Figure 2: Experimental and modeled partial current densities for (a) CO and (b) Hz formation as
a function of cell voltage. (c) Experimental and modeled CO: crossover fluxes. (d) Comparison of
experimental CO partial current densities with simulated results obtained with Marcus-Hush-
Chidsey (MHC) and Tafel models.

To validate the mass-transport framework used in the model, the simulated and
experimentally-measured CO:z crossover fluxes were compared over a current density range of 0
to 1,050 mA cm (Figure 2c). Good agreement is observed between the model and experiment at
high current densities; however, the model slightly over predicts the CO: crossover flux at lower
current densities. This discrepancy exists because CO: bubbles that form in the anode chamber
are recirculated to the anolyte CsHCO:s reservoir by the peristaltic pump. This process provides
the opportunity for CO: to re-dissolve and buffer the anolyte, which decreases the amount of CO2

in the anolyte headspace measured experimentally. A model that encompasses the along-the-

channel effects and anolyte reservoir is necessary to capture this effect.
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MHC theory has been employed widely in the field of electrochemical engineering
because it accounts for electron-transfer limitations at high overpotentials and the free-energy
change associated with reorganizing the solvent after electron transfer?. In contrast, the Tafel
model (Eq. (19)) assumes ion-transfer limits the overall rate of CO2R?. These two models both
exhibit good agreement between the experimental data at low cell potentials where electron-
transfer limitations are not expected (Figure 2d). The agreement between the Tafel model and
experiment at low potentials shows that the kinetic parameters obtained from experiments with
planar silver electrodes are reasonably transferable to MEA experiments?'. However, the Tafel
model over predicts the CO formation rate at high cell potentials, even when mass-transport
effects are taken into account. We considered that agreement between the experimental data and
Tafel model could be improved by incorporating a fitted film resistance into the effective
overpotential (Eq. (20); Figure S3). 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 fitted film resistances (10? 2 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:2R in MEAs and that film
resistances cannot explain curvature in the 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 confirm this.

Because CO: reduction involves bond breaking and re-forming, there must be a

contribution associated with ion transfer in addition to electron transfer. This mechanistic
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interpretation suggests the need for models beyond MHC, which purely accounts for electron
transfer, towards models of coupled ion electron transfer (CIET) that account for barriers
associated with ion 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 (see Supplementary Note 2), where the
contribution associated with ion transfer is found in the pre-factor of the rate expression.
Accordingly, the value of kg ¢ fit to the MHC kinetics used in the present study can be considered
a lumped parameter that implicitly includes the effect of ion transfer on the rate of CO2R. This
analysis suggests that CO2R is likely 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 the fitted reorganization energy, 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.

The assertion that CO2R occurs via an electron-transfer limited CIET is further supported
by alternatively considering CIET in the ion-transfer limit. Bazant’s work 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 CO2R (see Supplemental Note 3), suggesting that electron-transfer limitations, rather than

ion-transfer limitations, dictate observed rates.

10
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2.2  Transport of CO:2 and ionic species

The validated model was used to investigate the transport of CO: and ionic species in the
CO2R MEA (Figure 3). At 0 mA cm?, the pH throughout the MEA resembles that of the 1 M
CsHCO:s solution and the CO: concentration profile is indicative of the gradient between the bulk
concentration of CO: present in the anode chamber and the maximum solubility of CO2in 1 M
CsHCO:s at 50°C for a gas phase containing 88 wt% CO2 and 12 wt% H20 (14.7 mM; Figure 3a).
As the current density increases, the CO: concentration increases in the anode catalyst layer as H*
produced by acidic OER decreases the local pH (Figure 3b), shifting the (bi)carbonate equilibrium
towards HCOs~ (Figure 3c).? Concurrently, the pH in the cathode catalyst layer increases to >14
at 1000 mA cm~2 due to hydroxide formation (Figure S4a). This elevated current density decreases
the CO2 concentration at the cathode by consuming CO: to form CO, shifting the (bi)carbonate
equilibrium from CO: to COs* (Figure 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 (Figure
$4b), which originate from the anode and decrease the Henry’s constant from 14.7 mM atm-! CO:
to 2 mM atm™ CO: per Eq. (53). Consistent with previous studies, the Donnan exclusion effect of
the AEM is not strong enough to block cation transport from anode to cathode?. The net result of
these phenomena is a decrease in reactant CO: available for the CO2R, and consequently, a
decrease in CO formation rates at high cell potentials (Figure 2a). Other possible effects of cesium

on the rate of CO2R and HER are discussed in Supplementary Note 4.

11
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Figure 3: Modeled (a) CO: concentration, (b) pH, (c) HCOs~ concentration, and (d) COs*as a
function of current density and position in the membrane electrode assembly (MEA).

The partial pressure of CO in the cathode catalyst layer increases as the current density is
increased from 0 to 200 mA cm before decreasing at the onset of Hz evolution (Figure S5a, b).
The CO: partial pressure decreases because CO2 dissolves and reacts in the cathode catalyst layer

(Figure S5¢). The H:O partial pressure in the cathode catalyst layer decreases throughout the GDL

12
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as the current density is increased from 200 to 1000 mA c¢cm= due to the pressure drop and
consumption of water by the CO2R and HER. In the anode, the partial pressure of CO: increases
as the current density increases from 0 to 200 mA cm2 due to a rise in CO: concentration in the
electrolyte (Figure S6a). However, at 1000 mA cm2, the CO: partial pressure in the anode
decreases because as the partial pressure of O: increases (Figure Sé6b) and the equilibrium
between the CO: in the gas- and electrolyte-phases is established These non-intuitive 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 (Figure 2c), we examined
the transference numbers in the MEA. The CsHCOs delivered to the anode generates a HCOs-
concentration gradient that drives the transport of HCOs- from anode to cathode against the
potential gradient. Consequently, a negative transference number for HCOs- is observed in the
membrane at 10 mA cm-? (Figure 4a). To maintain charge-conservation, COs* is transported from
cathode to anode with a transference number of ~2 in the membrane at 10 mA cm? (Figure 4b).
These opposing fluxes of carbon yield a proportional relationship between CO: crossover flux
and current density from 0 to 200 mA cm2. The decrease and subsequent plateau in CO: crossover
at 200 mA cm2 coincide with the appearance of COs*-as the sole charge-carrying species in the
membrane. As the current density is increased to 1000 mA cm?, hydroxide emerges as the main
charge carrier through the membrane (Figure 4c), which reduces Ohmic losses due to the faster
diffusion of OH- relative to COs*. This transition in charge-carrying species from COs?> to OH-

also decreases the CO: crossover flux, however, CO: is still measured in the anode effluent of the

13
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electrolyzer due to the continuous conversion of HCOs from the anode feedstock into CO..
Consequently, HCOs~ remains the dominant charge-carrier in the anode at all current densities
(Figure 4a). The abrupt changes in transference numbers seen in the membrane are a result of the
pH gradient through the membrane, which transform HCOs- fed to the anode into COs? and
COs?* originating from the cathode into HCOs~. The flux of dissolved CO: accounts for less than
1% of the total dissolved carbon that crosses the membrane. The results here underscore the
opportunity to operate at high current densities where OH- is the charge-carrier to reduce Ohmic
losses and the need to model both the anode and cathode of a CO: electrolyzer to describe

electrolyzer performance accurately.
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Figure 4: Modeled transference numbers for (a) HCOs~ (b) COs* and (c) OH- in the MEA as a
function of current density. (d) Modeled water fluxes across the membrane due to diffusion
(dashed lines) and electroosmosis (solid lines) and net water flux as a function of current density
(e) Diagram showing the number of water molecules moved by electroosmosis between the
anode and cathode depending on the dominant charge-carrying species.
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2.3  Water transport and electroosmosis

Water transport in the membrane is driven by chemical potential and ionic gradients (i.e.,
current), which lead to a decrease in water activity and liquid water pressure in the membrane as
the current density is increased (Figure S7). The diffusional flux of water (from anode to cathode)
is directly proportional to the water activity gradient in the MEA, whereas the flux of water due
to electroosmosis is dependent on the ionic charge carrier because the electroosmotic coefficient
is roughly equal to the number of water molecules in each ions hydration shell (Eq. (58) and
(59))7. As shown in Figure 4d, the flux of water associated with diffusion and electroosmosis both
increase with increasing current density. At 10 mA cm?, the diffusional flux of water is balanced
by electroosmosis. The average electroosmotic coefficient in this current density regime is 12,
because HCOs~ and COs> move in opposite directions along with 8 and 20 water molecules,
respectively (Figure 4e). At 200 mA cm??, the flux of HCOs~ approaches 0 (Figure 4a), and
therefore, the average electroosmotic coefficient corresponds to that of COs* (i.e., {2z~ = 20). The
flux of water associated with electroosmosis at 200 mA cm2is higher than the flux of water due
to diffusion as a result of the high electroosmotic coefficient of COs?, and therefore the net water
flux is negative (from cathode to anode). At 1000 mA cm-?, water transport by diffusion is greater
than water transport by electroosmosis because OH- (with an electroosmotic coefficient of {gy-
= 6) becomes the majority charge-carrier, giving rise to a positive net water flux. This interplay
points to intermediate current densities (200 mA cm2) as being most susceptible to membrane

dehydration due to the high electroosmotic coefficient of COs* relative to OH-, which is a non-

15
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intuitive result and arising from the complicated coupling of interspecies transport and reaction

rates.

The net electroosmotic coefficient (denoted as 8; Eq. (60)) describes how much water is
transported through the membrane from anode to cathode relative to the amount of water
consumed by the electrochemical reactions (Figure S8). At low current densities (i.e., 10 mA cm-
?), B is 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 the reactant for the CO2R
and HER. As the current density is increased to the point at which CO formation rate is at its
maximum (500 mA cm), § becomes positive. At 1000 mA cm=2, B increases 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 a liquid anolyte feed is used. These results
show that water is not the limiting reagent in CO2R. Nonetheless, water management is still
critical in CO2R electrolyzers because it impacts the Ohmic losses and transport of species in the

membrane.

2.4  Effect of catalyst-layer thickness and surface area on CO2R and HER

The validated model allows for the investigation of key properties and virtual
experiments to provide design guidance by analyzing the complex tradeoffs endemic to this
system. Herein, the cathode catalyst-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 (Figure 5a) and H: formation (Figure S9a). The

16
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H: partial current density decreases more than the CO partial current density, which leads to a
lower faradaic efficiency for CO (FEco) at high current densities (Figure S9b). The lower Hz partial
current density with thinner catalyst layers comes as a result of the lower surface area relative to
the thicker catalyst layers. Moreover, at a constant current density, the pH is higher in the smaller
volume of the thinner catalyst layers for the same flux of OH- from the CO2R and HER (Figure
S9c). The higher pH in the thinner catalyst layer reduces the CO: concentration (Figure S9d). 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 area and CO: reactant concentration. While these phenomena lead to a higher CO partial
current density with thicker catalyst layers, the CO: utilization (i.e., the amount of CO formed
divided by the amount of CO: that is reacted to form HCOs- and COs?-and subsequently released
at the anode; Eq. (85)) follows the opposite trend (Figure 5b). This tradeoff suggests an optimum
catalyst layer thickness of 5 um to simultaneously enable a CO partial current density > 200 mA

cm~? and CO: utilization efficiency > 60 %.

17
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Figure 5: Partial current density for (a) CO formation as a function of cell voltage and (b) CO:
utilization as a function of total current density for cathode catalyst layers with thicknesses of 10,
5,2.5,and 1 um at a constant specific surface area (SSA) of 3 x 107 m™'. (c) Partial current density
for CO formation as a function of cell voltage and (d) CO: utilization as a function of total current
density for catalyst layers with a SSA of 1 x 107, 3 x 107, and 7 x 10" m™' at a constant cathode
catalyst-layer thickness of 10 um. The basecase simulation results are shown with solid lines.

Catalyst specific surface area (SSA) is another important characteristic of CO2R
electrolyzers that is inversely proportional to the size of the catalyst particles as per Eq. (22). The
model shows that increasing the SSA (i.e., reducing the particle size while maintaining the catalyst
mass) increases both the CO partial current density (Figure 5¢) and H: partial current density
(Figure S10a) due to a higher availability of surface sites for electron-transfer. The lower SSA
catalyst layers achieve a higher peak FEco (Figure S10b) due 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 Eq. (52). The faster transport of CO: across the ionomer
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layer yields a higher CO: concentration relative to the maximum solubility (Figure S10c).
Consequently, the increased CO formation rates enabled by decreasing particle size come at the
expense of increased crossover of CO: across the membrane (Figure S10d). At high current
densities, however, the crossover of CO:2 is not strongly affected by catalyst particle size.
Therefore, a higher CO: utilization is observed with smaller catalyst particles (Figure 5d). The
implication of these results is that smaller catalyst particles enable higher CO formation rates than
larger catalyst particles without increasing the rate of HER or decreasing the CO: utilization at

high current densities.

The thickness of the GDL was found to have a less significant impact on CO formation in
MEAs than catalyst layer thickness and specific surface area (Figure S11). Decreasing the GDL
thickness from the nominal value for Sigracet 39BC (325 um) to 100 um 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 (Figure S11a),
which increases the concentration of CO: in the electrolyte. This higher CO: concentration

modestly increases the peak CO partial current density (Figure S11b).

2.5 Effect of anolyte pH and membrane IEC on CO2R and HER

HCOs is commonly used as a buffering anion for CO2R because it lowers the pH rise at
the cathode to reduce the rate of conversion of CO: to (bi)carbonates? 2°. However, Sustainion is
much more conductive in its OH- form than in its HCOs~ form’. To examine these tradeoffs, we

simulated a CsOH anolyte and compared the results to those obtained with CsHCOs. Switching
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the anolyte from CsHCOs to CsOH increases the average conductivity of the membrane from ~12
mS cm to ~25 mS cm! (Figure S11a), which reduces the Ohmic resistance associated with ion
transport. These results are consistent with independent conductivity measurements
documented in a previous study®. Accordingly, the cell voltage for maximum CO formation is
shifted to 3 V with CsOH, compared to 3.3 V with CsHCOs (Figure S12b, c). The lower peak in
the CO formation rate with CsOH compared to CsHCO:s is caused by the higher pH in the cathode
catalyst layer (Figure S12d). This higher pH with CsOH decreases the CO formation rate by
decreasing the concentration of CO: in the cathode relative to CsHCOs (Figure S13a).
Additionally, the CsOH anolyte increases the net electroosmotic coefficient relative to CsHCOs
(Figure S13b) because of the larger flux of OH- relative to HCOs- and COs?, which increases 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 (i.e., the ion exchange capacity; IEC). Although commonly used, Sustainion has a
notably low IEC compared to other AEMs!4. The model shows that increasing the IEC of the
membrane from 1.2 to 2.0 mmol g leads to a dramatic increase in the CO partial current density
(Figure 6a). In contrast, the H> partial current density is not strongly impacted by an increase in
IEC (Figure S14a). The higher IEC membranes expectedly exhibit higher conductivities (Figure
6b). However, the high IEC membranes also decrease the pH (Figure 6c¢) in the cathode catalyst
layer by excluding co-ions (e.g., H*, K*) via Donnan exclusion, trapping them in the cathode
catalyst layer, while also more efficiently transporting alkaline, counter-ion species (i.e., COs*and

OH-) away from the cathode catalyst layer, which reduces the overpotential that drives HER. The
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lower HER overpotential has a larger impact on the Hz partial current density than the increased
conductivity, therefore, a slightly lower H: partial current density is observed for membranes
with a higher IEC (Figure S14a). It is important to note that the model does not account for the
effect of IEC on the swelling behavior and mechanical integrity of the ionomer, which could lead

to a decrease in CO partial current density performance as the IEC is increased.
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Figure 6: (a) CO and (b) H2 partial current density as a function of cell voltage for simulated ion
exchange capacities (IECs) of 1.2, 1.5, and 2.0 mmol g'.(c) ionic conductivity of the different IEC
membranes at a cell potential of -2.3 V. (d) pH in the cathode catalyst of the different IEC
membranes at a constant total current density of 100 mA cm=2. The basecase simulation results
are shown with solid lines.

The lower pH in the cathode catalyst layer observed in the higher IEC membranes reduces

the extent of CO: conversion into COs?;, thereby enabling a higher CO: concentration (Figure
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$14b). 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 COs? transport
over OH-transport (Figure S15). 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 CO2
utilization (Figure 6d). Collectively, these results show that increasing the IEC of the membrane
provides a means for increasing CO formation rates without enhancing the rate of the HER or

reducing CO: utilization.

Hydroxides can neutralize the positively-charged imidazolium groups in ionomer
membranes, leading to “current induced membrane discharge” (CIMD)*. Our simulation shows
that CIMD decreases the CO partial current density at all potentials relative to the basecase, which
assumes a unity fraction of protonated imidazolium groups (i.e., no CIMD occurs; Figure S16a).
The decrease in CO formation caused by CIMD is more pronounced for more weakly basic fixed-
charge sites (i.e., sites with higher pKv values; see Supplementary Note 5). For a pKv of -2, the
simulation results are nearly identical to the basecase. The CO: crossover flux is shown to
decrease with increasing pKes values due to a lower uptake of HCOs- and COs?* in the membrane
(Figure S16b). This phenomenon occurs because of the reduced fraction of protonated
imidazolium groups in the membrane (Figure S16c). The reduced concentration of protonated
imidazolium increases the concentration of Cs* in the membrane, thereby increasing the
propensity for precipitation in CO: electrolyzers (Figure S16d). These results indicate that
increasing AEMs must furnish highly concentrated and basic fixed-charge groups to enable high

CO formation rates.
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3. Conclusions

In this study, we used a 1-D continuum model validated against measured experimental
data to investigate the myriad of coupled phenomena occurring in membrane-electrode
assemblies (MEAs) undergoing CO: reduction. The model reveals that both mass- and electron-
transfer limitations dictate limiting current densities for CO2R. The latter effect necessitates use
of MHC theory to reproduce experimental behavior and highlights the need for further studies
investigating the nature of electron transfer and solvent reorganization in CO2R. 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 is defined by the
principal charge-carrying species in the membrane, which varies depending on the current-
density regime. At low current densities (40 mA cm-2), the transport of HCOs 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 to
1000 mA cm2), COs?* is the sole charge-carrier, which increases the flux of CO2 and water from
cathode to anode, thereby reducing the concentration and activity of water and CO: at the
cathode, respectively. Finally, at high current densities (1000 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.
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Model sensitivity analyses performed on the anolyte, catalyst layer, and membrane
properties demonstrate the trade-off between CO formation rates and carbon crossover in CO2R
electrolyzers that arise due to coupling between interspecies ionic and water transport and
various chemical and electrochemical kinetics. Thicker catalyst layers yield higher CO formation
rates, but also lower CO: utilizations. Catalyst layers with higher SSAs (i.e., catalysts with smaller
particle sizes) increase the CO formation rate without negatively impacting CO: utilization at
high current densities. Membranes with higher IEC reduce Ohmic resistances and lower the pH
at the cathode, which benefits CO formation and increases CO: utilization without enhancing
deleterious HER. Collectively, these results provide insights into the dynamics of water and ion
transport in CO2R electrolyzers and present different materials optimization strategies that
inform future experiments. Furthermore, this study highlights the importance of using self-
consistent (electro)chemical-engineering fundamentals to explore and unravel such complex

systems.

4, Methods

41 Governing equations for charge, mass, and momentum transport

Electron transport in the conductive solid-phases (Ti anode transport layer, Ir-oxide anode
catalyst layer, Ag cathode catalyst layer, and carbon gas-diffusion layer) was modeled using

Ohm’s law,

V-ig= -V (0errps) (D
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where i; and ¢, represent the current density and electric potential in the solid electron-
conducting phases. The effective conductivity (oe¢) of the porous electron-conducting phases was

determined using a Bruggeman relation,
Ooff = E1°05 )

where & and o, are the volume fraction and nominal conductivity of the solid conductor,
respectively (see Table S1 for values). The governing equations for mass transfer of each chemical
species j in the gas-phase (j = COzp), COg), H2g, and H20@) and i in the electrolyte-phase (i =

H*@ag, OH~ ag), HCO3™ (ag), COs% (aq), CO2(aq), and Cs*aq)) are,

|7~]]-=EGZMij_j ©)
J

V-m = (g +¢) Z Ry (4)

where J; and M; are the mass flux and molecular weight of gaseous species j, respectively, p; is
the density of the gas-phase, u; is the mass-averaged velocity of the gas-phase, n; is the molar
fluxes of dissolved species i, &; is the gas-volume fraction, and Ry ;; is the volumetric rate of mole
generation/consumption by process k of species i or j. The volume fraction of ionomer (¢;) in the
catalyst layers was determined based on the ionomer-to-catalyst mass ratio of 3 used in the
precursor catalyst ink. The volume fractions of gas and liquid (¢;) in the remainder of the void
space were determined based on the capillary pressure (pwp) in the catalyst layer using
experimental water saturation data for Pt/C from Zenyuk et al.*? (Figure S16) which was assumed

to hold for Ag/C, where
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Pcap = PL — D¢ ®)

The implicit assumption of Eq. (4) is that the buffer reaction kinetics are the same in the
ionomer and bulk 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 AEMs3.
The momentum balances on the liquid and gas phases are given as,

V- (pcug) = o (6)

V- (peu,) = Qy (7)

Where @ is the net rate of mass generation in the gas-phase. p;, u;, and @, are the density, mass-

averaged velocity, and net rate of mass generation in the liquid-phase.

4.2  Reaction chemistry

At the anode, iridium oxide catalyzes the oxygen-evolution reaction (OER) under acid

and basic conditions,

2H,0 - 4e™ + 0, + 4H* 8)
Udgr = 1.23 Vvs.SHE,pH = 0

40H™ - 4e™ + 0, + 2H,0 9)

The silver cathode catalyst catalyzes the CO evolution reaction (COER) and the hydrogen-

evolution reaction (HER), which occurs through both H* and H20 reduction,
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CO, + H,0 + 2e™ - CO + 20H~ Ugr = —0.11 V vs.SHE,pH = 0 (10)

2H,0 + 2e~ — H, + 20H~
Ufgr = 0.0 Vvs.SHE,pH = 0
2H* + 2e™ > H, (11)

The electrochemical formation of Hz through water and proton reduction is described by

the following concentration-dependent Tafel expressions,

. . (XC,HERF (12)
lHER base = ~ lo,HER baseGw€XP | — RT NHER
. . Cy+ ac,HERF (13)
lHER,acid = ~ lo,HER acid (m) exp |\ - RT HER

Where iy ygrbase and ip yER acid are the exchange current densities for the HER in base and acid,
respectively. a,ygr and nyggr are the cathodic transfer coefficient and overpotential of HER,
respectively. F is Faraday’s constant (96485 C mol™'), R is the ideal gas constant (8.314 ] mol- K-
1), 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,,). Non-idealities were not considered for
the ionic species (i.e., H*) due to the increased computational complexity and lack of available
parameters for activity correlations for concentrated multi-component electrolytes. Therefore, the
titted exchange current densities employed in the model can be considered lumped parameters
that encompass the non-idealities. The overpotential of each electrochemical reaction k (1,)was
calculated according to the reduction potential of reaction k at standard conditions (Up),

accounting for changes in the local pH using the Nernst equation,
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2.303RT
_—pH) (14)

=¢-¢p,— (U2
Nk ¢s ¢L ( k F
The partial current densities for OER in acid (iggR acig) and base (iggr pase) Were modeled

using concentration-dependent Tafel expressions similar to those used for the HER at the

cathode3,

. . 1.6 ®q,0ERF (15)
loER,acid = l0,0ERaciddw™~ €XP “RT NoER

CoH-

) ) ®g,0ERF
lOER,base — l0,0ERbase (_M) €xp (6}# 770ER) (16)

Where iy ogrbase and ig oEracia are the exchange current densities for the OER in base and acid,
respectively. a,ogr and nogr are the anodic transfer coefficient and overpotential of OER,

respectively.

While 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 (4,¢0rg) of the products,
reactants, and solvent when modeling the CO2R 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® ¥,

1.5

nareorg /Areorg - Jl + V Areorg + 77C0ER2\
a — erfc
Y1+ eXp(nCOER) \ 2\/ Areorg /

Ccoz)

icoer = —koco (W (17)
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where k ¢o is a constant pre-exponential factor that relates to the attempt frequency for CO2R
and erfc is the complementary error function. The rate order of 1.5 for CO formation with respect
to COz concentration was deduced based on experiments performed at different partial pressures
of CO2%. In MHC, 4,44 is the energy barrier associated with the reorganization of the water
network in the catalytic reaction environment to accommodate the quantum tunneling of
electrons from the electrode to CO: (see Figure S17 for a schematic depiction of solvent

reorganization). fj¢o is the dimensionless overpotential which is defined as

5o Meof (18)
fico = Mco( RT )

For the sake of comparison with the MHC kinetics above, CO2R was also modeled using

Tafel kinetics:

1.5

, , Cco o coerF
lcoER = ~lo,COER (1—1\;) ay €Xp (‘CTTICOER) (19)

Where iy cogr, %c,coer and ncogr are the exchange current density, cathodic transfer coefficient,
and overpotential for the CO evolution reaction, respectively. Kinetic parameters are given in
Tables S2 and S3. There is precedent to account for a film resistance (Rg;,) within the

overpotential term of Tafel expressions. This empirical kinetic formulation was also considered,

1.5

) ) cco accoerF .
lcOER = ~l0,COER (1—1\;) a,, €xXp (—CT (Mcoer + ltotalRfilm)) (20)

The molar consumption of reactants and generation of products in the electrolyte by the charge-

transfer (CT) reactions follows Faraday’s Law,
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aySik Iikl
CT,i leF (

where ny, is the number of electrons transferred in the reaction, and s;; is the stoichiometric
coefficient for species i in reaction k (i.e., the OER, HER, or CO2R reaction). This source term
applies to the generation and consumption of H*, H:O, OH~, and CO:. The catalyst-layer specific

surface area (a,) was determined using the geometric relationship from Weng et al."7,

3¢

a, = (22)

"

Where 7, is the average radii of the catalyst particles, which was estimated as 25 nm for the

basecase simulation based on transmission-electron-microscopy (TEM) images (Figure S18).

Within the electrolyte-phase, the following homogeneous reactions between CO., OH,

COs%, HCOs, and H* occur,

ki k_q
H20 Cd H+ + OH_ K1 == 1 X 10_14 M2 (23)
ka k_
k3, k_3
HCO; o H*+C03” K; = 4.58 x 10711 M- 25)
ky k_4
COzaq) tOH™ & & HCO3 K, = 4.27 x 107 M! (26)
ks, k_s
HCO; + OH- & H,0+C03~ Ks = 4.58 x 103 M~ 27)

The consumption and generation of chemical species i (including water) by these buffer (B)

reactions is governed by the law of mass action,
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_e. kn .
Rp; = E Sin(kn | | G = | | ¢;%tn) (28)
. n
L

Sin<0 Sin>0

where K,, is the equilibrium constant of buffer reaction n, s;,, is the stoichiometric coefficient of
species i the corresponding bulk reaction n (s;, < 0 for reactants and s;,, > 0 for products). k,
and k_, are the forward and reverse reaction rate constants for reaction n, respectively.

Parameters for these reactions are given in Table S4.
4.3 Ion transport

The molar ionic fluxes in the electrolyte (n;) were taken to occur via diffusion, migration,

and convection under conditions where dilute-solution theory applies,

F 29
n; = —Dieff(VCi + Ziﬁcivd)l) + cuy ( )

Here z; is the charge of the mobile ionic species and ¢); is the ionic potential. Electroneutrality
was assumed with consideration of the fixed-charges present in the catalyst-layer ionomers and

membrane,

Zizici + glpionomerIECionomer,effective =0 (30)

Where pjonomer and IECignomer effective are the density and effective ion-exchange capacity (mol g~
! wet polymer) of the ionomer. The chemical equilibrium between the imidazolium groups in the

Sustainion ionomer and hydroxides is,
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C—NHZ = C_NH;- + COH_ (31)

Where —NH, and —NH{ are the deprotonated and protonated imidazolium groups. This
equilibrium reaction results in neutralization of fixed-charge groups in the ionomer, (i.e., current-
induced membrane discharge) that reduces the effective ion-exchange capacity of the ionomer3'.

The isotherm describing this phenomena is given defined by the pKs of the imidazolium groups

(pKB,ionomer)/

Aoy = ———N8 1 (32)
cIMD = = TPy
C_Nug + C_nn, 1+—-0H
10 PKBjonomer

Where acjyp is the fraction of protonated imidazolium groups. The effective ion-exchange

capacity of the ionomer is therefore given as,

IEcionomer,effective = IEcionomera'CIMD (33)

The basecase simulation assumes acjyp =1 and the pKgionomer Was varied for sensitivity

analysis.

Within the catalyst layers, ion transport was assumed to occur through both liquid
electrolyte and ionomer. To model this situation, we assumed a single electrolyte-phase
composed of a mixture of electrolyte and ionomer with a density of fixed charges equal to the
volume fraction of ionomer in the catalyst layer multiplied by the nominal fixed charge density

of the ionomer. Physically, this formulation implies that that the fixed-charges present in the
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ionomer are homogeneously dispersed in the electrolyte volume of the catalyst layer. The
effective diffusion coefficients were determined based on the water mole fraction (x;) and volume
fraction of water in the ionomer ®,,,

D iw (34)

Deff CD q
w(l + l/)1)

where D; , is the diffusion coefficient of species i in water (Table S5), q is a tortuosity parameter
that was fit to experimentally-measured conductivity data of Sustainion measured in bicarbonate
and hydroxide forms’, i; is the ratio between species-solvent and species-membrane interaction
effects, which depend on the reduced molecular weight of species i in the membrane (M; ) and

in water (M; ),

1 W
W = (—M) (—) (35)
My = Gt 2 (36)
i M
My = G+ 30 @

where M), is the molecular weight of the membrane, which is set to an arbitrarily large value of
10,000 g mol™! and V,, is the molar volume of water. The molar volume of the membrane (V},) was

calculated based on the ion-exchange capacity and the dry density of the ionomer,

1 (38)

Vy=——"—
M pionomerIEC
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The mole fraction (x,,) and volume fraction of water (®,,) in the ionomer were calculated using

the water uptake (1) assuming free swelling,

2 (39)
wETra
o = AV (40)
WA, + Uy

The A value was determined as a function of water activity and the fraction of imidizolium groups
exchanged with carbonates or hydroxides based on constant temperature water-uptake
measurements for Sustainion (Figure S19)*. While the co-ion (Cs*) is known to also impact the
water uptake, this data is not available in the literature and therefore is neglected in the model.
Donnan equilibrium was imposed at each interface to maintain charge-neutrality in the catalyst

and membrane layers,

Ci,X+

RT
——In(
Zj Cix—

Gixt — Pix- = ) (41)

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; 4~ are the concentrations on
the right and left side, respectively. The convective velocity of the liquid-phase (u;) in the CL

pores was determined using Darcy’s law,

0 3
KsatKrL (1 - ES)
Y- v (42)
L My (&5)? t
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where y; is the liquid viscosity, p; is the pressure of the liquid-phase, and kJ,; is the bulk
saturated permeability (Table S1). The relative permeability (k,;) of the liquid-phase was

estimated based a cubic dependency on water saturation,
K, = S° (43)

4.4  Gas transport

The mass flux of each gas-phase species (J;) was calculated using Stefan-Maxwell

equations for multi-component mass transport with consideration of convection,

VM,
Jj =—pngff|7wj—pGfofa)j M_n + pjug (44)
n

where w; is the mass fraction of gas species j, p; is the mass concentration of gas species j, and
M, is the average molecular weight. The effective diffusion coefficients (D]-Eff) were calculated
based on the molecular diffusion coefficients (D;") and Knudsen diffusion coefficients (Djk ) while

accounting for the porosity of a porous medium using the Bruggeman correlation,

1 1\
DEff = ¢ <_ n _) (45)
k
J D" " D]
2 |8RT (46)
J 3 TlfMi

The molecular diffusion coefficients were determined based on the formulation reported by

Fuller et al.%,
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3 1073T[K]*75(M;[g mol 1]~ + M;[g mol~1]~1)%5

(47)

Jq — 2
pe[atm] (vg"}?-’?’ + v{,’_'33)
1 — Wj
D = SN (48)
n#j Dj,n

Where v, ; is the diffusion volume of species j. The convective velocity of the gas-phase (ug) in
the CL pores was determined using Darcy’s law and the Carman-Kozeny equation to account for

flow in porous media,

0 3
KsatKrc (1 - ES)
Ug = — % (49)
¢ HUg (&5)? ¢

The relative permeability (k,¢) of the gas-phase was estimated based on a cubic dependency on

water saturation,
Krg = (1-5)° (50)

The final equation used to solve the governing mass balances for the gas-phase is the summation

of mass fractions,

D=1 (51)

4.5 CO: phase transfer and solubility

The rate of phase-transfer (PT) for CO2 (Rpr co,) occurring at the gas/ionomer interface

was calculated as follows,

Rprco, = avker,co,Mco,(Hco,PcYco,- cco,) (52)
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where Hco, is the Henry’s Law coefficient for CO: dissolved in the electrolyte, cco, is the
concentration of dissolved COz, Mo, is the molar mass of COz, k¢ co, is the mass-transfer
coefficient, which was obtained from experimental data by Yang et al.*!, and yco, is the mole
fraction of CO: in the gas-phase. The reduction in CO: solubility observed at high salt
concentrations (i.e., the “salting-out” effect) was accounted for using the Sechenov formulation

with parameters obtained from Weisenberger and Schumpe (Table $6)%,
Heo, = 107 Theoa 06t g, 3)

Where h; represents the solubility coefficient for the different salt species in solution. The nominal

Henry’s Law coefficient for CO: dissolved in water (in units mM atm™) is given as,

1 1
0 (54
Hgo, = 34 exp(2400( 98 ) )

CO and Hz were assumed to be insoluble in the ionomer and generated directly in the gas
phase, therefore the rate of CO and H: generation in the gas-phase were calculated using

Faraday’s Law,

avsj,klikl (55)

Rpr jzco, = o
k

4.6  Water chemical potential and transport

The ionomer-phase in the MEA is considered to be continuous between the anode and
cathode catalyst layers. Therefore, liquid water is transported across the membrane by dissolving
in the ionomer-phase of the anode catalyst layer and transporting across the membrane to the

cathode catalyst layer according to the chemical potential gradient, which is defined as
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Uw = RTIn(a,,) + Voow @y — pL,ref) (56)

where a,, is the activity of water in the ionomer, p, ) is the pressure of liquid water in the
membrane, Vp,,, is the molar volume of water (18 mL mol™), and p; ,.f is the reference liquid
pressure (1 atm). Concentrated-solution theory was considered for water transport due to the
need to account for electroosmosis. Therefore, the equations that describes water conservation

and flux are given by,

V " nw == Rk,W (57)

n, = _awvﬂw + z Zini (58)
i

Where n,, is the molar flux of water, u,, is the water chemical potential, and Ry, is the net molar
rate of water generation by electrochemical 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.#* (Figure S20). The first term in Eq. (58)
describes the transport of water under chemical-potential-gradient driving force, analogous to
the relationship between the diffusion coefficient and concentration gradient for Fickian diffusion
processes. (; is the electro-osmotic coefficient for species i, which was determined

experimentally*

[ = o (59)
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Correspondingly, the second term in Eq. (58) is associated with electroosmotic driving forces that

couple water transport to the transport of ions in the electrolyte.

The net electroosmotic coefficient (B) relates the amount of water transported relative to the

amount of water consumed by electrochemical reactions and is given as,

_ M0 60
B_i/F )

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,

Rypw = akaT,L(PL‘PL,M) (61)

where kyr, is the interfacial mass transfer coefficient for liquid water (Table S6). The rate of

water transport from the gas-phase to the ionomer-phase is given by,

RH
Rerw = akaT,V (m— aw) (62)

where RH is the relative humidity and kyry is the interfacial mass transfer coefficient for water

vapor (Table S6). These phase-transfer source terms are used in the momentum balances for the

liquid- and gas-phases,
Qs == ) Rer,;MW, = Ry, MW, (63)
J

Qr = —RywMW,+ RgpwMW,, (64)

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

As seen in Figure 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,

Vico =0V (65)
Humo = 0 —= (66)
’ mol
PLx=0 = 1bar (67)
PGx=0 = 1 bar (68)

The boundary condition described by (65) implies that the anode is at a reference potential of 0 V
vs. the standard hydrogen electrode (SHE). The boundary conditions described by (66) and (67)
imply that the water activity is 1 and that the electrolyte is at ambient pressure, respectively (i.e.,

a liquid electrolyte feed is used).

The flux of ions and dissolved CO: to and from the anode flow field is given by a mass-

transfer correlation,

Nizwx=0 = Ku1,i(Cipuik — Cix=0) (69)
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where the mass-transfer coefficients are given by a flat-plate correlation describing convective
mass transfer,

D:
kur,izw = 0.664 —2— Rel/%gc1/3 70)

i i
elect.

where Re; and Sc; are the Reynold’s and Shmidt numbers for species i and Lgjec. is the
characteristic electrode length. Convective transport of gas across the membrane is assumed to
be negligible. Water transport across the membrane is 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 interfaces is assumed to be 0 m s in the momentum balance equations,

Uy x=200250 um = 0 (71)

UG x=200,250 um = 0 (72)

Dirichlet boundary conditions are used for the gas-phase mass conservation equations to
represent the use of 100% humidified CO: at the interface between the carbon GDL/cathode flow

field and the use of N2 as a carrier gas at the anode PTL/anode flow field,

W) x=585 yum = Wj bulk (73)
(74)

Wjx=0pum = Wjbulk

A no-flux boundary condition was used for the chemical potential of water at the cathode
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CL/GDL interface,

ds

=0 (75)
dx x=260 um

Finally, chronoamperometry experiments were simulated by setting the V., at the catalyst-

layer/gas-diffusion-layer interface,

Vy=360 um = Vcell (76)

The boundary condition described by (76) implies that the imposed potential at the cathode
boundary in the model is equivalent to the electrolytic cell potential applied in the experiment,
whereas (65) specifies the anode as the ground. The equations that comprise the model were

solved using the MUMPS solver in COMSOL with 14000 elements and a relative error of 1 x 10~

4.8 Applied-voltage breakdown, Faradaic efficiency for CO, and CO:

utilization

The total cell voltage was decomposed into the thermodynamic potential and
overpotentials using power-loss analysis first described by Secanell et al.# 4 The thermodynamic

potential of the anode (AViperm anode) and cathode reactions (AViperm cathode) are,

2.303RT

i0er (Uggr———5——PH
1 J lorr(Uoer F__ P )dx (77)
aCL

AVtherm,anode =

LaCL itotal
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. 2.303RT
1 lHER(UI(-)IER_—pH)
f F dx
cCL

AVttherm,cathode =

LCCL ltotal

. 2.303RT
1 J‘ icorr (Ucogr~ —F pH)
cCL

dx

LCCL ltotal

The overpotentials associated with OER, HER, and CO2R are given as,

1 NoerLOER
AVOER = f T dX

aCL JaCL ltotal

1 NHERLHER
AVHER - f - dX

cCL JcCL ltotal

1 NcoERLCOER

AVCOER == L J T dX
cCL JcCL ltotal

The voltage drops due to ionic (AVjppnic) and (AVejectricar) €lectrical Ohmic losses are,

x=360 um il . Vql)l
AVionic = J dx

x=0um ltotal

x=360 um ;
K ls'V¢s dx

AVerectricat = J

x=0um ltotal

The Faradaic efficiency for CO (FEco) and CO: utilization efficiency are,

lcoER
FECO =
ltotal
lcoER
- NneoF
CO,utilization = co
PT,CO,aCL

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

Where the numerator of Eq. (85) 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
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anode where it reconverts and is released as CO:x.

4.9 Experimental Methods

4.9.1 Membrane-electrode-assembly design

The Ag cathode ink was prepared by mixing Ag/C particles (i.e., 20% Ag on Vulcan XC-
72 carbon support, Premetek®), Sustainion® ionomer (5% in ethanol, Dioxide Materials®), water
(Milli-Q®, 18 mQ)), and n-propanol (Sigma-Aldrich®). The Ir-anode catalyst ink was composed
of IrOz2 nanoparticles (Tanaka®, SA=100), Sustainion® ionomer (at a loading of 11.6 wt.-%), water,
n-propanol, and ethanol (Sigma-Aldrich®). The inks were ultrasonicated (Symphony® Sonicator)

for 30 min.

The cathode electrode substrate consisted of a microporous layer (MPL) covering a gas-
diffusion layer made of carbon fibers and 5 wt.-% polytetrafluoroethylene (PTFE) with a total
composite porosity of 0.52 (Sigracet® 39BC). The anode electrode substrate was a proprietary
mesoporous titanium (Ti) porous-transport layer provided by NEL Hydrogen®. Before
deposition, both electrode substrates were cleaned with ultra-pure nitric acid in order to remove
electrochemically-active trace impurities. Catalyst inks were then spray-coated onto the cathode
and anode substrates using an ultrasonic spray coater (Sono-Tek® Exactacoat). For each

electrode, the spray coating time was adjusted to achieve the desired loading.

The anode and cathode gas-diffusion electrodes were placed across a 50 um-thick
hydrated Sustainion® X37-50 Grade RT membrane (Dioxide Materials®) to form the MEA. The
MEA was operated in a 5 cm? commercial cell (Fuel Cell Technologies®). A torque wrench was

used to tighten each cell bolt to 40 in-1b and 10-mil thick PTFE gaskets (Fuel Cell Technologies®)
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were used on each gas channel to ensure reproducible and uniform compression across the MEA
and to prevent leakage. The cell was then connected to a potentiostat fitted with a 10A booster

(Bio-Logic®) and heating elements to enable operation at 50°C.

4.9.2 Materials characterization

Powder x-ray diffraction (XRD) patterns of the Ag/C particles and their carbon support
(Vulcan XC-72) were recorded using a MiniFlex 6G X-ray diffractometer (Rigaku) equipped with
a Cu Ka radiation (wavelength = 1.5418 A; Figure S21). A tube voltage of 40 kV and tube current
of 15 mA were used. The PXRD scanning rate was 5° min™ in the scan range of 26 from 2 to 80°.
A FEI ThemlIS 60-300 (Thermo Fisher Scientific) transmission electron microscope was used to
acquire TEM, scanning transmission electron microscopy (STEM) and energy dispersive X-ray
spectroscopy (EDS) data of the Ag/C and the ionomer-coated Ag/C (Figure S18). The microscope
was operated at an accelerating voltage of 300 kV and is equipped with an image aberration
corrector and a Bruker SuperX energy dispersive x-ray spectroscopy detector. A Ceta2 CMOS
camera and a high-angle annular dark field detector were used for TEM and STEM imaging,

respectively. Based on this analysis, the average particle radius was estimated to be 25 nm.

4.9.3 Electrochemical measurements

The CO:2 entering the cathode compartment was humidified by bubbling it through
deionized water (Milli-Q®, 18 m()) maintained at 50°C using a hot-water bath. Cesium
bicarbonate (CsHCO:s) (Sigma-Aldrich®) at 50°C was fed behind the anode as the MEA exchange

solution. The cathode feed flow rate was set to or above 200 mL min™ of humidified CO:

(measured using a mass-flow controller (Alicat Scientific®)). 1 M CsHCOs was delivered to anode
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at a flow rate of 25 mL min™" using a peristaltic pump (Masterflex®). Flowrates of the cathode and

anode product gases were measured using a mass-flow meter (MFM) (Alicat Scientific®)

downstream of the electrolyzer.

The cell was first held at open circuit for 30 to 60 min to ensure thermal uniformity and
complete hydration of the cell membrane and the ionomer in the catalyst layers.
Chronoamperometry (constant voltage) electrolysis was performed together with in-line gas-
chromatography (GC) analysis (SRI Instruments®) using both a flame-ionization detector and a
thermal-conductivity detector. A polarization curve was obtained, with each voltage step being
held for at least 30 min. For each voltage step, the reported current density was averaged over the
last 15 min. Two GC samples were taken per electrode: the measured CO and Hz product
concentrations, the corresponding current density, and the outlet flow rate were used to
determine the partial current densities for each product at each voltage step. The CO: crossover
flux through the CO2R electrolyzer was determined from GC measurements by flowing N2 gas
through the headspace of the 1 M CsHCO:s anolyte reservoir. A photograph of the final assembly

is shown in Figure S22.
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9. Nomenclature

Roman
ai Activity of species i
v Volumetric specific surface area (m™)
Ci Concentration of species i (M)
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Di

Heo,
hi

IEC

ks
K

kn

kO,CO

ni

Nk

Diffusivity of species i (m? s)

Faraday constant (C mol™)

Henry’s constant for COz2 (mM/atm)

Solubility parameter

Ion Exchange capacity (mmol g)

Current density (mA cm?)

Mass flux of species j (kg m?2 s™)

Boltzmann constant (J K7)

Equilibrium constant in reaction n

Forward rate constant of reaction n (m?s™ mol™)
Pre-exponential factor for CO2R (mA cm™2)
Length (m)

Molar mass of species i (g mol")

Molar flux of species i (mol m=s)

Number of electrons transferred in reaction k
Pressure (atm)

Mass generation/consumption term (kg m?s)
Membrane tortuosity parameter

Ideal gas constant (J mol* K1)

Mole generation/consumption for species i (mol m?s)
Molar rate of phase-transfer for species i or j (mol m=s™)
Catalyst particle radius (m)

Liquid water saturation

Stoichiometric coefficient of species i in reaction n
Temperature (K)

Mass averaged velocity (m s™)
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€

Nk

A reorg

Hw

p.J

Q

< S & ©

Voltage (V)

Molar volume of water (m? mol™)
1-dimensional position variable (m)
Water volume fraction

Mole fraction of gaseous species i

Charge of ion i

Transfer coefficient of anodic reaction k
Transfer coefficient of cathodic reaction k
Fraction of protonated imidazolium groups
Water transport coefficient (mol J-' cm s7)
Volume fraction of phase k

Electroosmotic drag coefficient of species i
Overpotential of reaction k (V)

Water content

Reorganization energy (eV)

Viscosity (Pa s)

Chemical potential of water (J mol)
Diffusion volume of gaseous species j
Electric conductivity (S m™)

Density (g cm™)

Water volume fraction

Potential (V)

Ratio between species-solvent and species-membrane interactions

Mass fraction of gaseous species i
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Subscript

cap

PT

reorg

sat

ref

Superscript

Capillary
Charge-transfer
Effective
Gas-phase
Ionomer-phase
Ionic species
Gaseous species
Liquid-phase
Membrane

Phase-transfer

Other gaseous species

Reorganization energy

Solid phase
Saturated value
Reference value

Value in water

Effective
Knudsen

Molecular
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Acronyms

AEM
aPTL
aCL
cCL
cGDL
CO2R
GC
HER
MEA
MHC
MPL
STEM
TEM
XRD

EDS

Intrinsic value or standard state

Anion exchange layer

Anode porous transport layer
Anode catalyst layer

Cathode catalyst layer
Cathode gas diffusion layer
CO2 reduction

Gas chromatography
Hydrogen evolution reaction
Membrane electrode assembly
Marcus-Hush-Chidsey

Microporous layer

Scanning transmission electron microscopy

Transmission electron microscopy

X-ray diffraction

Energy-dispersive X-ray spectroscopy
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