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CONTEXT & SCALE

Rising CO2 emissions motivate

the development of CO2

mitigation technologies. The

electroreduction of CO2 to

ethylene, the most-produced

organic compound (201 Mt in

2020), has potential to contribute

to decarbonizing a significant

commodity chemical. However,

direct CO2 electrolysis suffers

from carbonate formation. A

promising alternative is CO2

electrolysis in a two-step process:

CO2 to CO, followed by CO to

ethylene. The first, simpler two-

electron reaction already benefits
SUMMARY

CO2-to-CO conversion, followed by CO to value-added products,
shows promise as a high-CO2 utilization strategy. However, it is
necessary to continue to reduce the energy intensity of CO electro-
lyzers. Modeling can untangle the highly coupled nature of these
electrolyzers and thereby accelerate their optimization. Here, we
develop a CO electrolyzer model, which we compare with experi-
ments, and evaluate how it might be possible to attain CO to
ethylene (C2H4) with the energy intensity approaching 110 GJ
tonne�1 C2H4, then further to an 80 GJ tonne�1 C2H4 target. The
model identifies targets and specifications for each component,
with the ultimate target requiring continued progress in increasing
cathodic catalyst selectivity, thin anion exchange membranes
(<25 mm), improved ion exchange capacity (1.7–3.4 mmol/g),
enhanced anode activity (>56% overpotential reduction) and thick-
ness (100–400 mm), and optimized operation (1–4 M KOH at 25�C–
75�C) at >300 mA cm�2.
from electrified routes with

relatively modest energy

consumption. The second step,

carried out in an alkaline

electrolyzer, requires further

improvements to make the overall

process energy efficient. The

multi-physics nature of this

process makes it difficult to

optimize experimentally. For this

reason, we here develop a

computational model of the CO

electrolysis system, assess the

opportunities to improve

performance, and identify the

advances needed to reduce the

electrolyzer input electricity

demand.
INTRODUCTION

Carbon dioxide utilization technologies can reduce CO2 emissions and provide

renewable paths to carbon-based fuels and products.1,2 Ethylene (C2H4) is a partic-

ularly desirable CO2 electroreduction product because it has a largemarket size,3,4 it

is the most-produced organic compound from fossil fuels,5 and its current produc-

tion methods are energy and carbon intensive.6

Electrochemical CO2 reduction reaction (CO2RR) reactors have improved rapidly

with respect to energy efficiency (EE; the fraction of the applied full-cell potential

that goes toward making the target product relative to its standard cell potential)

and rate.5,7–9 However, many prior studies suffer reactant CO2 loss to carbon-

ates8,10: CO2 reacts with hydroxide ions (OH�) under alkaline conditions to form bi-

carbonate and carbonate ions; these ions cross the anion exchange membrane

(AEM) to the anode and are oxidized back to CO2.
11 This CO2 combines with

anode-produced O2 (Figure 1A), resulting in a mixture that is costly to separate.26

When carbonates are the major charge carriers, the upper limit of single-pass

CO2-to-C2H4 conversion is 25%.10 Carbonate formation in CO2RR membrane elec-

trode assembly (MEA) electrolyzers also results in large pH gradients and Nernstian

losses, leading to a�35% higher energy intensity (i.e., the amount of energy needed

to operate the electrolyzer and its required upstream and downstream processes,

such as anode and cathode separation, for every tonne of product produced; see

Note S1) compared with carbonate-free systems.13
Joule 8, 1–23, May 15, 2024 ª 2024 Elsevier Inc. 1
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An emerging approach is the two-step, or cascade, system of CO2-to-CO conversion

followed by CO to high-value products in a low temperature alkaline CO reduction

reaction (CORR) electrolyzer (Figure 1B).13,27,28 Unlike CO2, carbon monoxide does

not spontaneously react with OH� in alkaline solutions. Over the last two decades,

CO2-to-CO electrolyzers have advanced greatly,27,29 with the highest EEs (>70%)

being achieved in high temperature solid oxide electrolyzer (SOEC) systems.30

Considering the overall CO2-to-C2H4 process, we assess here the progress required

to achieve an ambitious target of 110 GJ tonne�1 C2H4, and then the requirements

of a further reduction to 80 GJ tonne�1 C2H4
31 (which, in light of the lower heating

value of C2H4,
13 48 GJ tonne�1 C2H4, correspond to a process efficiency of >44%

and >60%, respectively). We implement an energy analysis model (Note S1), based

uponmodels reported in our previous work,3,13,31 to compare the energy intensity of

the electrochemical CO2-to-C2H4 conversion via the direct CO2RR system or via the

cascade system (Figure 1C; see also Note S2 for energy analysis of other low-CO2-

crossover CO2RR systems). If the direct CO2RR system was to operate at optimistic

single-pass conversion (SPC; the fraction of input reactant converted to the target

product relative to the input reactant amount) conditions, the overall energy inten-

sity would be 224 GJ tonne�1 C2H4 (Table S1). For the cascade system, the current

best literature benchmarks for the CO2-to-CO step13 and the CORR step12 achieve

26 and 140 GJ tonne�1 C2H4, respectively, yielding an overall energy intensity of

166 GJ tonne�1 C2H4. In all cases, the dominant energy intensity in both the direct

and cascade systems is electrolyzer electricity.32 Thus, the prospect of such systems

hinges on improving the EE, particularly in the CORR step (currently <28%13,28).

To establish guidelines for the energy intensity requirements of the cascade system,

we survey a range of operating conditions in each step. In the case of CO2 conver-

sion to CO, operating at >90% electrical efficiency33 and considering the lower heat-

ing value of CO (�10 GJ tonne�1 CO34), the energy intensity required for this con-

version could be as low as 11 GJ tonne�1 CO, or 22 GJ tonne�1 C2H4, which we

consider as an ambitious long-term target for the CO2-to-CO step in the remainder

of this work (Note S1). We find that this energy intensity would be achieved with

�100% CO Faradaic efficiency (FE; the fraction of input electrons successfully

participating in generating the target product), >57% CO2 SPC, and <1.1 V

(Figures 1D, S1, and S2). Achieving such a level of performance would necessitate

further improvements, mainly in SPC, relative to the current best SOEC demonstra-

tion13 (Table S1).

Given the larger energy intensity associated with the second step of the cascade, we

focus here on the advances required in the CORR step. A variety of FE and full-cell

potential targets for C2H4 production from CORR have been reported,3,31 reflecting

the requirement of >53%C2H4 EE. Through our energy analysis model, we find that a

higher CO SPC enables less restrictions on C2H4 FE and full-cell potential targets

(Figures 1E, S3, and S4). While flow cells can provide high total current densities (Fig-

ure 1F), and thus SPC, flow cells require high full-cell potentials due to the large

ohmic drop caused by the catholyte, limiting their EE.35 The MEA approach to

CORR is more promising due to the enablement of high EE and scalability. However,

a minority of recent reports implement CORR in an MEA (Figure S5; Table S2) and

C2H4 FE has yet to exceed 70% (Figure 1F).

Little information is provided in the literature regarding the sub-component mate-

rials and performance levels that could—when implemented in a full system—realize

the targets required for low-energy CO to C2H4. Formal optimization of electrolyzers
2 Joule 8, 1–23, May 15, 2024
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Figure 1. Energy analysis of carbon monoxide and ethylene electroproduction systems

(A) Schematic of a system in which ethylene is directly produced from CO2 in an alkaline CO2

reduction reaction (CO2RR) electrolyzer. Other required processes are also indicated and color-

coded according to their respective energy intensity values in (C).

(B) Schematic of a cascade system in which a CO2-to-CO electrolyzer feeds an alkaline CO

reduction reaction (CORR) electrolyzer that converts CO to ethylene. Other required processes are

also indicated and color-coded according to their respective energy intensity values in (C).

(C) Overall energy intensity values of a direct system operating at the most optimistic CO2RR

single-pass conversion, a cascade system operating at current best literature metrics,12 and target

cascade systems (Table S1). The top dashed line indicates the intermediate overall target of 110 GJ

tonne�1 C2H4, and the bottom dashed line indicates the ultra-low overall energy intensity target of

80 GJ tonne�1 C2H4 for the cascade system. Given that 1 mol of ethylene requires 2 mol of CO, the

GJ tonne�1 C2H4 values reported for the CO2-to-CO electrolyzer assume the production of 2 mol of

CO. The CO2-to-CO electrolyzer (here an SOEC as an example) energy intensity values include

electrolyzer electricity, heating, and cathode separation.

(D) Energy intensity of the CO2-to-CO electrolyzer (here an SOEC) at a CO Faradaic efficiency (FE)

of 100%, 1,000 mA cm�2 total current density, and 800�C.
(E) CORR energy intensity at a CO single-pass conversion (SPC) of 80% and 300 mA cm�2 total

current density.

(F) Current state-of-the-art for ethylene electroproduction through alkaline CORR flow cells and

membrane electrode assemblies (MEAs).12–25 Shaded region indicates favorable operating

conditions (>94% C2H4 FE and >300 mA cm�2). Labels indicate reference numbers.
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through experiments is costly, time consuming, and cannot address the wide param-

eter space. Modeling is comparably high-throughput and can speed up experi-

mental optimization. The emergence of CORR as an alternative route to C2H4

production motivates a comprehensive model of this process and a critical assess-

ment of its performance within the cascade system.

Here, we develop a model of CORR to multi-carbon (C2+) products in an MEA elec-

trolyzer. In-house experiments are designed and performed to build and test the

model, and literature data are used for comparison. We first apply the model to un-

derstand the cell potential distribution in the CORR MEA electrolyzer and analyze

the local environment as different operating conditions are applied. We then quan-

tify the effects of catalytic, geometric, and operational cell parameters on perfor-

mance metrics (C2H4 FE, total current density, full-cell potential, and CO SPC). Using
Joule 8, 1–23, May 15, 2024 3



Figure 2. Model overview

A schematic illustration of the computational domain and the associated boundary conditions. The

model reflects an alkaline CO reduction reaction (CORR) membrane electrode assembly

electrolyzer in the order of a gas diffusion layer (GDL), a catalyst layer (CL), a layer of carbon

nanoparticles (CNPs), an anion exchange membrane (AEM), an anode, and an anolyte. Flow

channels are shown to clarify the inputs and outputs of the cell. Boundary conditions are indicated.

CORR and the hydrogen evolution reaction (HER) are considered in the CL, while the CNPs are

considered to participate in HER. The oxygen evolution reaction (OER) is considered at the anode.
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multi-parameter optimization and analysis, we outline the advances in cell parame-

ters required to minimize the energy intensity of C2H4 electroproduction via the

CORR MEA electrolyzer.
RESULTS AND DISCUSSION

CORR model overview and validation

The model reflects the configuration of, and components within, high-performance

MEA electrolyzers in the literature.13,36 Inspired by established full-cell models for

CO2RR,
37–40 we employ a stationary, one-dimensional MEA electrolyzer model.

The base case model is composed of a 100-mm polytetrafluoroethylene (PTFE) gas

diffusion layer (GDL), a 180-nm copper catalyst layer (CL), a 2-mm carbon nanopar-

ticle layer (CNP), a 50-mm AEM, a 100-mm IrO2 on Ti mesh anode, and a 50-mm

KOH anolyte (Figure 2; Table S3). The GDL, CL, and CNPs are assumed to have vol-

ume-averaged properties that are influenced by gas and liquid saturation levels. The

CNPs layer is employed on the CL to increase electrical conductivity and achieve a

geometrically uniform current distribution across the CL,36,41 especially important

given the insulating nature of the PTFE GDL. CO is supplied to the backside of

the GDL and is transferred from the gas phase to the liquid phase at a thin liquid

film wetting the CL and CNPs pores according to saturation characteristics.37 Zero

ionic flux is assigned at the GDL:CL interface, and no CO diffusion is assumed

through the AEM. A negative full-cell potential is applied at the GDL:CL interface

(4s;cell), while ground is set at the anode’s right-hand side boundary.

CORR performed on a copper-based catalyst typically produces a mixture of prod-

ucts, and thus we consider the evolution of C2H4, ethanol, propanol, acetate, and

hydrogen at the cathode as follows:

2CO + 6H2O + 8e� / C2H4 + 8OH� (Equation 1)
2CO + 7H2O + 8e� / C2H5OH+ 8OH� (Equation 2)
4 Joule 8, 1–23, May 15, 2024
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3CO + 10H2O + 12e� / C3H8O+ 12OH� (Equation 3)
2CO + 3H2O + 4e� / CH3CO
�
2 + 3OH� (Equation 4)
2H2O + 2e� / H2 + 2OH� (Equation 5)

Simultaneously, alkaline and acidic oxygen evolution reactions (OERs) are consid-

ered at the anode, respectively, as follows:

4OH� / O2 + 2H2O+ 4e� (Equation 6)
2H2O / O2 + 4H+ + 4e� (Equation 7)

and water dissociation is considered throughout the cell:

H2O4H+ +OH� (Equation 8)

To test and calibrate the model, we develop a similarly constructed experimental

MEA electrolyzer for CORR (see supplemental experimental procedures) and analyze

the product distribution at different applied full-cell potentials. Using the experi-

mental results, we fit the kinetic parameters of the cathodic reactions (Note S3; Fig-

ure S6). Themodel and experiments showgood agreement on partial current density

at various applied potentials, with a root mean squared error42 of 8.3 mA cm�2 for

C2H4, 1.8 mA cm�2 for ethanol, 1.9 mA cm�2 for propanol, 0.8 mA cm�2 for acetate,

and 2.3 mA cm�2 for H2 when compared with experimentally provided values be-

tween 2.2 and 3.0 V. The model results are further compared with experimental re-

sults obtained at various KOH concentrations (Figure S7). Themodel is also validated

using experimental results from a literature report of a CORR MEA electrolyzer43

(Figure S8).
Characterizing the CORR MEA electrolyzer

To improve the performance of CORR MEA electrolyzers, their operation and local

conditions must be first understood. With the full-cell potential being a large

contributor to the electrolyzer electricity cost, we sought to analyze the breakdown

of the voltage in the system as a function of operating conditions (Figure 3A). The

components of the full-cell potential are calculated according to recommended

guidelines (Note S4).37,44 We also apply a voltage diagnostic tool45 (Note S5) to

experimentally measure the full-cell potential components at the same MEA setup

and conditions used in the base case model. The results from the model and

the voltage diagnostic show good agreement as a function of current density

(Figure S9). Through the model, the thermodynamic potential is observed to be be-

tween 1.05 and 1.17 V, as it depends on the product distribution. Lower full-cell po-

tentials could be achieved by strategically selecting organic oxidation reactions with

low thermodynamic potentials.13,24,46–49 However, such alternate anodic reactions

are less well defined, their reactants/intermediates/products could affect the cath-

ode, they require additional reactants to be sourced, and realizing value from the

anodic products would require additional product separation processes and associ-

ated costs.4,46 Therefore, the scope of this work is limited to OER at the anode. With

OER, the obtained anode kinetic overpotential is between 0.23 and 0.31 V. The cath-

ode kinetic overpotential can be considered as the aggregate contribution of all pro-

duced products at the cathode (Figure 3A). The cathode kinetic overpotential contri-

bution of each product correlates with its FE (Figure S10), emphasizing that CORR

MEA electrolyzers are at a disadvantage when the hydrogen evolution reaction

(HER) competes with C2+ products for electrons (e.g., at 100–300 mA cm�2, H2 con-

sumes 0.13–0.19 V and C2H4 consumes 0.44–0.60 V, while at 450 mA cm�2, H2
Joule 8, 1–23, May 15, 2024 5



Figure 3. Characteristics of the CO reduction reaction (CORR) in membrane electrode assembly (MEA) electrolyzers

(A) Voltage breakdown analysis of a CORR MEA electrolyzer operating at base case metrics (Table S3). The cathode (i.e., the catalyst layer [CL] and the

carbon nanoparticles layer [CNPs]) kinetic overpotential is the summation of each indicated product contribution. The anodic mass transport is minimal

(<0.01 V), hence not visible.

(B) CO concentration in the CL and the CNPs at different operating full-cell potentials.

(C) Relative humidity and water activity in the gas diffusion layer (GDL), CL, CNPs, and the anion exchange membrane (AEM).

(D) pH profile in the MEA electrolyzer. The inset shows a larger cross-section of the CL and CNPs.

(E) The ohmic and anodic kinetic overpotentials at variable KOH concentrations.

(F) Ionic conductivity in the MEA electrolyzer as different temperatures are applied to the GDL inlet and/or the anolyte inlet at a full-cell potential of

2.6 V. The inset shows an enlarged view of the CL, CNPs, and AEM.
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consumes a tremendous 1.02 V and C2H4 consumes a mere 0.05 V). Hence, devel-

oping catalysts that selectively utilize electricity to produce value-added products

is critical, especially at high current densities.23,50,51 The anode mass transport over-

potential is negligible due to the abundance of OH� in the anolyte, while the cath-

ode mass transport overpotential increases as the aqueous CO concentration is

depleted in the CL (Figure 3B). The water activity in the CL (Figure 3C) also decreases

as more water is consumed for CORR and HER, contributing to increasedmass trans-

port limitations. The relative humidity (RH) in the gas phase is observed to decrease

with higher applied potential as more water is transferred from the gas phase to the

reacting liquid phase. However, the RH remains above 95% even at high current den-

sities (Figure 3C), suggesting that the water activity is not limited by RH in this sys-

tem. The cathode mass transport overpotential reaches a maximum of 0.21 V at

�350 mA cm�2. At higher current densities, this overpotential starts decreasing

due to a shift in selectivity from C2+ products to H2 (Figure S10). As for ohmic over-

potential, it increases linearly from 0.01 to 0.52 V (Figure 3A). Although ionic conduc-

tivity can be enhanced with increasing ion concentration, it peaks as the concentra-

tion of K+ approaches its steric limit in the CL (Figure S11). Conversely, the

continuously decreasing water activity in the CL, CNPs, and AEM (Figure 3C) over-

takes the increment in ionic conductivity, causing the observed ohmic losses. The
6 Joule 8, 1–23, May 15, 2024
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pH in the CL also reaches a plateau due to the steric limit of OH� ions, but pH in the

anode decreases due to the acidic OER (Figure 3D; Equation 7). Overall, pH remains

between 14.2 and 14.8 in the CL, resulting in a highly alkaline environment that is

favorable for C2+ production while remaining carbonate-free. By understanding

how voltage is distributed and utilized in a CORR electrolyzer, the performance of

these electrolyzers can be improved via more targeted approaches.

Operating at high anolyte concentrations is an established approach to improve per-

formance in CORR.13,19,52,53 By modeling the CORR MEA operation with 1, 3, and

5 M KOH, we find that this performance improvement is mainly due to the reduction

in ohmic and anode kinetic overpotentials as the KOH concentration is increased

(Figure 3E). Ohmic overpotential is lowest when more K+ is present due to the

enhanced ionic conductivity (Figure S12). A higher KOH concentration also de-

creases the anode kinetic overpotential to a range of 0.21–0.29 V due to faster reac-

tion kinetics.44

Another approach to enhance catalytic and system performance is to increase the

operating temperature.18 We computationally test the CORR MEA when tempera-

ture is uniformly applied to both the GDL and the anolyte inlets and when a thermal

gradient is applied (Figure S13). In our model, operating the whole cell at an

elevated temperature (e.g., 60�C) did not offer the largest improvements in perfor-

mance at the desired low applied full-cell potentials (Figure S14). Prior research and

modeling of proton exchange membrane fuel cells showed thermal gradients across

the cell,54 which can become more significant when a coolant is applied to either

side of the cell.55,56 Despite achieving the highest K+ concentration due to fast diffu-

sion and electromigration when only the GDL is operated at a higher temperature

(Figure S15), the high temperature in the cathode region (GDL, CL, and CNPs) in-

creases evaporation, resulting in low water content (Figure S16). A similar trend in

water content is observed when both the GDL and anolyte inlets are at an elevated

temperature. On the contrary, elevating the temperature of the anolyte while main-

taining the cathode at a lower temperature—perhaps through a separate cooling

mechanism57,58—facilitates a moderate temperature increment in the cathode CL

(which enhances C2H4 catalysis) while maintaining a high water content

(Figure S16). Thus, the highest ionic conductivity in the CL, CNPs, and AEM is

achieved when only the anolyte is heated (Figure 3F). The use of a thermally insula-

tive material, such PTFE, as the GDL can create a thermal gradient across the GDL

(Figure S13) and enable a local temperature increase in the CL.59 At base case

(i.e., operating the whole cell at room temperature with a PTFE GDL), temperature

change in the CL due to Joule heating is observed to be�1.3�C at 424mA cm�2 (Fig-

ure S17). However, if the GDL is made of a heat-conducting material, such as carbon

paper, then no temperature change is observed in the CL (Figure S18). With a heat-

conducting GDL, operating at room temperature or applying heat to only the ano-

lyte inlet are the best identified modes of operation (Figure S18).

Improving CO-to-C2H4 conversion

We first conduct a sensitivity analysis of all model parameters to identify the ones

that are most influential with respect to C2H4 EE. The cell parameters are individually

varied byG50% (unless otherwise noted) from their base case values (Table S3). The

parameters that influence the C2H4 EE by >G5% are shown in Figure 4A, while those

of little-to-no influence are shown in Figure S19. The sensitivity analysis reveals that

cathode kinetics, namely the C2H4 transfer coefficient, activation energy, and ex-

change current density, are key to increasing the C2H4 FE at low full-cell potentials

(Figure S20). These parameters are correlated with higher catalyst activity and
Joule 8, 1–23, May 15, 2024 7



Figure 4. Searching the parameter space that leads to low-energy CO-to-ethylene electroproduction

(A) Tornado plot of the sensitivity results of the parameters showing >G5% change in ethylene energy efficiency, as each parameter is individually

changed by G50% from its base case value. Asterisks indicate that the parameter is changed by a value other than G50% (see Table S3).

(B) Taguchi method results for select parameters.

(C–F) Ethylene Faradaic efficiency, total current density, CO single-pass conversion, and CO reduction reaction (CORR) energy intensity for various

scenarios (see Table S5). The top dashed line in (F) indicates the intermediate target limit of 86 GJ tonne�1 C2H4, while the bottom dashed line indicates

the ultra-low-energy-target of 58 GJ tonne�1 C2H4 for the CORR step.

(G) Voltage breakdown analysis of a CORR MEA electrolyzer operating at ideal performance (Table S5). The cathode kinetic overpotential is the

summation of each indicated product contribution. No CNPs were considered in (B)–(G).
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selectivity.60 A decreased CL active specific surface area or a decreased CL thickness

enhances the selectivity toward C2H4, ethanol, and propanol due to the favorable

increased cathode kinetic overpotential at these conditions, albeit resulting in lower

total current densities (Figure S21).37 We also investigate the effects of applying a

CNPs layer on the CL. We find that a lower active specific surface area of CNPs or

a decreased CNPs layer thickness on the CL slightly promotes C2H4 formation.

When CNPs are used, they contribute to approximately 10%–14% of the produced
8 Joule 8, 1–23, May 15, 2024
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H2 FE. Without CNPs, the C2H4 FE improves by �2% and the system achieves a

higher total current density (Figure S22). A lower ionomer fraction in the CNPs layer

decreases ionic conductivity, resulting in HER and a lower total current density, while

a higher ionomer fraction does not enhance C2H4 formation (Figure S23). The mem-

brane and ionomer ion exchange capacity (IEC) directly affect the ionic conductivity,

resulting in higher C2H4 production as IEC increases (Figure S24). Thinning the AEM

improves both the C2H4 FE and total current density while lowering ohmic overpo-

tential (Figure S25). Increasing the anode thickness and kinetics (i.e., O2 transfer co-

efficient and exchange current density) helps support the MEA to achieve higher to-

tal current densities at the same applied full-cell potentials, with minimal effect on

C2H4 FE (Figure S26).

With the influence of each cell parameter on CORR MEA performance identified, we

investigate the multi-factor effects that determine the set of conditions that could

enable ultra-low-energy-intensity C2H4. To narrow down the search space, we select

the cell parameters that would be most achievable experimentally, that greatly influ-

ence EE, and that could be tuned without undermining MEA mechanical integrity

and stability. We also opt out of using a CNPs layer on the CL to minimize HER

and ohmic losses. However, in this case, a carbon-based GDL that is treated for hy-

drophobicity is experimentally preferred over pure PTFE due to electrical conductiv-

ity limitations in the latter. Alternatively, if carbon paper was used as the GDL, the CL

can be equipped with hydrophobicity-enhancing features22,61,62 and operated at

more positive full-cell potentials to prevent flooding.63

The selected parameters for multi-factor optimization are anolyte concentration and

temperature, anode and AEM thickness, AEM IEC, O2 and C2H4 exchange current

density, and C2H4 activation energy and transfer coefficient. Running all combina-

tions at three distinct values of each parameter would require �20,000 simulations.

To decrease the cost of multi-factor optimization, we apply the Taguchi design of

experiments method64,65 and create an L27 orthogonal array (Table S4). The param-

eter values in this array are chosen after running the Taguchi method multiple times

at a full-cell potential of 2.0 V and noting the highest simultaneous achievement of

total current density (which also contributes to CO SPC) and C2H4 FE, resulting in

requiring the expansion of the G50% range used in the sensitivity analysis for

some of the parameters. The total current density and C2H4 FE resulting from

each row of the array are then analyzed using the Taguchi method with larger-the-

better criteria (Note S6). By selecting the value of each parameter that results in

the highest mean of signal-to-noise ratio (Figure 4B), optimized performance can

be anticipated. A confirmation simulation is performed using these parameters

(Table S5), and the results show significant improvement in performance over the

base case parameters (Figures 4C–4E). The Taguchi optimization result estimates

a minimum of 60.6 GJ tonne�1 C2H4 for the CORR MEA (Figure 4F) at 1.9 V full-

cell potential, 375mA cm�2, 99.5% C2H4 FE, and 18% CO SPC, rendering C2H4 elec-

troproduction through the cascade system at 83 GJ tonne�1 C2H4 in overall energy

intensity (assuming that the CO is provided at an energy intensity of 22 GJ tonne�1

C2H4). We explore additionally using a KOH concentration of 1 M, an AEM thickness

of 5 mm, and applying 75�C to the anolyte inlet (for reference, 4 M, 25 mm, and 50�C,
respectively, were used in the Taguchi optimization; Table S5). With these parame-

ters, the model predicts performance of 56.9 GJ tonne�1 C2H4 for the CORR MEA at

1.9 V full-cell potential, 643 mA cm�2, 99.7% C2H4 FE, and 30.8% CO SPC

(Figures 4C–4F). Other ultra-low-energy scenarios are listed in Table S6. Analyzing

the voltage breakdown in the ideal performance scenario shows the following im-

provements compared with the base case: 47%–64% in anode kinetic overpotential,
Joule 8, 1–23, May 15, 2024 9



Figure 5. Pathways to low-energy-intensity ethylene electroproduction through the cascade

system

A schematic indicating the recommended metrics for the CO reduction reaction (CORR) membrane

electrode assembly electrolyzer within a cascade system. A CO2-to-CO electrolyzer is estimated to

require 24 and 22 GJ tonne�1 C2H4 in the intermediate target and ultra-low-energy-target

scenarios, respectively. The CORR electrolyzer energy demand could be as low as 58 GJ tonne�1

C2H4 once the indicated metrics are achieved. The conclusions arrived at through the model

developed in this work are summarized here as recommended ranges of each parameter that is

observed to greatly influence the electrolyzer performance. These parameter values are required to

be simultaneously achieved in the CORR electrolyzer to reach the indicated energy intensity values.

Values in purple correspond to the overall cascade system intermediate target scenario of 110 GJ

tonne�1 C2H4, values in teal correspond to the overall cascade system ultra-low-energy-target

scenario of 80 GJ tonne�1 C2H4, while values in black correspond to both scenarios.
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35%–58% in cathode kinetic overpotential, 84% in cathode mass transport overpo-

tential, and 97% in ohmic overpotential at 5–450 mA cm�2 (Figure 4G vs. Figure 3A).

Such improvements in reducing overpotentials have been previously achieved in wa-

ter electrolyzers,66 motivating the rigorous development needed in CORR electro-

lyzers. The ideal performance scenario is achieved through major improvements

(Table S5) to the cathode catalyst, employing a more active anode catalyst, using

a thinner andmore conductive AEM, and improving the overall operating conditions

of the cell. Perhaps the most pressing target, and the most difficult, is for cathode

catalyst development to be highly active and selective for C2H4 production at low

applied full-cell potentials. We discuss suggestions for achieving these targets in

more detail in the next section.

We also investigate independently optimizing either the kinetic parameters or the

system parameters. We find both optimizations essential; without optimizing ki-

netic and system parameters together, ultra-low-energy C2H4 electroproduction

from a CORR MEA is not possible due to insufficient total current density (and

hence, CO SPC) or C2H4 FE (Figures 4C–4F). Therefore, the simultaneous develop-

ment of catalyst materials, system components, and operational conditions is

required.

Next steps toward low-energy CORR

The CO2-to-CO and CORR MEA performance metrics for low-energy C2H4 electro-

production are outlined in Figure 5. To achieve this performance, the CORR MEA
10 Joule 8, 1–23, May 15, 2024
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must be simultaneously advanced in terms of cathode kinetics (i.e., C2H4 activation

energy, transfer coefficient, and exchange current density), AEM IEC and thickness,

anode kinetics (i.e., O2 exchange current density), anode thickness, and operational

conditions (i.e., KOH concentration and cell temperature). This level of performance

exceeds the best results to date, motivating further research into catalysts that

achieve high selectivity of CO to C2H4 within the MEA.

The past decade saw rapid development in studying and identifying the C2H4

pathway in CO2RR, aided by advancements in characterization methods (such as

Raman spectroscopy, X-ray absorption spectroscopy, infrared spectroscopy,

isotope labeling, etc.), computational modeling (through density functional theory

and molecular dynamics), and system improvement (e.g., pH effect, cation

effect, membrane, flow rate, temperature, etc.).35,67–73 Such research enabled the

designing of more efficient and selective CO2RR catalysts, with performance

increasing tremendously from <10% to >87% in C2H4 FE74 or from <10 mA cm�2

to >1 A cm�2 in C2H4 partial current density,
75 although simultaneous achievement

of high C2H4 FE and partial current density is still challenging. In CORR, future cath-

ode catalysts can similarly be designed and optimized by improving surface

morphology,76–78 doping with a secondary element,79,80 improving charge transfer

kinetics,81 enhancing the electrochemically active surface area,14,15,82,83 and/or by

other methods.12,84,85 Through such developments, lower full-cell potentials would

also be attainable due to the decreased cathode kinetic overpotential. Many of the

system requirements for the 110 GJ tonne�1 C2H4 target are similar to those of the

ultra-low-energy 80 GJ tonne�1 C2H4 reference value, with the key differences be-

ing in the catalyst selectivity and full-cell potential thresholds. In parallel, thin mem-

brane layers (<25 mm) with improved ionic exchange capacity (1.7–3.4 mmol g�1)

are needed to achieve the current density required. Such IECs have mostly been

achieved,86,87 albeit higher IECs increase water uptake.87 Designing AEMs with

low-to-moderate water uptake is crucial for maintaining the desired ionic conductiv-

ity while preventing flooding at the cathode CL.88 The AEM must also withstand the

mechanical stress in the cell, a challenge that is acute when employing low AEM

thicknesses and when cells are scaled up. Thin, non-commercial membranes

(<10 mm) have been applied in CO2RR
89 (via a cation exchange membrane

[CEM]) and fuel cells90,91 (via AEM and CEM), but thin AEM deployment in CORR

with low water crossover and long stability is yet to be explored. Another target

for future CORR research is to improve the anode activity, which is critical to

decreasing the anode kinetic overpotential and, thereby, lowering the operational

full-cell potential. Thicker anodes (>100 mm) can also enable higher total current

densities. The electrolyzer capital costs can be decreased if nonprecious materials

are used in constructing the anode. Ni or Ni alloy anodes have been shown to

decrease the CORR full-cell potential by >0.2 V compared with IrO2 anodes.87

Ni-based anodes are also better suited for alkaline environments,4,62,92 which are

inherent in CORR electrolyzers. Optimizing the KOH concentration (1–4 M) and

the cell/anolyte temperature (25�C–75�C) could further promote the total current

density and C2H4 selectivity. Ranges for the above recommended parameters

that could permit the ultra-low CORR energy intensity of %58 GJ tonne�1 C2H4

are shown in Table S6. Other parameters (e.g., CL thickness, CL porosity, and

GDL material and hydrophobicity) could offer additional enhancements to the

CORR MEA performance,14,15 but the above recommended parameters are found

to be the most influential in decreasing the operational energy of the CORR MEA. In

this work, a higher total current density was required to increase the CO SPC (in

combination with a high C2H4 FE). Operating at a higher current density also en-

ables a significant decrement in electrolyzer capital costs, but will require advances
Joule 8, 1–23, May 15, 2024 11
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in sustained stable operation.93 Other methods of promoting the CO SPC could

also be implemented, such as decreasing the inlet gas flow rate or using materials

that enhance CO adsorption and availability near the catalyst surface.94 Lastly, we

note that two-step cascade systems will require further progress and scalability—

and reliability of operation under intermittent conditions—of CO2-to-CO electrolyz-

ers, in addition to progress in the CORR electrolyzer that is the principal focus of

this work.

Conclusions

We developed a model of the electrochemical CORR toward C2+ products in a

MEA electrolyzer. We validated and applied this model to screen the effects of

cell parameters on CORR performance and to outline specific improvements that

are required to produce C2H4 at a low energy intensity through a carbonate-free

cascade system. To achieve low energy intensity, C2H4 electroproduction in the

CORR step requires significant and simultaneous advances in catalysts and system

components. The C2H4 catalyst activity and selectivity must be greatly improved.

The AEM thickness will need to be decreased while increasing the IEC, reducing

the water uptake, and remaining mechanically robust. More active anodes with

nonprecious materials are necessary for the CORR MEA. We also show that system

operating conditions, such as KOH concentration and temperature, can further

reduce the CORR energy intensity. Through optimization of key parameters, the

model predicts a minimum energy intensity for the CORR step of 56.9 GJ tonne�1

C2H4, with a noticeable reduction in overpotentials compared with the unopti-

mized system, yielding 79.3 GJ tonne�1 C2H4 in overall energy intensity if com-

bined with a 22 GJ tonne�1 C2H4 CO2-to-CO electrolyzer. Achieving this level of

performance will be challenging. This work motivates targeted material develop-

ment and experimental directions toward the goal of low-energy-intensity elec-

tro-produced C2H4.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, David Sinton (sinton@mie.utoronto.ca).

Materials availability

This study did not generate new unique materials.

Data and code availability

The data presented in this work are available from the corresponding author upon

reasonable request. The model presented in this work is available as a MATLAB

code on Zenodo: https://doi.org/10.5281/zenodo.10633054.

Numerical method

The model is built and solved using COMSOL Multiphysics v6.0. A fully coupled

approach is used in a stationary solver. The governing equations are solved using

a direct MUMPS solver, with an automatic Newton nonlinear method and a relative

tolerance of 0.001 and 8,818 degrees of freedom (with 60 internal degrees of

freedom). The solver comprises sequential steps of increasing complexity to allow

for solution convergence, with a final step simultaneously solving all multi-physics.

The modeling domains are meshed using symmetric edge mesh distribution with

a linear growth rate and a total of 992 elements. The number of elements in each

domain (Table S7) is chosen based on a mesh independence test (Figure S27).
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Aqueous species transport

The mass balance of aqueous species i (i.e., K+, OH�, H+, CO(aq)) is modeled as37

V$Ni + ul$Vci = RPT + εp;dRB;i +
X
m

RCT;i;m (Equation 9)

where Ni is the molar flux of species i, ul is the liquid-phase velocity, ci is the local

concentration of species i, RPT is the source term due to phase transport, εp;d is

the volume fraction of phase p (i.e., g for gas, l for liquid, I for ionomer, and s for

solid) in domain d (i.e., the GDL, CL, CNPs, AEM, anode, or anolyte), RB,i is the

source term due to bulk homogeneous reactions (i.e., water dissociation), and RCT,i,m

is the source term due to a charge transfer reaction m (i.e., ethylene, ethanol, prop-

anol, acetate, hydrogen, or oxygen evolution). The Nernst-Planck equation is used

to describe the molar flux through diffusion and electromigration as37

Ni = � Deff
i;pVci � ziD

eff
i;pFciV4l

RT
(Equation 10)

where Deff
i;p is the effective diffusion coefficient of species i, zi is the charge of species i

(zero for CO(aq)), F is the Faraday constant, 4l is the electrolyte potential, R is the uni-

versal gas constant, and T is the calculated temperature.

The phase transport source term pertains to CO transport from the gas phase to the

liquid phase and is defined in either the CL or the CNPs layer as37–39

RPT =
DðTÞ

CO

dTF;d
�
1 � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � Sl;d

p �aactivev;d

�
cmax
COðaqÞ � cCOðaqÞ

�
(Equation 11)

where DðTÞ
CO is the diffusion coefficient of CO as a function of temperature (Table S8),

dTF;d is the thin-film thickness coefficient, Sl;d is the liquid-phase saturation, and aactivev;d

is the active specific surface area, which is related to the intrinsic specific surface

area, a0v;d, via
37

aactivev;d = a0v;d ð1 � Sl;dÞ (Equation 12)

The maximum aqueous CO concentration, according to pressure, temperature, and

salinity, cmax
COðaqÞ

, is governed by Henry’s law and the Sechenov equation as follows40

cmax
COðaqÞ = PCOðgÞKHenry;CO10

� cSechenov;CO (Equation 13)
KHenry;CO = A
BCO

�
1
T � 1

298:15 ½K�

�
CO (Equation 14)
cSechenov;CO =
X

i;isCOðaqÞ
ci

	
mol

dm3



ðhi + hG;0 + hTðT � 298:15 ½K�ÞÞ (Equation 15)

in which PCOðgÞ is the CO partial pressure in the gas phase, ACO is a Henry’s law

constant for CO (9.8 3 10�6 mol m�3 Pa�1), BCO is another Henry’s law constant

(1,300 K), hi is an ion-dependent Sechenov constant (0.0922 m3 kmol�1 for

K+, 0.0839 m3 kmol�1 for OH�, and zero for H+), while hG,0 and hT are gas-depen-

dent Sechenov constants (set to the CO2 values of �0.0172 m3 kmol�1 and

�0.000338 m3 kmol�1 K�1, respectively, due to the lack of relevant data on CO).95,96

Bulk homogeneous reactions are defined as97

RB;H+ = RB;OH� = kw;f � kw;rcH+cOH� (Equation 16)
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where kwf and kwr are the forward and backward water dissociation rate constants,

2.4 3 10�5 mol L�1 s�1 and 2.4 3 109 L mol�1 s�1, respectively.98

The charge transfer reaction source term is defined through Faraday’s law as38

RCT;i;m = � vi;maactivev;d iv;m
nmF

(Equation 17)

in which vi,m is the stochiometric coefficient of species i in charge transfer reaction m,

iv,m is the partial current density of the reaction, and nm is the number of participating

electrons in the reaction.

Properties that are denoted as effective, Xeff
d , are corrected from their intrinsic

values, X0
d, for tortuosity and porosity in porous domains according to the Brugge-

man model,37,42 such that

Xeff
d = ε

1:5
p;dX

0
d (Equation 18)

The volume fraction of the target phase in each domain, εp;d, is corrected from the

intrinsic domain porosity, ε0d, as per the following relationships37:

εs;d = 1 � ε
0
d (Equation 19)
εI;d = ε
0
dfI;d (Equation 20)
εl;d = ε
0
dð1 � fI;dÞSl;d (Equation 21)
εg;d = ε
0
dð1 � fI;dÞð1 � SI;dÞ (Equation 22)

where fI;d is the ionomer volume fraction.

In the membrane, CL, and CNPs domains, the diffusion of charged species is calcu-

lated as38

Deff
i;p =

εwD
ðTÞ
i

xwð1+ziÞ
(Equation 23)

where εw is the water volume fraction, defined as

εw =
lVw

lVw+VM
(Equation 24)

The values of the diffusion coefficient as a function of temperature, DðTÞ
i , are listed in

Table S8. The water content, l, is defined by37,38

l = 30:75a3w � 41:19a2w + 21:14aw +
1

5
ðT � TinÞ (Equation 25)

where aw is the water activity and Tin is the temperature at the cathode inlet (25�C).
The water molar volume, Vw, is 1.807 3 10�5 m3 mol�1, while the membrane molar

volume, VM, is defined as

VM =
1

IEC rM

(Equation 26)

where rM is the membrane density (1.4 g cm�3). The water mole fraction, xw, is

defined as

xw =
l

1+l
(Equation 27)
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The kinetic theory is used to describe the ratio of species-water and species-mem-

brane interactions as follows38

zi =
1

l

�
VM

Vw

�2=3�Mi;M

Mi;w

�1=2

(Equation 28)

where Mi;M is defined as

Mi;M =

�
1

Mi
+

1

MM

�� 1

(Equation 29)

and Mi;w is defined as

Mi;w =

�
1

Mi
+

1

Mw

� � 1

(Equation 30)

where Mi is the molar mass of species i, MM is the molar mass of the membrane

(rAEM 3 VM), and Mw is the molar mass of water.

The flux of water in the ionomer and membrane is calculated by37,99,100

Nw = � Deff
w Vcw � xdil

F
(Equation 31)
V$Nw = 0 (Equation 32)

where Deff
w is the effective diffusion coefficient of water (Table S8), xd is the electro-

osmotic drag coefficient of water, and il is the electrolyte current density. Water con-

centration in the ionomer or membrane, cw, is calculated as101

cw =
rw

lMw
(Equation 33)

in which rw is the water density (1.0 g cm�3). Water activity is calculated as

aw =
cw
c0w

(Equation 34)

where the intrinsic water concentration, c0w, is calculated from the intrinsic water con-

tent, l0 (Table S3).

Charge transfer and conservation

A concentration-dependent Butler-Volmer expression is used to calculate the partial

current density in the cathode (i.e., CL or CNPs) as37,38

iv;m = � iy0;m

�
ci
cref

�dci ;m

a
dH2O;m
w exp

�
� amFhm

RT

�
(Equation 35)

while for the anode, the partial current density is defined as

iv;m = iy0;m

�
ci
cref

�dci ;m

exp

�
amFhm

RT

�
(Equation 36)

in which iy0;m is the calculated exchange current density, cref is a reference concentration,

dci ;m is an exponent of the reactant concentration term, dH2O;m is an exponent of water

activity, and am is the transfer coefficient. The local CO(aq) and OH� concentrations,

quantified via ci, influence the rate of formation of carbon-containing products at the

cathode and basic OER at the anode, respectively. All cathode reduction reactions are

also affected by the available water activity. The electrode potential, hm, is defined as

hm = 4s � 4l �
�
Eeq;m � 2:303RT

F
pHlocal

�
(Equation 37)
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where 4s is the electric potential, Eeq,m is the equilibrium half-cell potential of reac-

tion m at standard conditions, and pHlocal is the local calculated pH. All kinetic-

related values are listed in Table S9 and are based on initial values from a previous

report on CO2RR with Cu and OER with IrO2.
37 The Butler-Volmer parameter

values have been fitted to experimental results according to the procedure outlined

in Note S3.

By way of charge conservation, the electrolyte current density is defined as

V$il = εp;dF
X
i

ziRCT;i;m +
X
m

iv;m (Equation 38)

and the electrolyte potential is solved by

il = F
X
i

ziNi (Equation 39)

The electric current density is conserved as follows

V$is = � εp;dF
X
i

ziRCT;i;m �
X
m

iv;m (Equation 40)

and Ohm’s law is used to calculate electric potential,

is = � seff
s;dV4s (Equation 41)

where seffs;d is the effective domain electrical conductivity. In the above equations, the

volume fraction refers to the electrolyte volume fraction in the ionomer phase or that

in the liquid phase if no ionomer is used in the target domain. The electrolyte volume

fraction is also assumed to be equal to one in the AEM domain. Electroneutrality is

governed by X
i

zici = 0 (Equation 42)

Gaseous species transport

The transport of gaseous species j (or k; i.e., CO, H2O(g), C2H4, and H2) in the porous

GDL, CL, and CNPs is solved using a mixture-averaged diffusion model described

by37,38

V$Jj + rg

�
ug$V

�
uj = Qj;total (Equation 43)

where Jj is the mass flux, rg is the gas mixture density, ug is the gas-phase velocity, uj

is the mass fraction. The mass flux is defined as

Jj = � rgD
eff
j;MSKVuj � rgujD

eff
j;MSK

VMmix

Mmix
(Equation 44)

where rg is calculated assuming an ideal gas at an absolute pressure, PA, of 1 atm by

rg =
PAMmix

RT
(Equation 45)

The average molar mass of the mixture is calculated as

Mmix =

 X
j

uj

Mj

!� 1

(Equation 46)

where Mj is the molar mass of species j. The effective Maxwell-Stefan-Knudsen diffu-

sion coefficient, Deff
j;MSK, is defined as

Deff
j;MSK = ε

1:5
g;dD

0
j;MSK (Equation 47)
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D0
j;MSK =

�
1

Dj;MS
+

1

Dj;K

�� 1

(Equation 48)

TheMaxwell-Stefan diffusivity, Dj;MS, is calculated from thebinary diffusion coefficient

of gaseous species j and k, Dj� k (Table S8), and the mole fraction of species k, yk, as

Dj;MS =
1 � ujP
ksj

yk
Dj� k

(Equation 49)

The Knudsen diffusion coefficient, Dj;K, is based on the kinetic gas theory and is

calculated as

Dj;K =
2

3
rpore;d

ffiffiffiffiffiffiffiffiffi
8RT

pMj

s
(Equation 50)

in which rpore,d is the average pore radius in domain d.

The consumption, evolution, evaporation, or condensation of a gaseous species is

accounted for as applicable through a source term Qj,total, which is specified as

Qj;total = � Mj

 
RPT +

aactivev;d iv;m
F

+ QEC;w

!
(Equation 51)

in which QEC;w is a source term that pertains to water evaporation and condensation

(described in the following section).

Gas- and liquid-phase transport

The gas- and liquid-phase pressures are related by capillary pressure, Pc, defined

as102

Pc = Pg � Pl (Equation 52)

where Pg is the gas-phase pressure and Pl is the liquid-phase pressure. Capillary

pressure is used to determine the liquid-phase saturation in the cathode porous do-

mains through the saturation curves shown by Weng et al.37 The liquid saturation in

the CL and the CNPs is assumed to be the same. The liquid saturation curves are

shifted down by 0.1-unit saturation at all Pc values in the CL and the CNPs and at

Pc > 0 in the GDL to account for the higher hydrophobicity offered by PTFE

compared with carbon paper.39 Ions are assumed to transport through the calcu-

lated wetting layer in the CL when sputtered Cu (i.e., no ionomer) is used. The

gas-phase saturation, Sg;d, is calculated by102

Sg;d = 1 � Sl;d (Equation 53)

Darcy’s law is used to calculate the pressure and velocity of the gas and liquid

phases as

up = � jeff
p;d

mp

VPp (Equation 54)

where jeff
p;d is the effective permeability of each phase in the domain of interest. This

property is calculated as follows39

jeff
p;d = jsat

p;dj
r
p;d (Equation 55)

The saturated permeability, jsat
p;d, is calculated as

jsat
p;d = j0

d

ε
3
p;d�

1 � εp;d

�2 (Equation 56)
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where j0
d is the intrinsic permeability. The relative permeability, jr

p;d, is calculated as

jr
p;d =

�
1 � Sp;d

�3
(Equation 57)

The viscosity, mp, is considered to be that of CO in the gas phase (1.743 10�2 mPa$s)

and that of water in the liquid phase (1.0016 mPa$s).

The following equation is used to describe species transport between the gas and

liquid phases,37

V$
�
rpup

�
= Qp;total (Equation 58)

where Qp,total is a source term describing the summation of each phase transport

phenomenon occurring in the phase of interest. In the liquid phase, Qp,total is

defined as

Ql;total = QEC;w +Mw

X
m

vw;maactivev;d iv;m
nmF

� QI;w +QRH;w (Equation 59)

and in the gas phase, it is defined as

Qg;total = �QEC;w � Mj

X
m;m = C2H4 or H2

aactivev;d iv;m
F

� MCORPT � QRH;w (Equation 60)

Water evaporation and condensation, QEC,w, is described by

QEC;w = Mwa
active
v;d kMT;g

�
ywPg � Pvap

�
1 ½atm� (Equation 61)

where kMT,g is a water vapor mass transport coefficient (0.06 mol m�2 s�1)37 and Pvap
describes the water vapor pressure at the calculated temperature as38

Pvap = 1 ½mmHg�3 108:07 � 1;730:63
T ½K� � 39:724 (Equation 62)

The source term of water from the ionomer to the liquid phase, QI,w, is defined as

QI;w = Mwa
active
v;d kMT;l

�
1

RT
ðPl � aw 3 1 ½atm�Þ

�
(Equation 63)

where kMT,l is a water mass transport coefficient (104 m s�1).37 The RH, is ensured to

be %100% through a Heaviside step function, H0(x), which is activated once the RH

exceeds 100%. Therefore, QRH,w is defined as

QRH;w = MwkMT;RHðRH � 100%Þ½H0ðRH>100%Þ� (Equation 64)

where kMT,RH is a mass transport coefficient (107 mol m�3 s�1)37 and RH is defined as

RH =
ywPg 3 100%

Pvap
(Equation 65)

Heat transfer

Heat flux through the system, q, is governed by37,38

q = � kyT;p;dVT (Equation 66)
V$q = UCT +UB +UEC +UJ (Equation 67)

where kyT;p;d is the calculated thermal conductivity in porous domain d and is

defined as

kyT;p;d = ð1 � εs;dÞkT;fluid;d + εs;dkT;s;d (Equation 68)
18 Joule 8, 1–23, May 15, 2024



ll

Please cite this article in press as: Alkayyali et al., Pathways to reduce the energy cost of carbon monoxide electroreduction to ethylene, Joule
(2024), https://doi.org/10.1016/j.joule.2024.02.014

Article
where kT,fluid,d and kT,s,d are the fluid- and solid-phase thermal conductivity, respec-

tively (Table S3). Other heat transfer properties are listed in Table S10.

The heat generated through charge transfer reactions is expressed as37

UCT =
X
m

�
aactivev;d iv;mhm + aactivev;d iv;mPm

�
(Equation 69)

in whichPm is the Peltier coefficient for each reaction m (Table S11). Heat associated

with the water dissociation reaction is expressed as

UB = DHBRB;H+ (Equation 70)

whereDHB is the water dissociation enthalpy change (55.84 kJ mol�1).38 Water evap-

oration and condensation in the cathode domains results in heat generation/con-

sumption, which is defined as37

UEC = �
�
HðTÞ

vap � HðTinÞ
vap

�
kMT;RHð100% � RHÞ½H0ðRH>100%Þ� (Equation 71)

where HðTÞ
vap and HðTinÞ

vap is the water heat of vaporization (Table S12) at the calculated

temperature, T, and at the starting temperature, Tin, respectively. Joule heating is

defined as37

UJ =
i2s
seff
s;d

+
i2l
seff
l;d

(Equation 72)

where seffl;d is the effective electrolyte conductivity, which is internally calculated by

COMSOL according to the following equation

seff
l;d =

X
i;isCOðaqÞ

ciD
eff
i;pðziFÞ2
RT

(Equation 73)

Boundary conditions and model considerations

The boundary conditions used in the model are illustrated in Figure 2. Briefly, the

mass fraction of gaseous species at the GDL left-hand side inlet boundary is defined

in terms of the mole fraction, such that

uj = uj;in =
yj;inMj

Mn
(Equation 74)

where yj,in is 1 � Pvap

Pg
for CO,

Pvap
Pg

for H2O(g), and zero for ethylene. The liquid-phase

pressure at this boundary is defined as the difference between the gas-phase pres-

sure and the capillary pressure obtained at the GDL inlet saturation, Sl,GDL. The gas-

phase pressure is defined as the inlet gas pressure (1 atm). Temperature is defined as

the inlet gas temperature at the base case (25�C). The mass constraint is assumed

from uj;H2 .

At the boundary between the GDL and CL, the electric potential is defined as the

applied full-cell potential (negative; however, all data plots in this work report the

absolute value of full-cell potential for convenience). No CO flux is assumed at this

boundary. Because the Nernst-Planck equations assume dilute solution theory and

result in unphysical ion concentrations at charged surfaces,97 we include a concen-

tration boundary condition at the CL left-hand side boundary to limit the concentra-

tion of K+ and OH� to their estimated steric limit as follows

cOH� =
1

NAa3K+

(Equation 75)
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in which NA is the Avogadro’s constant and aK+ is the effective size of the solvated K+

ion (0.6623 10�9 m).97 This boundary condition is activated only when cOH� R cmax
K+ ,

which is �6.9 M. Because cmax
OH� is �7.7 M, the steric limit is assumed to be that of K+.

Not accounting for this boundary condition results in extremely high ion concentra-

tions in the CL and CNPs layer (Figure S28), a consequent depletion of the calculated

CO concentration, and a suppression of all CORR reactions. Accounting for all ef-

fects of the electrical double layer (<0.1 mm in thickness) is not possible in the current

model due to the large scale of the modeled domains. However, the obtained ion

concentrations using the approach described herein are in agreement with pub-

lished literature that explicitly models the electrical double layer.97

At the boundary between the CNPs and the AEM, no flux is assumed for CO(aq) and

the gaseous species. No gas or liquid flow is also assumed at this boundary. A Dirich-

let boundary condition is applied at the boundary between the AEM and anode to

specify the water concentration as c0w. The electric potential is set to ground at the

boundary between the anode and anolyte. The anolyte right-hand side is assumed

to be electrically insulated. The concentration of ions is specified to resemble the

inlet anolyte concentration of 1 M KOH at the base case (i.e., cOH� ;in is 1,000 mol

m�3 and cH+ ;in is 1 3 10�11 mol m�3). Electroneutrality is assumed from cK+ . Temper-

ature is defined at this boundary as the inlet anolyte temperature at the base

case (25�C).

The phase transport of gaseous CORR products (i.e., ethylene and hydrogen) from

the liquid phase to the gas phase is assumed to occur quickly due to the low solubi-

lity of these gases in water.103 Due to the limited available information on the mass

transport of liquid CORR products (i.e., ethanol, propanol, and acetate) in the ion-

omer and membrane, these products are assumed to leave the system rapidly.37

The GDL is assumed to inherently have a microporous layer, which was not explicitly

defined in the described model. The cross-sectional area of the cell is assumed to be

5 cm2. The initial values of certain parameters are specified in Table S13.
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