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Abstract 18 

Electrochemical reduction of carbon dioxide (CO2) is an attractive technology to convert 19 

waste CO2 to value-added chemicals using renewably generated electricity. In this work, we 20 

combine both experimental and theoretical analyses to investigate the factors affecting the 21 

Faradaic efficiency (FE) of the CO2  electrolysis cell, including different catalysts (Ag/Vu and 22 

SnO2/Vu, where Vu is Vulcan carbon black), binder materials and catholyte compositions. The FE 23 

of the cell was measured experimentally across various electrode compositions and system 24 

conditions to understand their impact on the branching ratios of the two-electron CO2 reduction 25 

products – CO and formate. As a complementary effort, a 2D multiphysics transport model was 26 

developed and used to elucidate the fundamental process occurring in the cathode electrode. The 27 

ionic concentrations throughout the electrode and the catholyte layer were also determined. It was 28 

shown that the selectivity of CO2  reduction to CO can change significantly when different 29 

catholyte compositions and binder materials are used. In contrast, the selectivity of CO2 to formate 30 

is relatively stable across the range of conditions studied. These insights can be used to inform 31 

decisions regarding the electrode development and system design in CO2  electrolyzers and 32 

ultimately contribute to scaling energy efficient electrochemical CO2 reduction systems. 33 

34 

Graphical Abstract: 35 
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1. Introduction 37 

Electrochemical reduction of carbon dioxide (CO2) is an attractive technology for energy 38 

conversion and storage. The penetration of renewable energy sources like wind and solar continues 39 

to increase, but these technologies are variable both daily and seasonally, meaning they may not 40 

be able to produce dispatchable power on demand. This variability presents a challenge for reliable 41 

grid-scale integration of these technologies. Electrons to molecules techniques, which use 42 

electricity to generate storable and energy-dense fuels, can leverage the clean and abundant 43 

electrons from renewables and offset their intermittency issues. Electrochemical CO2 reduction 44 

(CO2R) is one such electrons to molecules pathway that has the added benefit of utilizing the most 45 

significant greenhouse gas in terms of radiative forcing and reducing anthropogenic CO2 .1 In 46 

addition, techno-economic analysis has shown that the price of electricity is the most significant 47 

driver of the levelized cost of CO2R products,2,3 meaning that there exists a promising symbiosis 48 

between renewables and electrochemical CO2R .4 However, electrochemical CO2R  is still a 49 

relatively new technology and there are many fundamental questions that must be addressed before 50 

it can be considered a viable industrial process.4–6  51 

 Low temperature electrochemical CO2R cells can use CO2 in either liquid or gaseous form. 52 

Liquid-fed cells use a catholyte containing HCO3
− or CO3

2− ions or dissolved CO2,7,8 while gas-fed 53 

cells use a gas diffusion layer (GDL) to transport gaseous CO2 to the electrochemical reaction 54 

sites.6,9–11 This work employs a gas-fed cell with a gas diffusion electrode (GDE) as the cathode, 55 

shown schematically in Figure 1a. A catholyte layer was introduced between the bipolar membrane 56 

(BPM) and the cathode to improve the selectivity of CO2R products.12 Under certain voltages, the 57 

oxygen evolution reaction (OER) occurs at the anode, while CO2R and the competitive hydrogen 58 

evolution reaction (HER) occur in parallel at the cathode. CO2R can result in dozens of different 59 

products depending on the electrocatalyst, cell configuration, and other material properties, which 60 

leads to highly coupled reaction schemes.13,14 In this work, Ag/Vu and SnO2/Vu (where Vu refers 61 

to Vulcan carbon black) were used as the catalyst in the cathode GDE; for these materials the 62 

major CO2R products are carbon monoxide (CO) and formate (HCOO−). 63 

CO  and formate are among the easiest targets for electrochemical CO2R  because they 64 

involve the addition of only two electrons. This means that their respective reaction mechanisms 65 

are simpler than further reduced products like methanol (CH3OH, six electrons) and methane (CH4, 66 

eight electrons).15 Formic acid is useful in industrial and agricultural industries16–19, while CO can 67 
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be a useful precursor to other hydrocarbon fuels.20 While these products can be produced at some 68 

of the highest Faradaic efficiencies (FEs) reported in the literature, their reaction mechanisms and 69 

the factors affecting the reaction efficiencies at large device scales (>10 cm2) and high current 70 

densities (>200 mA cm-2) haven’t been extensively studied. Therefore, it is important to develop 71 

a deep understanding of how these CO2R pathways respond to different electrode compositions 72 

and operating conditions.  73 

Often conflated, the electrocatalytic environment is not merely the nanoparticle or 74 

atomically dispersed macrocycle on which the reaction is said to occur, but more broadly 75 

encompasses the influence of the electrocatalyst, support, and, perhaps most critically, the 76 

electrolyte (be it liquid or in the form of an ionically conducting solid polymer, i.e., ionomer). For 77 

example, Verma et al.21 reported significant changes in the FE of CO2R to CO when different 78 

electrolyte compositions were used in an electrochemical flow reactor. Rosen et al.22 have shown 79 

that using an ionic liquid as the electrolyte can lower the initial reduction barrier and therefore 80 

improve the performance of CO2R to CO on Ag. It was also reported by Zhang et al.23 that the pH 81 

at the surface of the cathode catalyst layer (CCL) plays a key role in defining the CO2R activity 82 

and efficiency. These responses all stem from the changes in the CCL environment caused by the 83 

electrolyte composition; Gupta et al.24 demonstrated, via numerical modeling, that the 84 

concentrations of H+, CO2(𝑎𝑞), HCO3
−, and CO3

2− can all change significantly in the boundary layer 85 

near an electrode surface. HCO3
−  was found to play an especially important role in CO2R 86 

reactions25,26 and it was proposed by Wuttig et al.27 and Zeng et al.28 that HCO3
− can act as a 87 

kinetically relevant proton donor in CO2R pathways. 88 

While GDEs have been extensively studied for fuel cells and water electrolyzers, they are 89 

a newer and less understood concept in CO2R cells. The catalyst layer on the GDE is usually 90 

composed of the catalyst, ionomer binder, and carbon support. Many studies have focused on direct 91 

modifications that can be made to the catalyst surface, which can alter the binding energies of 92 

various intermediate complexes, and consequently the selectivity of the material.29–31 While the 93 

catalyst material can dictate the predominant reaction pathway(s) and inherent selectivity, the 94 

ionomer binder also plays a crucial role. In fuel cell GDEs, the binder can affect the ionic 95 

conductivity and the hydrophobicity of the catalyst layer as well as oxygen permeability.32–34  96 

However, in GDEs for CO2R, the role of the binder material is not as clear due to the more complex 97 

ionic environment and multiple parallel reactions. Wang et al.35 demonstrated that the addition of 98 
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PTFE led to improved CO2R efficiency, which they proposed was due to the enhancement of the 99 

electrochemically active surface area for CO2R. It was also suggested by Lee et al.36 that the 100 

functional groups on the polymeric binders can suppress the undesired HER, thereby providing 101 

more catalytic active sites for CO2R. Similarly, Pan et al. showed that adding a Nafion overlayer 102 

to a Cu electrode can greatly enhance the CO2R to methane.37 Ozden and coworkers30 developed 103 

an hierarchical catalyst layer design with the ionomer interface improving both the local CO2 104 

availability and the adsorption of the key reaction intermediates. These indirect non-catalyst 105 

modification approaches are important to understand because they may be applied in parallel with 106 

direct surface enhancements.  107 

The goal of this study was to determine valid approaches for controlling the selectivity of 108 

CO2R through modifications to the catalyst layer microenvironment. The previously mentioned 109 

works have detailed how the aqueous environment (i.e., the catholyte) can play a significant role 110 

in this regard. However, it is unlikely that supplying a catholyte is a sustainable long-term solution 111 

for ostensibly gas fed cells. Therefore, in this work we chose to primarily employ on a non-112 

buffering catholyte (K2SO4) to focus on strategies relevant to the operation of entirely gas fed 113 

cells, which must rely on changes to the solid-state components to control selectivity. To some 114 

extent, the effects of a buffering catholyte (KHCO3) were also studied, but this was mainly to gain 115 

insight about the reaction pathways.  116 

In this work, we combine both experimental and theoretical analyses to investigate the 117 

factors affecting the FE of a CO2  electrolysis cell. Specifically, different catalysts, binder 118 

materials, and catholyte compositions are studied. The FE of the cell is measured experimentally 119 

under varying conditions to understand their impact on the branching ratios of the two-electron 120 

CO2R products. As a complimentary effort, a 2D multiphysics transport model is developed and 121 

used to elucidate the fundamental process occurring in the cathode electrode. Multiphysics 122 

modeling is a useful tool for complex systems like this because they can help visualize and 123 

deconvolute the micro-scale phenomena that are difficult to observe experimentally. Our results 124 

show that the selectivity of Ag, a CO-forming catalyst, can change significantly when different 125 

catholyte compositions and binder materials are used. In contrast, the selectivity of SnO2, a 126 

HCOO−-forming catalyst, is relatively stable across the conditions studied. These insights can be 127 

used to inform decisions regarding electrode architecture and operating conditions, and ultimately 128 

contribute to the scaling up of electrochemical CO2R devices. 129 
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 130 

Figure 1 – Schematics of a) the experimental CO2R device, and b) the 2D model geometry and 131 

selected boundary conditions in the region of the cathode electrode and the catholyte layer. 132 

 133 

2. Experimental Methods 134 

2.1 Cathode Preparation 135 
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The cathode catalyst inks were prepared by mixing commercial catalyst materials 136 

supported on Vulcan carbon (“Vu”, XC-72R, Fuel Cell Store), isopropanol alcohol (HPLC Plus 137 

grade 99.9%, Sigma Aldrich), deionized (DI) water (18 M-cm), and binder. Three different 138 

binder materials were tested in this study: 5 wt. % Nafion ionomer (1100 EW, Ion Power), 10 wt. 139 

% perfluorinated anion exchange (PFAEM) ionomer38, and 60 wt. % polytetrafluoroethylene 140 

(PTFE, TeflonTM PTFE DISP 30 Fluoropolymer dispersion, Chemours). Two commercial 141 

catalysts were studied: 40% Ag/Vu (30 nm average diameter, Fuel Cell Store), and SnO2 142 

nanoparticles (< 100 nm diameter, Sigma Aldrich). For all SnO2 electrodes, a 1:1 ratio of SnO2 to 143 

Vulcan was used. In all inks the ratio of binder:carbon was fixed at 3:5, and the solvent ratio of DI 144 

water:isopropanol was fixed at 2:3 to ensure fair comparison of electrochemical metrics. 145 

The catalyst ink was first dispersed using a horn sonicator (three times, 30s each time) and 146 

an ice bath sonicator (60 min), and then hand-painted onto the microporous layer (MPL) side of 147 

the GDL (Sigracet 39BC, Fuel Cell Store) on a heated vacuum table at 95oC. The GDE was then 148 

hot annealed at 120oC for 2 hours. Catalyst loadings of 0.1 mg cm-2 and 0.5 mg cm-2 were used, 149 

which were determined using the difference in mass before/after. Each batch of ink was used to 150 

make four electrodes, and the loading differences between batches were all within 10%. In this 151 

manuscript, all experimental data shown represent the average of three independent tests, each 152 

time with a new cell (new electrodes, new membrane, fresh electrolytes) which all showed good 153 

repeatability.  154 

These catalyst materials were intentionally chosen as standard, commercially available 155 

materials, to allow focus on subsequent changes to the microenvironment that can be made. Other 156 

studies have characterized the role of chemistry and surface structure of Sn/SnO2
39–41 and Ag42–44 157 

materials in much more detail. We envision our efforts herein to be used in parallel with surface 158 

modification and other chemistry approaches. 159 

 160 

2.2 Electrochemical Testing 161 

Figure 1a shows a sketch of the square 25 cm2 cell used for measuring the electrochemical 162 

performance of different cathode GDEs in this study. Ni foam (MFNi16m, MTI Corporation) was 163 

used as the anode. A bipolar membrane (BPM) (FBM, Fumatech GmbH, Fuel Cell Store) was 164 

placed with the anion exchange layer (AEL) next to the Ni foam and with the cation exchange 165 

layer (CEL) facing the cathode side. A “Z” shaped catholyte chamber of 1.27 mm thickness (Figure 166 
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S1) was used between the BPM and cathode GDE. The anode and cathode were compressed by 167 

9% and 18%, respectively, following tightening of the cell to 40 inch-pounds.  168 

Four different catholyte compositions were used during operation, as detailed in Table 1. 169 

1 M KOH was used as anolyte, which was fed to the cell via the anode flow field. The catholyte 170 

solutions were made by dissolving K2SO4 powder, and KHCO3 (all materials Certified ACS, 171 

VWR) in 18 M cm DI water. 1 M KOH and 1 M H2SO4 solutions were added to adjust the pH to 172 

the desired value shown in Table 1.  173 

 174 

Table 1. Catholyte compositions studied in this work. 175 

# K2SO4 KHCO3 Inlet pH 

1 0.4 M 0 7 

2 0.4 M 0 10 

3 0.4 M 0.08 M 7 

4 0.4 M 0.08 M 10 

 176 

During operation, the cell, CO2 gas feed, and anolyte were all heated to 60oC. The anolyte 177 

was fed to the triple serpentine anode flow field at 50 ml min-1 and the catholyte was fed to the 178 

catholyte chamber at 40 ml min-1. CO2 was fed to the triple serpentine cathode flow field at 2 L 179 

min-1 and ambient pressure (approximately 83.36 kPa in Golden, CO).  180 

A Gamry Reference 3000 potentiostat with a Reference 30k Booster was used to conduct 181 

galvanodynamic polarizations at 1 mA cm-2 s-1. Gas and liquid samples were obtained from the 182 

cathode after the cell was held at constant current densities for one minute. The gas samples were 183 

collected in gas bags (SupelTM-Inert multi-layer foil, Sigma Aldrich) and were analyzed in a 4900 184 

Micro gas chromatograph (GC, 10 m, molecular sieve, Agilent). The liquid samples were diluted 185 

to 25 ml with 18 MΩ cm DI water, filtered with PTFE 0.22 µm syringe filters, and then analyzed 186 

using high-performance liquid chromatography (HPLC, 1260 Infinity II Bio-inert, Agilent) with 187 

an Aminex HPX-87H column. 4 mM sulfuric acid (H2SO4) flowing at 0.6 ml/min was used as the 188 

mobile phase. For additional details, see Chen et al. 2020.12 189 

  190 

3. Mathematical Model 191 

3.1 Overview 192 
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A mathematical model was developed to study the species transport, electrochemistry, and 193 

multiphase phenomena of the cathode GDE during operation. A full description of the model is 194 

given in the Supporting Information (SI), Section S.2, and a high-level description is provided 195 

here. A schematic of the model geometry and boundary conditions is presented in Figure 1. 196 

The system is solved for the concentrations of ten aqueous species (CO2(aq), H
+, OH−, 197 

HCO3
−, CO3

2−, HCOOH, HCOO−, K+, HSO4
−, and SO4

2−), three gaseous species (CO2(g), H2, and 198 

CO), liquid and gas phase pressures (𝑝𝐿 and 𝑝𝐺, respectively), and the electrostatic potential (𝜙𝐼). 199 

The species transport and the electrostatic potential were modeled using the Poisson-Nernst-Planck 200 

(PNP) system of equations, i.e., the electroneutrality condition was not implemented as an explicit 201 

assumption. This approach allowed us to directly model the Donnan exclusion effect at the 202 

GDL|CCL and CCL|catholyte boundaries. Furthermore, this provided a relatively simple approach 203 

for studying the effect of different ionomer materials. The main difference between the binder 204 

materials is the sign of the fixed charge groups: the PFAEM binder features positive fixed charges, 205 

the Nafion binder features negative charges, and the PTFE binder has no fixed charges. Using the 206 

PNP approach allows for simple and direct simulation of this effect. Other assumptions used in the 207 

model development are as follows: 208 

• Dilute solution theory is used to model the aqueous species transport. While concentration 209 

solution theory would more accurately account for the various ion-ion interactions, there 210 

are too many unknown parameters to implement it here. 211 

• Computational domains are limited to the GDL, CCL, and catholyte; the BPM and anode 212 

components are not modeled. At the catholyte|BPM interface, the ionic current is assumed 213 

to be supplied entirely by protons while the fluxes of all other ions are set to zero. During 214 

operation, water dissociation at the CEL|AEL interface of the BPM serves as a source of 215 

protons whose flux is proportional to the total current. While the flux of other supporting 216 

ions is likely not exactly zero at the catholyte|BPM interface, this assumption serves as a 217 

reasonable approximation for observing the H+  boundary layer that develops at this 218 

interface.  219 

• The velocity field in the catholyte domain is assumed to correspond to the solution for fully 220 

developed incompressible flow between two flat plates. This is an idealization, as the actual 221 

flow field varies in 3D due to the Z-shaped gasket that defines the gap between the GDE 222 

and the BPM. A direct Navier Stokes simulation of the 3D flow field is shown in the SI, 223 
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Figure S2. The 2D flat plates solution is computationally efficient and allows us to observe 224 

fundamental effects such as chemical reactions within the boundary layer, as well as 225 

combined species transport due to diffusion, migration, and convection.  226 

 227 

3.2 Electrochemical Reactions 228 

 Electrochemical CO2 reduction is a complicated process that features several intermediate 229 

species and multiple final products. On Ag/Vu and SnO2/Vu catalysts, the proton can be donated 230 

by HCO3
−, H2O, H3O

+ (H+), and/or H(𝑎𝑑)
⦁ .45 The overall reactions for CO and HCOO− formation 231 

for the different proton sources are given by Eqs. (1) – (7) (proposed mechanisms using elementary 232 

steps are shown in the SI, Section S.3). The standard potentials for the reactions are also shown 233 

and are calculated using the free energies of formation for each species. Note that the standard 234 

potentials reported here use the free energy of formation for aqueous CO2, rather than gaseous, to 235 

coincide with the current understanding of the mechanisms in the literature. Clearly, the proton 236 

source can significantly change the performance of a catalyst. If no free protons are readily 237 

available, then CO2 reduction must use HCO3
− or H2O as the proton source, which requires more 238 

negative potentials. However, an abundance of free protons may facilitate the acidic HER, Eq. (8), 239 

thereby lowering the FE to non-H2 products. 240 

 241 

𝐂𝐎: 𝐸0 (V 𝑣𝑠. SHE)  

CO2(aq) + 2H+ + 2e− ⇌ CO + H2O −0.061 (1) 

CO2(aq) + 2HCO3
− + 2e− ⇌ CO + H2O + 2CO3

2− −0.673 (2) 

CO2(aq) + HCO3
− + 2e− ⇌ CO + OH− + CO3

2− −0.781 (3) 

CO2(aq) + H2O + 2e− ⇌ CO + 2OH− −0.889 (4) 

𝐇𝐂𝐎𝐎−:   

CO2(aq) + H+ + 2e− ⇌ HCOO− −0.160 (5) 

CO2(aq) + HCO3
− + 2e− ⇌ HCOO− + CO3

2− −0.466 (6) 

CO2(aq) + H2O + 2e− ⇌ HCOO− + OH− −0.574 (7) 

𝐇𝐄𝐑:   

2H+ + 2e− ⇌ H2 −0.0 (8) 

2H2O + 2e− ⇌ H2 + 2OH− −0.828 (9) 
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 The above proposed CO2R pathways proceed via many of the same or similar intermediate 242 

species, so the overall production rates are likely comprised of some combination of all the above 243 

reactions. However, to model the CO2R reactions, a single pathway was assumed for each reaction. 244 

In addition, many of the kinetic parameters for these reactions are still unknown, so assuming a 245 

single reaction for each product reduces the number of fitting parameters. In this work, the 246 

electrochemical reactions are modeled using Butler-Volmer kinetics, as shown in Eqs. (10) – (13) 247 

(subscripts for the transfer coefficients are omitted to save space). Other, more complicated multi-248 

step mechanisms can be developed for CO2R, for instance that of Singh et al.46, however these 249 

require specialized experiments and first principles studies.  250 

Our experimental work, described later, has shown that the kinetics of the CO forming 251 

reaction on Ag/Vu improve as the pH of the buffer solution is increased. Verma et al.47 noted 252 

similar trends: the highest FEs to CO were observed when using the highest concentrations of KOH 253 

and KHCO3
− . These results suggest that neither H3O

+  nor H(𝑎𝑑)
⦁  are the likely proton donors, 254 

leaving H2O and HCO3
− as the most likely candidates. These two pathways (Eqs. (2) and (4)) are 255 

investigated in this work and the two Butler-Volmer kinetic expressions are shown in Eqs. (11) 256 

and (12). Hatsukade et al. presented a Tafel analysis that suggested that the mechanism for CO 257 

production on Ag/Vu may change when moving from low to high overpotentials, which would 258 

require a modification to our approach involving single Butler-Volmer reactions. However, their 259 

mechanism development assumed that H3O
+ are abundant enough to be the sole proton donor for 260 

the CO pathway, which was determined to be unsuitable for the conditions studied in this work 261 

(i.e., that assumption would lead to observed mass transport limitations in the model). Therefore, 262 

while the single Butler-Volmer expressions are likely an oversimplification of the CO2R 263 

mechanism, they still allow us to observe the relevant mass transport phenomena occurring in the 264 

GDE and catholyte.  265 

On SnO2/Vu, we assume that HCO3
− is the proton donor for the HCOO− reaction because 266 

the literature is in more agreement about this point45. For example, Zhang et al. have reported that 267 

the CO2R  to HCOO−  exhibits a first-order dependence on HCO3
−  concentration on SnO2 268 

nanoparticles48, which is captured by Eqs. (6) and (13). Overall, our approach is similar to the 269 

modeling works of Weng et al.49,50 and Kas et al.,51 except that we extend the electrochemical 270 

model to include both CO2R pathways on each catalyst material (Ag/Vu and SnO2/Vu). 271 
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𝑖𝐻𝐸𝑅 = 𝑖0,𝐻𝐸𝑅 ((
𝑝H2

𝑝H2

0 )(
𝑐OH−

𝑐OH−
0 )

2

exp (
𝛼𝑎𝐹

𝑅𝑇
𝜂𝐻𝐸𝑅) − exp (−

𝛼𝑐𝐹

𝑅𝑇
𝜂𝐻𝐸𝑅)) (10) 

𝑖CO = 𝑖0,CO ((
𝑝CO

𝑝CO
0 )(

𝑐CO3
2−

𝑐
CO3

2−
0 )

2

exp (
𝛼𝑎𝐹

𝑅𝑇
𝜂CO) − (

𝑐CO2

𝑐CO2

0 )(
𝑐HCO3

−

𝑐HCO3
−

0 )

2

exp (−
𝛼𝑐𝐹

𝑅𝑇
𝜂CO)) 

𝑖CO = 𝑖0,CO ((
𝑝CO

𝑝CO
0 )(

𝑐OH−

𝑐OH−
0 )

2

exp (
𝛼𝑎𝐹

𝑅𝑇
𝜂CO) − (

𝑐CO2

𝑐CO2

0 )exp (−
𝛼𝑐𝐹

𝑅𝑇
𝜂CO)) 

(11) 

(12) 

𝑖HCOO− = 𝑖0,HCOO− ((
𝑐HCOO−

𝑐HCOO−
0 )(

𝑐CO3
2−

𝑐
CO3

2−
0 )exp (

𝛼𝑎𝐹

𝑅𝑇
𝜂HCOO−) − (

𝑐CO2

𝑐CO2

0 )(
𝑐HCO3

−

𝑐HCO3
−

0 ) exp (−
𝛼𝑐𝐹

𝑅𝑇
𝜂HCOO−)) (13) 

 272 

 273 

4. Results and Discussion 274 

 The first two Results and Discussion sections will present the effects of catholyte 275 

composition and binder material on the selectivity of the CO2R on Ag/Vu and SnO2/Vu catalyst 276 

materials. Where appropriate, modeling results will be tied in to better understand the mechanisms 277 

behind the observed changes in the FE. The last section will use the results of the model to visualize 278 

and glean information regarding transport phenomena occurring within the cathode components. 279 

The motivation for these investigations is to determine possible avenues beyond catalyst 280 

approaches to dictate the local catalyst environment, leading to higher selectivity toward CO2R 281 

products. These indirect methods may then be used in conjunction with other efforts that seek to 282 

directly modify the catalyst surface. 283 

 284 

4.1 Catholyte Composition 285 

Figure 2 shows the effect of catholyte composition on the CO2R product distribution as a 286 

function of current density. As noted in Table 1, four catholyte compositions were studied: (i) 287 

0.4 M K2SO4, pH = 7, (ii) 0.4 M K2SO4, pH = 10, (iii) 0.4 M K2SO4 + 0.08 M KHCO3, pH = 7, 288 

and (iv) 0.4 M K2SO4 + 0.08 M KHCO3 , pH = 10 . In all tests, a Nafion binder and catalyst 289 

loading of 0.5 mg cm-2 were used.  290 

Figure 2a shows that for Ag/Vu catalysts, adding KHCO3 to the catholyte results in higher 291 

non-H2 FE than the tests with no KHCO3 . At pH = 7 , adding just 0.08 M KHCO3  to the 292 

0.4 M K2SO4 catholyte improved the non-H2 FE by about 200%. Similarly, at pH = 10, the non-293 
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H2 FE was ~170% higher with the KHCO3 buffered catholyte than the non-buffered catholyte. 294 

Figure 2b demonstrates how the Ag/Vu catalyst primarily produces CO instead of HCOO−. By 295 

breaking down the non-H2 FE into contributions from CO and HCOO−, it is evident that the CO 296 

pathway contributes to the major differences in non-H2 FE, while the HCOO− pathway was barely 297 

affected. Not only do these trends reveal the most effective chemistries with which to operate the 298 

cell, but they also provide insight to the CO2R mechanism on Ag. Improved selectivity to CO 299 

occurs both when adding KHCO3  and when increasing the pH of the catholyte; both actions 300 

increase the concentration of HCO3
− in the solution (more CO2 is converted to HCO3

− as the pH is 301 

increased), which may play an active role in CO2R to CO pathway. This phenomenon will be 302 

explored and discussed further using the modeling results. These results corroborate the 303 

observations reported by Verma et al.47 while also reporting the activity of Ag/Vu for the HCOO− 304 

pathway. 305 

Figure 2c shows that on SnO2/Vu, the total non-H2 FE is above 90% for almost all current 306 

densities and catholytes. While SnO2 primarily favors the HCOO− pathway, it also produces a 307 

moderate amount of CO, as shown in Figure 2d. On SnO2/Vu, the CO pathway was again more 308 

affected by the catholyte composition than the HCOO− pathway. At 500 mA cm-2, the FE of the 309 

CO pathway was improved by 2.7 times using the 0.4 M K2SO4 + 0.08 M KHCO3, pH = 10 310 

catholyte, while the change in the HCOO− pathway was within 10%. This resulted in an increase 311 

in the total non-H2 FE, which remained above 90% for all catholytes. 312 

 313 
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 314 

Figure 2 – a) Total non-H2 FE and b) individual FE to CO and 𝐻𝐶𝑂𝑂− obtained as a function 315 

of the current densities in different catholytes with Ag/Vu electrodes; c) total non-H2 FE and d) 316 

individual FE to CO and 𝐻𝐶𝑂𝑂− tested with SnO2/Vu electrodes. In b) and d) the solid lines 317 

represent FE to CO and the dashed lines represent the FE to 𝐻𝐶𝑂𝑂−. For all tests, the catalyst 318 

loading was 0.5 mg cm-2 and Nafion ionomer binder was used in the catalyst layer. The cell was 319 

operated at 60oC and the catholytes were fed to the cell at 40 ml min-1. 320 

 321 

The results in Figure 2 reveal that with both Ag/Vu and SnO2/Vu electrodes, the production 322 

of CO is more sensitive than HCOO−  to the change of catholyte compositions. The main 323 

differences in the catholyte compositions tested here are the solution pH and HCO3
− concentrations. 324 

Figure 3 demonstrates how the transport model was used to investigate the mechanism of the CO2R 325 

on Ag. After reviewing the literature, the choice of proton donor for the CO pathway was narrowed 326 

down to be either HCO3
−  or H2O  (Eqs. (2) and (4), respectively). Using the 0.4 M K2SO4 327 

electrolyte as a baseline, the exchange currents and transfer coefficients in Eqs. (11) and (13) were 328 

manually tuned until the model showed good agreement to the experimental data. The results of 329 

this process are shown in Figure 3a and Figure 3c for proton donors of H2O  and HCO3
− , 330 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



15 

 

respectively, and the fitted parameters are listed in Table 2. The formate pathway accounts for just 331 

a small fraction of the total current on Ag/Vu and is not discussed much in the literature, so it was 332 

assumed to proceed via Eq. (7).  333 

 334 

Table 2. Fitted kinetic parameters used to study the CO2R pathways. 335 

Parameter 
Value 

Ag SnO2 

HER, acidic pathway   

𝑖0 (A m−2) 9.0 × 10−1 1.0 × 10−2 

𝛼𝑐 0.5 0.5 

HER, alkaline pathway   

𝑖0 (A m−2) 2.0 × 10−2 1.0 × 10−3 

𝛼𝑐 0.33 0.3 

CO2R to CO   

𝑖0 (A m−2) 9.0 × 10−3 1.0 × 10−2 

𝛼𝑐 0.4 0.5 

CO2R to 𝐻𝐶𝑂𝑂−   

𝑖0 (A m−2) 2.0 × 10−6 8.0 × 10−5 

𝛼𝑐 0.43 0.5 

 336 

 337 

Next, without changing the obtained kinetic parameters, the catholyte inlet condition was 338 

changed in the model to reflect the 0.4 M K2SO4 + 0.08 M KHCO3 composition. The resulting 339 

simulated partial current densities (dashed lines) are shown in Figure 3b and Figure 3d. When H2O 340 

is assumed to be the proton donor for CO pathway, there is no significant change in the partial 341 

currents when HCO3
− is added to the catholyte. This is a stark deviation from the experimental data, 342 

which suggests that this assumed mechanism (H2O as the proton donor) is not sufficient to capture 343 

the observed trends. However, when HCO3
− is assumed to be the proton donor for the CO pathway, 344 

the model captures the changing experimental trend that 𝑖CO increases as HCO3
− is added to the 345 

catholyte. In this way, the transport model was able to suggest the likely proton donors for each 346 
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CO2R pathway on Ag: H2O for the HCOO− pathway and HCO3
− for the CO pathway. These proton 347 

donors were used in all subsequent modeling results presented in this work. 348 

 It should be noted that the overall CO2R  reaction proceeds via many simultaneous 349 

elementary steps involving similar intermediate species. Therefore, a single Butler-Volmer 350 

equation representing each partial current is likely an oversimplification. However, as 351 

demonstrated in Figure 3, it can be a useful tool for investigating the effects of mass transport on 352 

the performance of an electrode. Regardless of the microkinetic steps, the overall species 353 

production rates are tied to the partial current densities, which are accounted for in this modeling 354 

approach. We hope that these results encourage future studies on these materials across an even 355 

broader range of operating chemistries.   356 

 357 

 358 

Figure 3 – Comparison of the tuned model to experimental data using 𝐴𝑔 as the cathode catalyst 359 

material. The top row assumes that 𝐻2𝑂 is the proton donor for 𝐶𝑂2𝑅 to both 𝐶𝑂 and 𝐻𝐶𝑂𝑂− 360 

and features a) 0.4 𝑀 𝐾2𝑆𝑂4 as the catholyte and b) 0.4 𝑀 𝐾2𝑆𝑂4 + 0.08 𝑀 𝐾𝐻𝐶𝑂3 as the 361 

catholyte. The bottom row assumes that 𝐻𝐶𝑂3
− is the proton donor for 𝐶𝑂2𝑅 to 𝐶𝑂 and 𝐻2𝑂

 is 362 
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the proton donor for 𝐶𝑂2𝑅 to 𝐻𝐶𝑂𝑂− and features c) 0.4 𝑀 𝐾2𝑆𝑂4 as the catholyte and d) 363 

0.4 𝑀 𝐾2𝑆𝑂4 + 0.08 𝑀 𝐾𝐻𝐶𝑂3 as the catholyte. For all tests, the Ag/Vu loading was 0.5 mg cm-364 
2 and Nafion ionomer binder was used in the catalyst layer. The cell was operated at 60oC and 365 

the catholytes were fed to the cell at 40 ml min-1. 366 

  367 

A similar technique was employed to fit the kinetic parameters for the SnO2/Vu catalyst. 368 

Figure 4a shows the fitted results for the baseline 0.4 M K2SO4 catholyte chemistry, and Figure 369 

4b shows the results using the 0.4 M K2SO4 + 0.08 M KHCO3 catholyte. The fitted parameters, 370 

listed in Table 2, illustrate the delicate balance between kinetics and thermodynamics. On SnO2, 371 

the kinetics of the HCOO−  pathway are more facile compared to Ag, which allows the 372 

thermodynamic differences to dominate the catalyst’s performance. For example, on SnO2, the 373 

exchange current density of the CO pathway is more than 10 times greater than the HCOO− 374 

pathway, but the equilibrium potential for the HCOO− pathway is about 200 mV less negative. 375 

This leads to the effects observed in Figure 4 due to the nature of the Butler-Volmer kinetic model: 376 

while the exchange current densities provide a linear scaling effect, the overpotentials contribute 377 

to the exponential terms. Any cathode potential negative enough to drive appreciable HER or CO 378 

currents would result in a far greater overpotential for the HCOO− pathway. This is also why little 379 

benefit is observed upon switching to the catholyte containing HCO3
−, even though HCO3

− is the 380 

assumed proton donor in the model.  381 

 382 

Figure 4 – Comparison of the tuned model to experimental data using 𝑆𝑛𝑂2 as the cathode 383 

catalyst material featuring a) 0.4 𝑀 𝐾2𝑆𝑂4 as the catholyte and b) 0.4 𝑀 𝐾2𝑆𝑂4 +384 

0.08 𝑀 𝐾𝐻𝐶𝑂3 as the catholyte. The proton donor for 𝐶𝑂2𝑅 to both 𝐶𝑂 and 𝐻𝐶𝑂𝑂− is assumed 385 

to be 𝐻2𝑂. For all tests, the catalyst loading was 0.5 mg cm-2 and Nafion ionomer binder was 386 
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used in the catalyst layer. The cell was operated at 60oC and the catholytes were fed to the cell at 387 

40 ml min-1. 388 

 389 

4.2 Binder Material 390 

While most of the research in CO2R field has been focused on the catalyst development 391 

and modification, the role of the binder material in the catalyst layer is often neglected and less 392 

understood. It was proposed in the literature that the addition of the binders in the catalyst layer 393 

can improve the local CO2  availability and provide more catalytic active sites for CO2R.30,35,36 394 

However, few systematic investigations with ionomer binders of different fixed charges have been 395 

performed.  396 

Figure 5 shows the effect of the ionomer binder on the product distribution of Ag/Vu and 397 

SnO2/Vu catalysts using the 0.4 M K2SO4, pH = 7 catholyte. The main difference between each 398 

binder material is the sign of the fixed charges, with the notable difference that the PTFE binder 399 

is also significantly more hydrophobic than Nafion or PFAEM. PFAEM is a perfluorinated anion 400 

exchange polymer with high levels of ion exchange and membrane conductivity.52 The sign of the 401 

fixed charges dictates which ions are the most prevalent in the CCL. With the PFAEM binder, this 402 

means higher concentrations of HCO3
−, CO3

2−, HSO4
−, SO4

2−, and HCOO−; with the Nafion binder 403 

this means higher concentrations of K+ and H+. 404 

Figure 5a shows that, in the Ag/Vu electrodes, nearly 100% FE to CO was obtained when 405 

using the PFAEM binder. In contrast, less than 30% FE to CO was obtained using the Nafion 406 

binder. The choice of binder was not found to have any significant effect on the FE to HCOO−, as 407 

shown in Figure 5b. This means that the difference in performance is mostly attributable to a 408 

change in the H2 production, with Nafion producing much more H2. This suggests that the CO and 409 

HER reactions are competitive and sensitive to changes in the local environment, while the activity 410 

of the HCOO− pathway is much less (though nonzero). If the kinetics of the HCOO− pathway were 411 

comparable to the CO and HER reactions in the Ag/Vu electrodes, then the FE to HCOO− would 412 

see a similar increase using Nafion compared to PFAEM. In addition, although Nafion is typically 413 

thought of as an acidic environment, there are not enough free H+ for the acidic HER to proceed 414 

as shown in Eq. (8); the HER competing with CO production is assumed to proceed via Eq. (9). 415 

That is not to say that there is not a more nuanced HER pathway that takes adsorbed H(𝑎𝑑)
⦁  from 416 
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the CO2R process. This could be another mechanism for these reactions to compete and should be 417 

reconciled in future microkinetic studies.  418 

The product distributions for SnO2/Vu follow similar trends, but with smaller variations in 419 

performance. The FE to CO, shown in Figure 5c, is highest using PTFE and lowest using Nafion, 420 

but generally comprising 10%-20% of the overall FE at 500 mA/cm2. Figure 5d shows that similar 421 

amounts of HCOO− are made with Nafion and PFAEM binder, while PTFE shows slightly less FE 422 

to HCOO−. In general, however, the performance of SnO2/Vu with different binders is relatively 423 

consistent compared to the variations observed using Ag. This means that the kinetics of the 424 

HCOO−  pathway on SnO2 are facile enough to allow the effect of its higher thermodynamic 425 

potential to dominate the performance. The results of Figure 5 also demonstrate that, in general, 426 

the production rate of CO is more sensitive to the local environment than HCOO− using both 427 

Ag/Vu and SnO2/Vu electrodes. 428 

 429 

 430 

Figure 5 – FE of the a) CO and b) 𝐻𝐶𝑂𝑂− pathways as a function of current density using Ag, 431 

as well as the FE of the c) CO and d) 𝐻𝐶𝑂𝑂− pathways using SnO2/Vu. Different ionomer 432 
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binders were used in the catalyst layer: Nafion, PFAEM, and PTFE. The catalyst loading for 433 

Ag/Vu and SnO2/Vu was 0.5 mg cm-2, and 0.4 𝑀 𝐾2𝑆𝑂4, 𝑝𝐻 = 7 was used as the catholyte. The 434 

cell was operated at 60oC and the catholytes were fed to the cell at 40 ml min-1. 435 

 436 

The results of Figure 2 – Figure 5 show that the CO partial current density is the most 437 

sensitive to changes in the local environment with either Ag/Vu or SnO2/Vu catalyst. In particular, 438 

the prevalence of local HCO3
− appears to be a key factor. Adding KHCO3 directly increases the 439 

HCO3
− content, while raising the pH of the catholyte also has the indirect effect of also increasing 440 

the equilibrium concentration of HCO3
−  (up to about pH = 10).29 In addition, there should be 441 

higher HCO3
− concentrations in the  electrodes with PFAEM binder compared to that with Nafion 442 

binder. These three effects all combine to control the electrochemical microenvironment near the 443 

electrocatalyst surface. The additional presence of HCO3
− in the catholyte results in more HCO3

− in 444 

the catalyst layer. Although Nafion tends to repel anions, the aqueous ionic environment is strong 445 

enough to lower the permselectivity of the Nafion resulting in anions “leaking” into this layer. In 446 

contrast, the PFAEM binder tends to attract anions into the catalyst layer which naturally raises 447 

the local concentration of HCO3
−. As discussed before, the proton donor for CO pathway on Ag/Vu 448 

catalyst is proposed to be HCO3
−. This analysis explains the higher rates of CO production with the 449 

PFAEM ionomer shown in Figure 5a. 450 

To verify and demonstrate these  points, the model was used to interrogate species 451 

concentrations in the catalyst layer. First, the model was used to compute the partial current 452 

densities of the primary CO2R products using different binders. These results are shown in Figure 453 

6a for Ag/Vu and Figure 6b for SnO2/Vu, and include experimental data for further validation. The 454 

model captures the changing trends in CO production on Ag, while also confirming the relatively 455 

constant rate of HCOO− production on SnO2. It should be noted that the agreement of the model 456 

with the experimental data is not as good for the Ag:PTFE data as it is for the other binder 457 

materials. It is possible that PTFE changes the free energies associated with the elementary steps 458 

in ways that are not accounted for here. Another possibility is that the catalyst layer has a 459 

significantly different morphological properties, such as electrochemically active surface area or 460 

agglomerate structure that alters accessibility and electrocatalyst utilization. These properties were 461 

not able to be characterized for the present study, but remain an interesting area for future work, 462 

especially because the binder material has such a significant effect on the selectivity of Ag. 463 
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The extrinsic catalyst layer species distributions of HCO3
− and CO2(𝑎𝑞) at different current 464 

densities are shown in Figure 6c and Figure 6d, respectively. The extrinsic concentration refers to 465 

the number of moles per unit volume of catalyst layer (as opposed to moles per unit volume of 466 

solvent). In other words, the extrinsic concentrations include the effect of the local liquid water 467 

volume fraction. Figure 6c shows that the PFAEM CCL has a higher local concentration of HCO3
− 468 

than the Nafion. The PTFE binder has the lowest HCO3
− concentration, and hence the lowest 𝑖CO, 469 

mainly because of its hydrophobicity. These trends in HCO3
− concentrations are consistent with the 470 

trends in the experimental 𝑖CO in Figure 6a and it further confirms the previous discussion that 471 

HCO3
− plays an important role in the pathway of CO2R to CO on Ag. 472 

The aqueous CO2  concentration profiles are shown in Figure 6d. According to the 473 

mechanisms reported in the literature, the CO2R reactions proceed using aqueous CO2, which is 474 

less abundant if the volume fraction of water in the CCL is low. Therefore, while it is important to 475 

have a hydrophobic GDL to allow gaseous CO2 access to the catalyst layer, it is also important to 476 

have hydrophilic catalyst layers to allow for CO2  absorption and high local concentrations of 477 

reactants.  478 

 479 

 480 
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Figure 6 – Comparison of the tuned model to experimental data of the partial current densities 481 

of the 𝐶𝑂2𝑅 to a) 𝐶𝑂 on Ag/Vu catalyst and b) 𝐻𝐶𝑂𝑂− on 𝑆𝑛𝑂2 catalyst using different binder 482 

materials: Nafion, PFAEM, and PTFE. The catalyst loading for Ag/Vu and SnO2/Vu was 0.5 mg 483 

cm-2, and 0.4 𝑀 𝐾2𝑆𝑂4, 𝑝𝐻 = 7 was used as the catholyte. The cell was operated at 60oC and 484 

the catholytes were fed to the cell at 40 ml min-1. The modeling results of extrinsic local 485 

concentrations of c) 𝐻𝐶𝑂3
− and d) 𝐶𝑂2(𝑎𝑞) in the Ag/Vu catalyst layer with different binder 486 

materials. 487 

 488 

While both the catholyte composition and the binder material affect the product selectivity, 489 

Figure 7 suggests that the ionomer plays a more important role. As discussed in Figure 2, the FE 490 

to CO is strongly affected by the catholyte composition for the Ag:Nafion catalyst layer. In 491 

contrast, Figure 7a demonstrates that changing the catholyte composition has a negligible impact 492 

on the FE to both CO and HCOO− when PFAEM is used as the binder material. Figure 7b shows 493 

that the SnO2:PFAEM catalyst layer is similarly unaffected, though it should be noted that the 494 

selectivity of SnO2/Vu was already previously shown to be fairly constant. While the catholyte 495 

composition determines the concentrations of ions supplied to the cell, the binder material more 496 

intimately interacts with the solid catalyst particles and support, thereby dictating the local 497 

electrocatalyst environment and preventing the electrocatalyst from coming into direct contact 498 

with the flowing electrolyte. This phenomenon has been demonstrated several times for fuel cell 499 

environments.32,33,53 Through the Donnan exclusion effect, the binder material therefore plays a 500 

key role in the local ionic concentrations next to the reaction sites. The PFAEM ionomer attracts 501 

significantly higher concentrations of HCO3
−, so subsequent small changes in the catholyte matter 502 

less. This concept is further illustrated through previous publications where novel imidazolium-503 

based ionomers have been shown to improve the selectivity of CO2 to CO on Ag/Vu 504 

electrocatalysts for MEA type electrodes in the absence of a flowing catholyte.54   505 
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 506 

 507 

Figure 7 – The FE to CO and 𝐻𝐶𝑂𝑂− on a) Ag/Vu electrodes and b) SnO2/Vu electrodes with 508 

PFAEM as the binder using different catholyte compositions. A catalyst loading of 0.5 mg cm-2 509 

was used in all cases. The solid lines represent the FE to CO and the dashed lines represent the 510 

FE to 𝐻𝐶𝑂𝑂−. The cell was operated at 60oC and the catholytes were fed to the cell at 40 ml 511 

min-1. 512 

 513 

4.3 Modeling Insights 514 

To better visualize the coupled transport processes occurring during operation, the species 515 

concentrations can be plotted across the cathode and catholyte components. The results presented 516 

here are plotted along a 1D cross section 5 mm above the catholyte outlet. This is because the high 517 

aspect ratios of the cathode components (for example, the MPL and CCL domains are on the order 518 

of 10s of µm thick but 5cm long) make it difficult to directly view the 2D results. Full 2D plots 519 

along with other supplementary modeling results are presented in the SI, Figures S4 – S8. 520 

Figure 8 shows the species concentrations during operation at 500 mA cm-2 for a Ag/Vu 521 

electrode with Nafion as the binder material in the catalyst layer. For easier interpretation, Figure 522 

8a depicts the carbon-based species as well as OH−  while Figure 8b depicts the supporting 523 

electrolyte species as well as H+ . Concentration boundary layers can be observed at both the 524 

CCL|catholyte (for HCO3
−  and CO3

2− ) and catholyte|BPM (for K+ , H+ , HSO4
− , and SO4

2− ) 525 

boundaries. As CO2 is transported through the GDL and CCL, a series of 526 

protonation/deprotonation reactions take place, converting aqueous CO2 into HCO3
− and CO3

2−. In 527 

the CCL, depending on the CO2R reactions, some of the HCO3
− is consumed. Small amounts of 528 
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HCO3
− and CO3

2− also make their way into the catholyte and are swept out by convection. At the 529 

catholyte|BPM interface, the H+ coming from the BPM (due to water dissociation at the CEL|AEL 530 

interface) reacts with the SO4
2− being fed to the cell to form HSO4

−. Compared to its bulk value, K+ 531 

is also depleted near the catholyte|BPM interface to maintain electroneutrality. It should be noted 532 

that these reactions/boundary layers are localized near the BPM interface, which demonstrates one 533 

of the key functions of the catholyte: if the H+ were able to be transported all the way to the CCL, 534 

they would facilitate the acidic HER pathway. Due to the less negative standard potential for acidic 535 

HER, this reaction would likely begin to dominate, and the non-H2 FE would drop significantly. 536 

It was shown by Chen et al.12 that when there is no catholyte layer between the BPM and cathode 537 

GDE to block the H+ transport to cathode, H2 was the majority product on the cathode. Because 538 

the H+ concentration falls sharply and H+ do not approach the cathode surface, it is possible to 539 

reduce the thickness of the catholyte layer without reducing the CO2R efficiencies. This would be 540 

advantageous, because a thinner catholyte layer can lead to lower ohmic losses and therefore 541 

improve the energy efficiency of the system. However, it is worth noting that these results use an 542 

idealized 2D flow field, which may not be as accurate for the Z-shaped flow field (see Figure S2 543 

in the SI). Optimization of the flow field to provide adequate buffering properties while 544 

minimizing ohmic losses will be a useful area of future work.  545 

Figure 8 also demonstrates the accumulation of ions in the hydrated pores of the GDL and 546 

MPL, especially K+, HCO3
−, and CO3

2−. The direction of the net ionic current is oriented towards 547 

the negative x direction (from right to left). However, the positive charges that migrate into the 548 

GDL must be balanced by negative charges to maintain electroneutrality. The primary anions 549 

found in the GDL are HCO3
− and CO3

2− due to the protonation/deprotonation reactions that occur 550 

when CO2  is dissolved. Typically, such high concentrations of HCO3
−  and CO3

2−  would be 551 

unexpected in aqueous solutions near neutral pH because the CO2  protonation/deprotonation 552 

reactions need H+ or OH− to proceed. These ions can be produced either by consuming the OH− 553 

produced as a product of the the alkaline HER, Eq. (9), or by forming elsewhere in the cell and 554 

migrating to the GDL to accompany the K+. A zero ionic flux boundary condition is imposed at 555 

the leftmost boundary, which allows for the accumulation of the ions in the GDL. 556 
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 557 

Figure 8 – Modeled 1D cross sections of the aqueous species concentrations at 500 mA cm-2 558 

using a Ag:Nafion electrode and 0.4 𝑀 𝐾2𝑆𝑂4, 𝑝𝐻 = 7 catholyte; subfigures show zoomed in 559 

views of the concentrations in the catalyst layer.  560 

  561 

Figure 9 shows similar results as Figure 8 except using a Ag:PFAEM CCL. Due to the 562 

positive fixed charges in the PFAEM material, we can see that the anionic species show increasing 563 

jumps in their concentrations at the CCL boundaries, whereas Figure 8 showed increasing jumps 564 

for the cationic species. Notably, CO3
2− is seen to be the primary charge carrier in the CCL when 565 

the PFAEM ionomer is used, compared to K+ in the Nafion CCL (Figure 9b). Overall, the HCO3
− 566 

profile is similar to the one observed for the Nafion CCL except its concentration roughly 3 times 567 

higher in the CCL with the PFAEM binder (as was previously noted in Figure 6). Other than these 568 

differences, the species concentrations in Figure 9 look largely similar to those shown in Figure 8, 569 

especially in the GDL and catholyte regions. This demonstrates the importance of controlling the 570 
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local catalyst layer environment: subtle changes at very small scales can completely change the 571 

performance of a cell architecture which is otherwise identical.  572 

 573 

 574 

Figure 9 – Modeled 1D cross sections of the aqueous species concentrations at 500 mA cm-2 575 

using a Ag:PFAEM electrode and 0.4 𝑀 𝐾2𝑆𝑂4, 𝑝𝐻 = 7 catholyte; subfigures show zoomed in 576 

views of the catalyst layer. 577 

 578 

 Figure 10 shows the 1D species distributions for the SnO2/Vu catalyst layer using Nafion 579 

as the binder. The boundary layers of HCO3
− and CO3

2− at the CCL|catholyte interface are similar 580 

to those seen in Figure 8 and Figure 9, except that here there is also a significant amount of HCOO−, 581 

the primary product of SnO2. This may present an additional challenge for the electrochemical 582 

production of HCOO−. Because it is an aqueous product, it will coexist with half a dozen or more 583 

other ionic/molecular species in the effluent. Subsequent separation processes are required to 584 

capture and store the pure product. 585 
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 586 

 587 

Figure 10 – Modeled 1D cross sections of the aqueous species concentrations at 500 mA cm-2 588 

using a SnO2:Nafion electrode and 0.4 𝑀 𝐾2𝑆𝑂4, 𝑝𝐻 = 7 catholyte; subfigures show zoomed in 589 

views of the catalyst layer. 590 

 591 

5. Conclusions 592 

This study examined potential avenues to control the electrocatalyst environment through 593 

modifications to the catholyte and catalyst layer binder. Two electrocatalysts, Ag/Vu and SnO2/Vu, 594 

were investigated and responded differently to changes in the local environment. Both the Ag/Vu 595 

and SnO2/Vu catalysts exhibited significantly higher selectivity for the CO2R to CO as the pH of 596 

the catholyte was increased and as the HCO3
− concentration of the catholyte was increased. In 597 

addition, the selectivity of the CO2R to CO was higher on the Ag/Vu electrocatalyst when using a 598 

PFAEM ionomer binder compared to both Nafion and PTFE binders. These results provide new 599 

evidence in support of the hypothesis that HCO3
− plays an important role in the CO2R to CO at 600 
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intermediate pH. It was also demonstrated that binder composition can supersede the catholyte 601 

effect: when the PFAEM binder was used, no major changes in the CO2R products FE were 602 

observed when the catholyte composition was changed.  603 

The SnO2/Vu catalyst was shown to be less susceptible to changes in the catholyte and 604 

binder compositions. However, it should be noted that the selectivity of SnO2/Vu for the CO2R to 605 

HCOO−  is also generally higher than the selectivity of Ag/Vu for the CO2R  to CO. The 606 

thermodynamic potential for the CO2R to HCOO− is less negative than the CO and HER pathways 607 

(due to the respective proton source, H2O for the HCOO− pathway and HCO3
− for the CO pathway) 608 

which affects the partial current much more strongly than the changes to the local CCL 609 

environment. Therefore, while small changes to the FE were observed for different catholytes and 610 

binders, the performance was relatively consistent over the range of conditions studied.  611 

A 2D transport model was also developed to provide additional insight to the system. The 612 

modeling results illustrate the dominant effect of ionomer/electrocatalyst interface design by 613 

considering the Donnan exclusion effect stemming from the sign of the fixed charges in the 614 

ionomer. In addition, the model results demonstrate that variations in the species concentrations 615 

inside the catholyte are localized to ~200 μm  near the boundaries. Visualizing the species 616 

concentrations in the vicinity of the CCL and BPM boundaries can provide a better understanding 617 

of how the cell components function in a complex ionic environment.  618 

These insights further the progress towards the optimization of CO2R systems with high 619 

efficiencies. To support high current density operation, the dependence on resistive catholyte 620 

layers must be phased out as they result in substantial ohmic losses. Knowing that the ionomer 621 

binders dictate the local environment in the catalyst layer for CO2R, a logical next step will be to 622 

develop novel ionomer materials to achieve even more control over the local CL environment. In 623 

addition, it would be interesting to see these results combined with direct catalyst surface 624 

modification approaches to achieve even higher FEs and higher current density operation. Future 625 

work should make every effort to combine these approaches and try to remove the catholyte layer 626 

altogether.  627 

 628 

List of Symbols  

𝑐𝑘 Molar concentration of species “k”, mol m-3 

E0 Standard Potential, V vs. SHE 
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F Faraday’s constant, 96485 C mol-1 

𝐻𝑐𝑐 Dimensionless Henry’s law solubility 

𝑖0,𝑘 Exchange current density of reaction “k”, A m-2 

𝑖𝑘 Partial current density of reaction “k”, A m-2 

𝐽𝑘 Molar flux of species “k”, mol m-2 s-1 

𝑝 Partial pressure, Pa 

R Gas constant, 8.314 J mol-1 K-1 

T Temperature, ℃ 

𝑢⃗  Velocity, m s-1 

Abbreviations  

AEL Anion Exchange Layer 

BPM Bipolar Membrane 

CL Catalyst Layer 

CCL Cathode Catalyst Layer 

CEL Cation Exchange Layer 

CO2R CO2 Reduction 

DI Deionized 

FE Faradaic Efficiency 

GDE Gas Diffusion Electrode 

GDL Gas Diffusion Layer 

HER Hydrogen Evolution Reaction 

MPL Microporous Layer 

PFAEM Perfluorinated Anion Exchange Membrane 

PTFE Polytetrafluoroethylene 

Greek  

𝛼 Transfer coefficient 

𝜙𝐼 Electrostatic potential in ion-conducting phase 

𝜂𝑘 Overpotential of reaction “k” 
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