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Abstract:  
Carbon monoxide electrolysis is a potential bridge between CO2-to-CO technologies and 
renewable C2+ platform chemicals, but CO reduction (COR) cathode performance must improve 
to advance these systems. A key challenge is designing COR catalyst layers on gas diffusion 
electrodes with adequate electron, ion, and gas transport for high current densities. Here we study 
the effects of Cu domain size and loading in catalyst layers composed of Cu nanoparticles and 
PTFE gas transporting domains. Using a special ink solvent that stably disperses PTFE, we 
optimize the PTFE content to create catalyst layers with networks of ~5 µm wide Cu nanoparticle 
domains. Such layers provide favorable COR transport properties even at very high Cu loadings, 
which reduces the COR overpotential. In a 24-hour electrolysis, an optimized Cu/PTFE electrode 
achieves a 73.5% single-pass conversion efficiency at 200 mA cm–2 and 2.13 V with 76% Faradaic 
efficiency for COR, including 18% for propanol.  
“TOC Graphic.” 

  
The rapid growth of renewable electricity has greatly increased efforts to develop CO2 and CO 
electrolysis for the production of chemicals and fuels that are currently derived from fossil 
resources. The cathode performance for the CO2 or CO reduction reactions (CO2R and COR) is a 
key determinant of the energy and carbon efficiency of these systems. CO2R and COR catalyzed 
by Cu materials are of particular interest because they generate platform C2+ products such as 
ethylene, propanol, ethanol, and acetate.1–4 The ability to perform these reactions at high current 
densities while minimizing the overall cell voltage at steady-state is essential for advancing 
electrochemical C2+ production toward commercial application. 
Alkaline electrolytes minimize the overpotentials CO2R and COR with Cu catalysts because the 
electrochemical reaction rates depend on the electron driving force but not the proton activity. 
However, alkaline conditions cannot be maintained at steady state for CO2R because the 
thermodynamically favorable and rapid reaction between CO2 and OH– to form (bi)carbonate 
(HCO3– and CO32–) drives the system to near-neutral pH.5–7 Both the cathode and anode 
overpotentials are very high at near-neutral pH, imposing a large voltage penalty on the cell.8 In 
addition, a large fraction of the input CO2 ends up being released at the anode as a mixture with 
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O2.9 All reported steady state cell voltages for CO2 reduction to C2+ products using gas diffusion 
electrodes (GDEs) exceed 3.5 V at current densities ≥200 mA cm-2.10–12  
Because CO reacts with OH– very slowly,13 alkaline pH can be maintained at steady state in COR, 
which is beneficial for the cell voltage. A two-step process using a solid oxide electrolyzer to 
convert CO2 to CO followed by COR to generate C2+ products is a promising alternative to direct 
CO2R.14 The electric power consumption of a commercial solid oxide cell operating in tandem 
with a 2–2.5 V CO electrolysis cell would be substantially lower than a direct CO2 electrolysis cell 
operating at 3–3.5 V (Figure S1).15  
While much progress has been made for CO electrolysis in the past several years,16–21 further 
improvements in energy efficiency, rate, and selectivity are needed to demonstrate its value for 
C2+ production. One simple approach to decreasing the COR overpotential is to increase the 
catalytically active Cu surface area. The Cu catalyst in a COR GDE is typically in the form of 
nanoparticles. While more intricate nanostructuring can be used to increase the surface area per 
mass, it is difficult to create high surface area nanostructures that are stable under GDE electrolysis 
conditions. It is therefore critical to develop ways to increase the catalyst loading (mass per 
electrode area) while ideally maintaining the same catalytically active surface area per mass.  
Unfortunately, simply loading more catalyst nanoparticles on a GDE can readily increase 
selectivity for the hydrogen evolution reaction (HER) at the expense of COR or CO2R.22 Under 
the conditions of electrolysis, the Cu nanoparticles in the catalyst layer are wetted with a thin layer 
of electrolyte or fully submerged in electrolyte (flooded).23,24 At a low loading, the catalyst layer 
is thin, so the maximum diffusion length for CO molecules (δCO) through electrolyte to reach the 
Cu surfaces distal from the GDE is short (Figure 1a). In this scenario, CO molecules can rapidly 
diffuse to all Cu surfaces in the catalyst layer to be reduced. At a high loading, however, the 
catalyst layer is thicker, which increases δCO. CO must therefore diffuse a longer distance to reach 
the Cu surfaces furthest away from the GDE. The flux of CO to this region of the catalyst layer is 
therefore small, which starves it of CO at high current densities and causes it to switch to HER 
catalysis (Figure 1b). These transport gradients are much steeper in catalyst layers performing 
COR than CO2R because CO is ~30´ less soluble in water than CO2. Hydrophobic components 
(such as PTFE or ionomers) can be added to the catalyst layer to improve gas transport and thereby 
enable the use of a higher catalyst loading for COR or CO2R.11,25–31 If the hydrophobic domains 
are porous and well dispersed, they provide a path for CO transport to the catalyst furthest from 

 
Figure 1: Schematic depictions of the transport of CO and electrons through various catalyst 
layers containing a, low Cu loading b, high Cu loading, and c, high Cu loading with gas 
transporting PTFE domains.  
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the GDE (Figure 1c). In these catalyst layers, the size of the Cu domains dictates δCO because CO 
must dissolve in the electrolyte and diffuse from the edge of the hydrophobic domain to the center 
of the catalyst domain to reach the most distal regions. Therefore, catalyst domain size likely plays 
a key role in determining COR selectivity in thick catalyst layers. 
The catalyst domain sizes can in principle be controlled by varying the PTFE content relative to 
the catalyst nanoparticle content in the ink dispersion. However, PTFE does not form a stable 
dispersion with typical ink solvents, which results in large PTFE agglomerates after deposition32 
and a wide range of catalyst domain sizes. PTFE contents in COR or CO2R GDE catalyst layers 
are typically limited to <30 wt%27,31 unless the ink is stabilized with surfactants or Nafion,25,26,30 
but these additives can reduce the catalyst layer’s hydrophoicity.32 The use of additional ink 
components such as Nafion also adds complexity to the catalyst layer, making it challenging to 
isolate the effects of catalyst domain size on transport and overall performance.  
Here, we describe a way to control the Cu domain size in GDE catalyst layers by using a solvent 
mixture to create PTFE dispersions in catalyst inks that are sufficiently stable for spray deposition. 
By adjusting the PTFE content, we find that catalyst layers with a network of ~5 µm wide Cu 
domains surrounded by hydrophobic domains provide sufficient gas, ion, and electron transport to 
enable high catalyst loadings without sacrificing selectivity. Further decreasing the Cu domain size 
results in electrically isolated regions of catalyst that increase cathode overpotentials, while larger 
domains become CO transport limited. With optimized catalyst domain size, the loading of Cu can 
be increased >10´ compared to a Cu-only catalyst layers, which decreases the COR overpotential 
by 150 mV. At 8 bar CO pressure in a zero-gap cell, a Cu/PTFE electrode produced 18% propanol 
at an applied current density of 200 mA cm–2 and a cell voltage of 2.13 V. This performance was 
stable over a 24 h electrolysis and is the lowest reported steady-state cell voltage for COR at a 
current density ≥200 mA cm–2. Our results provide design strategies to optimize the architecture 
of the GDE catalyst layer for high-performance COR. 
Preparation and characterization of Cu/PTFE catalyst layers 
To vary the catalyst and hydrophobic domain sizes in GDE catalyst layers over a wide range, we 
developed an ink that stably disperses PTFE. Isopropanol is commonly used as a solvent for GDE 
catalyst inks, but at high loadings PTFE nanoparticles rapidly crash out of isopropanol 
suspensions. For example, PTFE nanoparticles begin to crash out of a freshly prepared 8 mg ml–1 
suspension in isopropanol in less than 30 s (Figure S2). tert-butyl alcohol (t-BuOH) is more 
hydrophobic than isopropanol, making it a good candidate for forming a stable PTFE suspension. 
While t-BuOH is a solid at room temperature, its freezing point can be depressed by adding 
isopropanol. We found that sonicating PTFE particles in 1 M isopropanol in t-BuOH in an ice bath 
creates suspensions that are stable for >3 min (Figure S2). It is important to perform the sonication 
at low temperature to avoid thermal degradation of the PTFE particles. We therefore prepared 
Cu/PTFE catalyst inks by sonicating Cu nanoparticles (NPs) and PTFE particles in cold 1 M 
isopropanol in t-BuOH. The inks were used immediately in a custom spray deposition system to 
deposit catalyst layers on GDE electrodes.   
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A series of electrodes were prepared in which the catalysts layers contained 33%, 50%, 67% and 
75% PTFE by mass, with Cu NPs making up the mass balance (Cu/PTFE GDEs). Electrode cross 
sections were prepared using an Ar mill and characterized by scanning electron microscopy (SEM) 
and energy-dispersive X-ray spectroscopy (EDS). The SEM images were colorized using the EDS 
images to differentiate the Cu and PTFE textures (Figures S3-S5). The cross sections reveal that 
the size of the Cu domains decreases as the PTFE loading is increased (Figures 2 and S3-S6). 
With 33% PTFE, most of the catalyst domains span 10s of µm. The 50% and 67% PTFE electrodes 
show a mixture of large (>10 µm) and small (<5 µm) domains, whereas for the 75% PTFE 
electrode all imaged Cu domains are <5 µm across. The electrodes containing 33 – 67% PTFE 
have networks of Cu connected throughout the catalyst layer. While many Cu domains in the 75% 
PTFE electrode are connected and well dispersed, there are some clusters of Cu that appear to be 
isolated, which would render them electrochemically inactive. We note that the absence of pores 
in the observed PTFE domains in Ar-milled samples is likely a result of PTFE melting during Ar 
milling. Characterization of a Cu/PTFE GDE sectioned using a microtome revealed large pores in 
the PTFE domains, which are beneficial for gas transport. (Figures S7-S8).  

Effects of PTFE loading on electrochemical performance 
To assess the effects of Cu domain size on COR performance, the Cu/PTFE GDEs electrodes with 
varying PTFE content were evaluated in stepped-current electrolysis using our previously reported 
gas diffusion cell.17 The Cu loading of each electrode was held constant at ~1000 µg cm–2 and the 
total geometric current density (jtot) was varied between 60 mA cm–2 and 250 mA cm–2. CO was 
delivered through an interdigitated flow field to the GDE at 1 sccm, and 1 M NaOH was flowed 
over the front face of the GDE at 150 µL min–1. Humidified N2 supplied a Nafion membrane 
electrode assembly (MEA) anode performing water oxidation at the counter electrode (See Figure 
S9A for electrolysis set-up). Cathode potentials were iR compensated using impedance 
spectroscopy (Figure S10). 
The electrolysis results demonstrate that PTFE content is critical for optimizing COR performance. 
At a PTFE loading of 33%, the FE for COR (including all products) was 66% at jtot = 60 mA cm–
2 but declined in favor of H2 evolution as jtot was increased (Figure 3a). At jtot ³ 60 mA cm–2, 
bubble generation in the catholyte caused noise in the voltage trace (Figure S11). At 50% PTFE, 
the COR FE reached a peak of 85% at jtot = 80 mA cm–2 before decreasing at higher current 
densities. Full product distributions are shown in Figure S12. Tafel plots of the geometric current 
density for COR to all products (jCO) vs cathode potential are shown in Figure 3b. For the 33% 

 
Figure 2: Colorized cross sectional SEM images of Cu/PTFE GDEs with a, 33%, b, 50%, c, 
67%, and d, 75% PTFE by mass in the catalyst layer.  
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and 50% PTFE electrodes, the Tafel plots deviate from linearity at jCO >100 mA cm–2, which 
implies a CO mass transport limitation in this regime. Increasing the PTFE loading to 67% 
improved the performance, increasing the COR FE at jtot ≥100 mA cm–2 and extending the linear 
range of the COR Tafel plot to jCO = 150 mA cm–2. Increasing the PTFE loading to 75% resulted 
in similar selectivity to 67% PTFE (Figure 3a), however the Tafel plot shifted to more negative 
cathode potentials, meaning that this electrode has a larger COR overpotential compared to the 
lower PTFE loadings (Figure 3b). 

 
The PTFE dependence of COR performance combined with the cross-sectional electrode images 
support a model in which the Cu domain size affects CO transport to the catalyst surface and the 
catalytically active Cu surface area (Figure 3c). At PTFE loadings ≤50%, many of the Cu domains 
are too large (>10 µm) to allow for effective CO transport into the center of the domains. At high 
jtot, the inner portions of these domains (distal from the hydrophobic domains) are therefore starved 
of CO and instead perform HER, which lowers the COR FE. At PTFE ≥75%, there are no large 
Cu domains but some of the Cu domains are electrically insulated from the GDE (Figure 2d), 
which lowers the catalytically active Cu surface area and therefore increases the overpotential (see 

 
Figure 3: Effect of PTFE content on COR performance. a, COR FE (all products) vs total current 
density and b, COR Tafel plots for Cu/PTFE GDEs containing various PTFE loadings with a 
fixed Cu loading of 1000 µg cm–2. c, Schematic representation of CO and electron transport 
through Cu domains with varying size in Cu/PTFE electrodes.  
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Note S2 for further discussion). A 67% PTFE loading provides small enough Cu domains to allow 
effective CO transport to all the Cu surfaces while still maintaining electrical connectivity between 
all the domains (Figure 3c).  
 

Effect of Cu loading on electrochemical performance 
We next tested the Cu loading depedence of COR performance using the optimized PTFE content. 
A series of Cu/PTFE GDEs were prepared with 67% PTFE and various Cu loadings. At fixed 
PTFE content, increasing the Cu loading corresponds to increasing the catalyst layer thickness. 
Cross-sectional SEM of an electrode with a Cu loading of 1400 µg cm–2 revealed a total catalyst 
layer thickness of ~50 µm with ~5 µm Cu domains that were well connected throughout the entire 
layer (Figure 4a). Three electrodes with Cu loadings of 740, 1030, and 2860 µg cm–2 were 
evaluated in stepped current electrolysis under the same conditions described above (Figures 4b-
d and S13-S16). An electrode containing 4000 µg cm–2 Cu was also prepared, but the catalyst 
layer was mechanically unstable due to its thickness and cracked during the electrode preparation 
process. As seen in the COR Tafel plots (Figure 4b), increasing the Cu loading across this series 
reduces the COR overpotential by ~70 mV. The electrodes show similar COR FE at moderate 
current densities, reaching 83-88% at jtot = 100 mA cm–2 (Figure 4c). At the higher jtot steps, the 
COR FEs for the 740 and 1030 µg cm–2 electrodes decline, whereas the 2860 µg cm–2 electrode 
maintains 87-88% FE at 150 and 200 mA cm–2 before declining slightly to 81% at the 250 mA 

 
Figure 4: Effect of Cu loading on COR performance. a, Colorized cross-sectional SEM of a 
67% PTFE electrode containing 1400 µg cm–2 Cu. b, COR Tafel plots, c, COR FE (all products) 
vs total current density and d, propanol FE vs total current density for Cu/PTFE GDEs with 
67% PTFE containing various Cu mass loadings. e, Cross sectional SEM of a Cu / GDE 
containing 520 µg cm–2 Cu. f, COR Tafel plot, g, COR FE and h, propanol FE for Cu / GDEs 
(no PTFE) containing various Cu mass loadings. 
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cm–2 step. These results demonstrate that adding more Cu with 67% PTFE increases the Cu surface 
area that is electrochemically active for COR. Thus, even Cu/PTFE GDE catalyst layers that are 
several 10s of µm thick provide CO transport to all the Cu domains.   
The difference in COR FE at high jtot between the highest and lower Cu loading electrodes can be 
explained by considering the surface area normalized (specific) current densities. The lower 
loading electrodes experience a higher specific current density, which leads to a larger CO 
concentration gradient within domains. At high jtot, the interior portions of the Cu domains in the 
740 and 1030 µg cm–2 electrodes are depleted in CO and start to favor HER, whereas the CO 
gradients are less pronounced for the 2860 µg cm–2 electrode, which allows it to maintain a much 
higher COR FE. Increased HER activity at high specific current density has been shown in CO2 
reduction studies.33 
Remarkably, the 2860 µg cm–2 electrode operates at 79.1% single-pass CO conversion at jtot = 250 
mA cm–2 (Table S1). The small drop in COR FE at this current density, and the associated 
deviation from linearity in the Tafel plot, result from CO depletion because of this high conversion. 
Increasing the CO flow rate from 1 to 5 sccm boosts the COR FE at 250 mA cm–2 (Figure S17). 
The ability to achieve high single-pass conversion at elevated current density is critical for 
minimizing the energy demand of product purification.34  
The Cu loading also affects the selectivity among the various CO reduction products, which are 
primarily ethylene, propanol, and ethanol. Interestingly, increasing the Cu loading increases the 
FE for propanol with a commensurate decrease in the FE for ethylene (Figures 4d, S16B, and 18). 
This result is likely a consequence of the lower cathode overpotential at higher catalyst loading 
and is consistent with potential-dependent selectivity observed previously for Cu materials.17,35 
Increasing the catalyst surface area by increasing the catalyst loading is a potentially facile route 
to increase the propanol selectivity and decrease the cathode overpotential. 
For comparison, we also evaluated the COR performance of a series of electrodes with no PTFE 
in the catalyst layer containing 100, 330, and 530 µg cm–2 Cu (Cu-only GDEs; see Supporting 
Information for preparation procedures). The data for these experiments is shown in Figures 4f-h 
and S19-S21. Increasing the catalyst loading in these Cu-only GDEs incurs selectivity losses and 
stability issues. For the 100 µg cm–2 Cu electrode, the total COR selectivity is 85-93% up to jtot 
=200 mA cm–2 because the thin catalyst layer at this low loading permits rapid CO transport 
(Figure 4g). However, methane is produced at jtot >100 mA cm–2 with these electrodes (Figure 
S21A). Methane is a potent greenhouse gas which would substantially decrease the value of the 
product stream. Increasing the electrode loading to 330 µg cm–2 Cu reduces the CO reduction 
overpotential by 60-70 mV at low current density (Figure 4f). However, at this loading, the 
cathode potential is unstable at jtot ≥200 mA cm–2 because of increased H2 evolution off the front 
face of the electrode (Figures S20A and S21B).  Further increasing the loading to 530 µg cm–2 
results in COR selectivity losses (Figures 4g and 4h) and unstable voltage (Figure S20B) at jtot 
≥80 mA cm–2. These results suggest that CO transport is substantially impeded through a catalyst 
layer containing only 530 µg cm–2 Cu, which is only ~5 µm thick (Figure 4e). Interestingly, the 
67% PTFE catalyst layers contain many catalyst domains that are ~5 µm in diameter, yet they 
exhibit high COR selectivity. The difference is that CO can approach the center of a domain from 
multiple sides in a Cu/PTFE catalyst layer and therefore the diffusion length is shorter than for a 
Cu-only electrode. These results demonstrate that hydrophobic domains are beneficial for 
managing the transport of gas, ions, water, and electrons for catalyst layers >5 µm thick.  
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Evaluation in zero-gap cell 
To assess the full cell performance with Cu/PTFE GDEs, we performed experiments using our 
previously reported zero-gap cell (Figure S9b).17 In the zero-gap cell, there is no catholyte and the 
cathode is in direct contact with an ion-transporting membrane, which decreases ion transport 
resistance in the cell and allows the cathode side to be pressurized with CO. Liquid products 
generated during electrolysis either diffuse out of the catalyst layer through hydrophilic pores in 
the GDE and exit the cell through the cathode flow field or are transported across the membrane 
into the anolyte. Liquid products that are collected off the cathode are more concentrated than what 
is produced in a cell with a flowing catholyte. 

  

 
Figure 5: a, Total cell voltage and b, H2 Faradaic efficiency vs time for 24 h electrolysis in a 
zero-gap cell at 200 mA cm–2 at various pressures. The electrolyte was 2 M NaOH and the CO 
flow rate was 1 sccm. c, Net product distributions for the zero-gap cell electrolysis at various 
pressures vs the average cell potential. 20-35 mA cm–2 of current is unaccounted for in these 
experiments, which is likely due to ethanol produced at the cathode being oxidized to acetate 
at the anode. d, Percentage of liquid product crossover from the cathode to the anolyte. Acetate* 
and propanol* represent the product recovered in the anolyte stream. The electrodes used for 
these experiments contained 67% PTFE and 2300 µg cm–2 Cu. 
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Zero-gap cells were assembled using 67% PTFE Cu/PTFE GDEs with ~2350 µg cm–2 Cu loading 
and a NiFeOH-coated Ti foam anode. Because the GDEs are very hydrophobic, rapid water 
transport from the anolyte is required to induce cathode wetting. Water transport through an anion 
exchange membrane such as Fumasep FAA 3-50 was too sluggish to wet the cathode, resulting in 
high initial cell voltages (> 5V). Therefore, Nafion 212 was used as the ion exchange membrane 
because of its high-water permeability. Electrolysis was performed galvanostatically for 24 h at 
200 mA cm–2 with CO flowing at 1 sccm through the cathode block and 2 M NaOH recirculating 
through the anode. The data for these experiments are shown in Figure 5 and S22.  
At 1 bar CO, the full cell voltage declined for the first few hours but then gradually increased to 
reach a plateau value of ~2.23 V (Figure 5a). The FE for H2 was initially ~14% but rose to ~36% 
by the end of the experiment (Figure 5b). These results suggest that some hydrophobic pores in 
either the catalyst layer or the microporous layer of the GDE fill with liquid products over the 
course of the electrolysis, impeding CO transport to Cu domains (see below).36 The product 
distribution averaged over the 24 h experiment is shown in Figure 5c and S22. Ethylene (39% FE) 
and acetate (16% FE) were the major CO reduction products, along with propanol (4% FE) and 
small amounts of ethanol and allyl alcohol.  
We note that 75-80% of the propanol and 40-45% of the acetate generated in this zero-gap cell are 
recovered in the anolyte stream due to liquid product transport across the Nafion membrane 
(Figures 5d and S22-S24). Anodic oxidation of propanol and ethanol result in propionate and 
additional acetate formation, which accounts for 20-35 mA cm–2 of the “missing” current density 
in Figure 5c (See Note S3 for details). Catalytic oxidation of alcohols on NiFeOH has been 
previously demonstrated in COR cells.21 Increasing the thickness of the Nafion membrane resulted 
in modest reduction of alcohol crossover, but at a ~200 mV greater cell voltage (Figure S26). 
Alcohol crossover through ion exchange membranes is a well-known problem in both the fuel cell 
and CO2 electrolysis literature.21,37–40 Innovations in membrane technology or electrolysis cell 
design will be necessary to generate concentrated alcohol streams from CO2 or CO electrolysis.41–
44   
Increasing the CO pressure to 4 bar lowered the average cell voltage to 2.08 V, the lowest cell 
voltage reported to date for COR at jtot ≥200 mA cm–2 (Table S2), and increased the overall 
selectivity for COR (Figures 5a and 5c). The higher pressure also changed the COR product 
distribution such that the FE for propanol increased to 19%. This result demonstrates that the 
selectivity depends on the CO concentration in the electrolyte wetting the catalyst particles at a 
fixed CO flow rate. Further increasing the CO pressure to 8 bar did not substantially change the 
propanol FE, but slightly increased the overall liquid product selectivity. At 4 bar, the single-pass 
conversion was 70%, which increased to 73.5% at 8 bar (Table S3). 
Increasing CO pressure also improves the stability of the electrolysis (Figures 5a and 5b). At 4 
bar CO, the cell voltage increased by only 30 mV over 24 h; the H2 FE was only 7% initially and 
increased to 13%. At 8 bar CO, the cell voltage and H2 FE only increased by 10 mV and ~2% 
respectively. The slower rate of HER increase at elevated pressure is likely because increased CO 
pressure prevents liquid product permeation into the hydrophobic gas transporting pores.  The cell 
voltage for the experiment at 8 bar was 2.13 V, ~50 mV higher than 4 bar, but this difference may 
be caused by variability in anode performance (Figure S27). These results highlight the voltage, 
selectivity, and stability benefits from operating a zero-gap cell at elevated CO pressure.   
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In summary, our results demonstrate the importance of controlling domain sizes in COR catalyst 
layers containing Cu and hydrophobic components to access layers with high Cu loadings that 
transport electrons, ions, and CO effectively. The benefits of such catalyst layers include reduced 
overpotential, voltage stability, high COR vs HER selectivity at high current density and single-
pass CO conversion, and no methane formation. Reduced overpotential favors oxygenates, 
including high-value products such as propanol, but addressing membrane crossover is necessary 
to make these syntheses viable. Further development of catalyst ink formulations may enable the 
preparation of layers with even smaller Cu domains and consequently higher active surface area 
without compromising electrical conductivity, which could further improve COR performance.  
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