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Abstract 

Electrochemical CO2 reduction (ECR) promises replacement of fossil fuels as the source of 

feedstock chemicals and seasonal storage of renewable energy. While much progress has been 

made in catalyst development and electrochemical reactor design, few studies have addressed the 

effect of catalyst integration on device performance. Using a microfluidic gas diffusion 

electrolyzer, we systematically studied the effect of thickness and morphology of electron-beam 

(EB) and magnetron-sputtered (MS) Cu catalysts coatings on ECR performance. We observed that 

EB Cu outperforms MS Cu in current density, selectivity, and energy efficiency, with 400 nm thick 

catalyst coatings performing best. The superior performance of EB Cu catalysts is assigned to their 

facetted surface morphology and sharper Cu/gas diffusion layer interface which increases their 

hydrophobicity. Tests in a large scale zero-gap electrolyzer yielded similar product selectivity 

distributions with an ethylene Faradaic efficiency of 39% at 200 mA/cm2, demonstrating the 

scalability for industrial ECR applications.  

 

Introduction 

Coupling electrochemical conversion of the greenhouse gas CO2 with renewable electricity 

sources such as solar and wind promises carbon-neutral production of high-demand chemicals and 

transportation fuels for a high-productivity and sustainable future.1-2 This technology becomes 

increasingly competitive as prices of electricity from renewable energy resources continue to 

decrease.2-3 Potential products of the electrochemical CO2 reduction reaction (eCO2RR), such as 

ethylene, ethanol, and acetic acid, can be used to feed industrial chemical process lines and power 

vehicles.1-2, 4 At the same time, eCO2RR provides an economical pathway for large-scale, seasonal 

storage of intermittent renewable electric energy. Much work has been devoted to developing more 
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efficient electrochemical membrane reactor designs and catalyst materials.5-13 Both micro-fluidic 

and zero-gap gas diffusion electrolyzer designs have shown great potential for realization of high 

current density eCO2RR by directly delivering the reactant CO2 to the catalyst in the gas phase.9, 

14-17 The four orders of magnitude higher diffusivity of CO2 gas (16 mm2/s) compared to CO2 in 

an aqueous solution (0.0016 mm2/s) effectively mitigates mass transport limitations.18 These 

reactor designs require good control of the interface between the catalyst, electrolyte, and 

membrane because the overall performance of the CO2 electrolyzer is largely influenced by the 

nature of these interfaces. For instance, a low hydrophobicity of the electrode-electrolyte interface 

likely causes flooding issues thus preventing the reactant (i.e., CO2 gas) from reaching the catalyst 

for the reaction.9 Many of the electrodes used in electrolyzer studies are fabricated through the 

deposition of the catalyst onto a porous carbon paper commonly known as the gas diffusion layer 

(GDL). The GDL consists of a fibrous backing for efficient mass transport and a microporous 

carbon layer as catalyst support. Both layers contain polytetrafluoroethylene (PTFE) to increase 

hydrophobicity for reducing the risk of flooding. Replacing the carbon backing by a PTFE layer 

and tuning the PTFE content in the microporous layer have both been used to further improve the 

GDL’s flooding resilience.9 

So far, copper and its alloys remain the only catalysts that have been demonstrated to efficiently 

convert CO2 into multi-carbon (C2+) products, such as ethylene, ethanol, acetate, and propanol. 

Previous studies focused primarily on understanding the effect of the copper catalyst morphology 

and composition on the eCO2RR performance.5, 7, 10, 19-26 Compared to catalyst and electrolyzer 

design, far fewer studies have addressed catalyst integration despite its critical importance on 

overall device performance and electrolyzer size upscaling. Hand, screen, spray, and inkjet 

painting are frequently used methods for applying the catalyst coating on the GDL or the 
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electrolyzer membrane.27-29 While all these methods are scalable towards larger electrodes and 

generally can provide good thickness and uniformity control (with exception of hand brush 

painting), they require development of suitable and stable particle-based ink systems. Furthermore, 

the particle character of the resulting catalyst coatings can cause poor electrical connectivity and 

mechanical properties. For example, Kenis et al.28  reported on the effect of ink slurry deposition 

on eCO2RR performance, comparing hand painting, air brushing, and screen printing methods. 

But despite critical importance for industrial applications, few studies have systematically 

addressed the effect of deposition method and Cu catalyst coating thickness on eCO2RR 

performance, especially for flow cell electrolyzer configurations.   

In this work, we used physical vapor deposition methods to systematically explore the effect of Cu 

catalyst coating thickness and morphology on eCO2RR activity and selectivity in a three-

compartment microfluidic electrolyzer. Compared to ink-based methods, physical vapor 

deposition methods provide superior control over thickness, especially at low catalyst loadings, 

and adhesion while their monolithic character reduces the contact resistance and provides 

mechanical stability.30 Here, we used electron beam (EB) deposition and magnetron sputtering 

(MS) to deposit Cu coatings of various thicknesses on commercial GDLs. Both methods have the 

potential for large scale production, allow for direct coating of the electrocatalyst on the GDL, 

provide excellent thickness control and coating uniformity combined with high specific surface 

area. More importantly, they are also scalable to very large electrode areas (~104 cm2)31-32 and 

enable precise control over morphology and porosity.33-34 Physical vapor deposition methods also 

provide a path forward to efficient integration and compositional tuning of Cu alloy catalysts 

including non-thermodynamic equilibrium alloy compositions that are difficult to synthesize and 

integrate otherwise.35-36 Beyond providing excellent control over coating uniformity, thickness, 
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and composition, physical vapor deposition methods produce less waste and are less labor-

intensive than traditional electrodeposition methods, thus making them cost competitive, despite 

higher capital costs.37 Using a microfluidic gas diffusion electrolyzer, we observed that EB-Cu 

coatings generally provide better performance than the MS-Cu catalyst coatings in terms of current 

density, selectivity, and energy efficiency, with an optimum thickness of 400 nm where the energy 

efficiency (i.e., sum over the Faradaic efficiency times theoretical cell potential divided by the 

applied potential for all eCO2RR products, for details see below) reaches 51% (56.5% for eCO2RR 

and HER combined). Scanning and transmission electron microscopy (SEM/TEM), Rutherford 

backscatter analysis (RBA), electrochemical surface area (ECSA) and contact angle measurements 

suggest that the generally better eCO2RR performance of EB-Cu coatings correlates with the 

GDL/Cu catalyst morphology making the EB-Cu catalyst layer more hydrophobic. Experiments 

performed in a large electrode area zero-gap electrolyzer yielded 39% ethylene Faradaic efficiency 

for both the EB- and MS-Cu coatings, demonstrating performance scalability of the two catalyst 

deposition methods for eCO2RR.   

 

Materials and Methods  

Catalyst coatings 

100-800 nm thick Cu films (Cu loading: 0.09 - 0.72 mg/cm2) were deposited onto 25-600 cm2 

GDL substrates (Sigracet 39 BC) by both direct current (DC) magnetron sputtering (MS) and 

electron beam (EB) evaporation. Before coating, the GDL substrates were loaded into the 

respective deposition systems and pumped overnight to a base pressure in the 10-7 Torr range. The 

MS-Cu coatings were prepared at room temperature in a custom-built deposition chamber 

equipped with a three-inch magnetron sputtering gun and using a pure copper target (Process 
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Materials Inc, 99.99%), research grade Argon (99.9999%, chamber pressure 2 mTorr, flow rate 20 

sccm) as a sputter gas, and a DC plasma power between 25 W and 100 W. Before every coating, 

the Cu target was pre-sputtered on the back of a shutter for approximately five minutes to remove 

any oxide layer on the surface of the copper target. Calibration runs were performed to determine 

the deposition rate by measuring the film thickness on silicon reference wafers with an Alpha-Step 

D-600 Stylus profilometer (KLA Tencor). The EB coatings were prepared in a custom-built EB 

system with a 10-kV power supply (Temescal) and a pure 15cc copper starter source (Process 

Materials Inc, 99.99%). The power supply was operated at 6.5 kV between 25-35% power to 

achieve deposition rates between 1.8 and 2.5 Å/s. A quartz crystal monitor (calibrated against a 

silicon witness sample) was utilized for in-situ monitoring the coating thickness. 

 

Materials characterization 

Transmission electron microscopy (TEM) measurements were performed on a FEI Titan 80 – 300 

(scanning) transmission electron microscope operated at 300 kV. TEM samples were prepared by 

scratching the GDL Cu coatings with a clean scalpel blade and subsequently rubbing them against 

a lacey carbon TEM grid. The material composition was confirmed via energy dispersive x-ray 

spectroscopy (EDS) using the SuperX G2 detector in the Titan. Scanning electron microscope 

(SEM) measurements were performed on an Apreo SEM (Thermo Scientific) operated at an 

accelerating voltage of 5 keV with a working distance of 8 mm. For characterization of the Cu 

catalyst after long-term stability testing, SEM measurements were conducted on an Auriga 60 

CrossBeam system. 

The thickness and depth distribution of Cu in the prepared GDEs was studied by Rutherford 

backscattering spectrometry (RBS)38 using 2 MeV 4He+ ions incident between 0 and 10° to the 
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sample surface (to minimize ion channeling in the textured films) and backscattered into a detector 

at 164° from the incident beam direction. To extract the Cu depth distribution in the GDEs, we 

used the RUMP code.39 In the RUMP simulations, the film was sliced into multiple layers to obtain 

the concentration depth profile. Conversion into depth scale assumes that the carbon in the MPC 

layer has a full density of 2.25 g/cc and a porosity of 75%.   

For X-ray photoelectron spectroscopy (XPS) analysis of the catalyst after stability testing, the post 

reaction Cu electrode was first taken out of the electrolyzer, followed by washing with deionized 

water and drying. The electrode was stored in a vial filled with Ar before being analyzed by 

XPS (K-alpha Alpha X-ray photoelectron spectrometer system, Thermo Fisher Scientific). During 

the whole procedure, the electrode was exposed to air for less than 30 minutes. High-resolution 

XPS measurements were obtained by scanning the Cu 2p region 10 times with the flood gun turned 

on, using a pass energy of 20 eV and a step size of 0.1 eV. All peaks were fitted using Thermo 

Advantage software with adventitious carbon referenced to the C1s peak at 284.8 eV. 

 

Electrochemical surface area analysis (ECSA) 

Cu foil (Alfa Aesar), EB and MS-Cu samples were cut into 0.5 cm × 2 cm pieces and attached to 

a nickel wire using colloidal silver paint. The ECSA measurements were performed in a H-cell 

using a three-electrode configuration with a graphite rod counter electrode and a Ag/AgCl 

reference electrode, and a 0.1 M HClO4 electrolyte under Ar atmosphere. For each sample, we 

recorded a series of cyclic voltammograms (CVs) in the pure double layer capacitance (Cdl) 

potential range (-0.12 V to 0.07 V vs. RHE) at scan rates ranging from 20 mV/s to 100 mV/s. The 

Cdl values were then calculated from current densities vs. scan rate plots. The ECSA of each sample 
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and the corresponding roughness factor were obtained by normalizing the measured Cdl values to 

the Cdl value obtained from a Cu foil.  

 

Electrochemical CO2 reduction testing 

The GDEs were cut into 0.5 cm × 2 cm pieces to fit into microfluidic flow cell set-up described 

previously15 (Fig. S1). Most of the electrochemical measurements were performed in a three-

electrode configuration with a Hg/HgO reference electrode and an Ir-coated carbon paper with a 

titanium foil current collector as the counter electrode. CO2 was regulated with a mass flow 

controller (MKS Instruments) at a rate of 15 sccm, and 1 M KOH was used as both catholyte and 

anolyte and fed at a rate of 1.5 ml/min using peristatic pumps. The gas flow rates at the electrolyzer 

outlet were monitored using a gas flow meter (Agilent); no significant loss of CO2 due to reaction 

with the 1 M KOH catholyte was found, and thus no corrections of the FE data were needed. After 

setting up the testing station, the current interrupt procedure was applied to measure the resistance 

before testing. No trend for resistance vs thickness was observed. The tests were conducted at 

constant current mode using a potentiostat (Autolab), and the potentials were recorded at the times 

of sample collection and corrected with the pH of the electrolyte and the measured resistance to 

the Reversible Hydrogen Electrode (RHE) scale (V [vs RHE] = V [Hg/HgO] + 0.098 + 0.059 × 14 

+ I × R, where I is the current density and R is the measured resistance). To quantify the products, 

the gas outlet was fed to the GC (SRI Instruments), and liquid electrolyte samples were collected 

at different times, diluted with DI water, and analyzed through NMR (AVIII 600).  

To demonstrate scalability and study the effect of electrolyzer environment on catalyst 

performance, supplementary eCO2RR experiments were conducted in a zero-gap, membrane-

based 25 cm2 electrolyzer at Twelve Inc. These electrochemical tests used an AemionTM HNN8-
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50 (Ionomr Innovations Inc.) alkaline exchange membrane (AEM) to separate the Cu cathode GDE 

from a IrOx-coated porous Ti anode (Fig. S1b). The membrane electrode assembly (MEA) was 

compressed between two flow fields against the respective cell current collectors. CO2 gas was 

directly fed into the cathode side of the electrolyzer at a flow rate of 250 sccm, while KOH 

electrolyte (0.5 M) was circulated via a peristaltic pump on the anode side at a rate of 60 mL/min. 

Electrolysis was run in the constant current mode with 35-minute holds at 100, 200, and 250 

mA/cm2. Gas products were analyzed by GC equipped with both flame ionization detector (FID) 

and thermal conductivity detector (TCD). The FEs reported using the zero-gap electrolyzer are 

corrected for CO2 crossover. 

 

Figure 1: Characterization of Cu catalyst coatings: Top view SEM micrographs of (a) 400 nm 

thick EB and (b) MS Cu coatings on GDLs, as wells as the corresponding cross-sectional SEM 

images (c,d); TEM micrographs of 100-nm-thick EB (e) and MS (f) Cu coatings. 
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Results and Discussion 

Characterization of Cu catalysts on GDL 

The microstructure of EB- and MS-Cu coatings on the microporous carbon (MPC) top layer of the 

GDLs was characterized by SEM and TEM (Figure 1). While the Cu coatings fabricated by both 

methods become increasingly dense with increasing coating thickness, even the thickest, 800 nm 

thick Cu films on the porous GDL substrate remain porous in nature (Figure S2). The open porous 

microstructure of the Cu coatings is a critical feature for eCO2RR as it enables fast transport of the 

gaseous reactant CO2 through the GDL to the catalyst layer as required for realization of high 

eCO2RR current densities (> 100 mA/cm2). A comparison of SEM images collected from the top 

surface of nominally 400 nm thick EB (Figure 1a) and MS (Figure 1b) Cu coatings reveals that 

both films consist of 100-400 nm diameter Cu particles. However, the EB-Cu nanoparticles seem 

to have more well-defined facets, while the MS-Cu particles have a very rough and serrated 

appearance. The corresponding cross-sectional SEM images (Figure 1c and d) confirm the open 

porous character of the Cu coatings and suggest the presence of a relatively sharp transition 

between the MPC layer (dark) of the GDL and the Cu catalyst layer (bright). TEM further confirms 

the more ordered, facetted nature of the EB-Cu coatings suggested by the SEM images. The EB-

Cu particles consist of well-defined grains of about 10-50 nm and have a facetted surface 

(Figure1e); the MS-Cu particles seem to be composed of smaller, irregular shaped nanocrystals 

(Figure 1f), and the surface is very rough even at the highest resolution.  

For a more quantitative characterization of the depth distribution of the Cu coatings on and within 

the MPC layer of the GDLs, we turned to Rutherford backscattering spectrometry. Representative 

RBS spectra of nominally 400 nm thick EB- and MS-Cu coatings on the GDL substrate are shown 

in Figure 2a and 2b, respectively. Composition and depth distribution (Figure 2c) of the Cu 
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coatings were obtained by fitting of the RBS spectra shown in Figure 2a,b using RUMP code39 

simulations. The surface peaks of 64Cu, 19F (from the PTFE content of the MPC layer of the GDL), 

and 12C are marked by arrows. The actual thickness of the Cu coating was estimated by fitting the 

RBS signal between the Cu surface peak and the 50% signal on the low energy side of the spectra 

(dashed line in Figure 2a,b). The coating thickness thus derived is in good agreement with the 

nominal thicknesses predicted from the measured Cu depositions rates on flat substrates; for 

example, for nominally 400 nm thick EB- and MS-Cu films the RBS Cu coating thickness is 394 

and 358 nm, respectively. The signal between the Cu surface peak and the Cu/MPC-PTFE 

interface (marked by ↓Cu/PTFE) corresponds to pure Cu deposited on top of the MPC layer of the 

GDL. Here, the Cu/MPC-PTFE interface is defined by the first data point where the measured 

signal drops 10% below the simulated signal for pure copper (dashed line in Figure 2a and b). The 

spectral intensity in the region between the Cu/MPC-PTFE interface and the 19F surface peak can 

be attributed to Cu deposited within the MPC layer of the GDL, and the solid line is the result of 

a RUMP code simulation based on fitted Cu-to-C atomic ratio depth profiles shown in Figure 2c. 

The depth profile analysis reveals that the Cu-to-C ratio in the MPC layer of the EB coated GDL 

is lower than that of the MS GDL. The higher gas pressure used for magnetron sputtering seems 

to facilitate the deposition of Cu within the MPC layer of the GDL. Similar trends were observed 

for both thinner and thicker Cu coatings, although the effect seems to become less pronounced for 

thicker coatings. Both the different surface morphology revealed by SEM and TEM (Figure 1) and 

the different Cu-MPC interface (Figure 2a-c) can be expected to affect the nature of the 

solid/liquid/gas triple phase boundary that is critical for the performance of a GDE.    

Contact angle measurements on GDEs with nominally 400 nm thick EB (Figure 2d) and MS 

(Figure 2e) Cu films indeed confirm that the different surface and MPC/Cu interface morphology 
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of EB and MS films affects the wetting behavior of the GDEs. The contact angle measurements 

were performed on 400 nm thick catalyst coatings because they provided the overall best eCO2RR 

performance (see below) as both thinner and thicker coatings resulted in lower electrochemically 

accessible surface areas (Fig. 2f). With a contact angle of 124o compared to 65o the EB-Cu/GDE 

sample of the GDE is significantly more hydrophobic than the corresponding MS-Cu/GDE sample. 

For comparison, the contact angle of the fibrous backing side of the GDE is also 124o (Figure S3). 

We note that the as-deposited Cu catalyst coatings used for the contact angle experiments have a 

few nm-thick native oxide layer40 that can be expected to make the Cu coatings less hydrophobic 

than under eCO2RR operation. In general, the wetting behavior of the hierarchically structured 

catalyst coatings is poorly understood as it depends on many parameters including surface 

chemistry, meso- and nano-scale surface roughness as well as applied electrochemical potential.18, 

41-43 

 

Figure 2: RBS spectra from GDEs with nominally 400 nm thick EB-Cu (a) and MS-Cu (b) 

coatings. The surface peaks of 64Cu, 19F (from the PTFE content of the MPC layer), and 12C are 
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denoted by arrows. Dashed lines are RUMP simulations for 394 (a) and 358 nm (b) fully dense Cu 

coatings on MPC, and solid lines are the result of RUMP code simulations reflecting the Cu-to-C 

depth distribution in the MPC layer shown in (c); contact angle measurements on GDEs with 

nominally 400 nm thick EB (d) and MS-Cu (e) coatings; (f) EB/MS-Cu roughness factor vs. 

thickness values derived from ECSA measurements shown in Figure S4 and S5. 

The ECSA of the GDEs was measured by electrochemical double layer (DL) capacitance 

measurements in an Ar saturated 1 M HClO4 electrolyte (Figure S4 and Figure S5). CVs of 400 

nm EB Cu-GDEs are shown in Figure S4a. The corresponding current density vs. scan rate plots 

(Figure S4b) show the expected linear behavior for pure capacitive DL charging. The roughness 

factor vs. thickness plot (Figure 2f), obtained by using the measured area specific capacitance of a 

Cu foil of 25 µF/cm2 as a reference (Figure S4c), reveals that the ECSA increases approximately 

linear between 100 and 400 nm EB Cu coating thickness with a maximum roughness factor of 

~32, but deceases again for thicker Cu films indicating that for the thickest coatings some of the 

porosity becomes inaccessible. Similar trends with on average slightly higher roughness factors 

for nominally identical thicknesses have been observed for the MS-Cu coated GDEs (Figure 2f 

and Figure S5). 

 

Evaluation of vapor deposited Cu catalysts for eCO2RR  

To explore if and how the different Cu catalyst surface morphology, Cu/MPC interface structure, 

and wetting behavior affects the eCO2RR performance, nominally 400 nm thick EB and MS Cu 

catalysts films were tested using a three-compartment microfluidic flow cell for CO2 electrolysis 

(Figure 3). Both samples show the product spectrum expected for eCO2RR over polycrystalline 

copper.10, 15, 44 The Faradaic efficiencies (FEs) for ethylene, ethanol, and acetate go up with 
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increasing potential/current density while that of CO decreases. However, there are distinct 

differences in the performance in terms of selectivity, current density, and stability: Compared to 

the MS Cu sample, the 400 nm EB Cu sample 1) reaches the highest current density (400 mA/cm2) 

at lower overpotentials (-0.65V vs. RHE for EB-Cu compared to -0.83 V vs. RHE for MS-Cu), 

and 2) better suppresses the competing hydrogen evolution reaction (HER), especially for high 

current densities; for the highest current density of 400 mA/cm2, H2 FE for MS-Cu (28%) is 4 

times higher than for EB-Cu (7%). For 400 nm EB-Cu, C2+ FE reaches 70% at the highest current 

density of 400 mA/cm2. As the total current density increases to 400 mA/cm2 for the MS-Cu 

sample, the voltage becomes unstable, and the cathode suffers from flooding issues despite setting 

the CO2 backpressure to 15 psi as an attempt to stabilize the gas/liquid interface. We attribute these 

differences to the more hydrophilic character of MS-Cu coatings as revealed by the contact angle 

measurements (Figure 2d,e) which may be further amplified by electrowetting45 given the more 

negative potentials that need to be applied for driving higher current densities on MS-Cu GDEs. 

In the microfluidic electrolyzer setup used for these experiments (Figure S1a) the catalyst layer is 

in direct contact with a thin layer of liquid electrolyte, and the hydrophobicity of the GDE is thus 

crucial to prevent flooding which blocks the CO2 supply at the Cu catalyst.15 The rougher 

nanoscale surface morphology and the thicker Cu/MPC interface of the MS-Cu coating seem to 

lower the GDL hydrophobicity resulting in more liquid penetrating the catalyst layer thus shifting 

the selectivity towards HER. While the morphology of the coatings may in principle evolve during 

eCO2RR operation thus changing the wetting behavior, post-operation characterization of the Cu 

catalyst coatings (see below) did not provide evidence for pronounced morphology changes. 

Finally, we note that among the many deposition parameters that can be changed, the deposition 

angle is probably one of the most important parameters as it allows one to control the film 
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porosity.33 Indeed, preliminary oblique angle coating experiments indicate further improvement of 

the eCO2RR performance. 

 

Figure 3: Faradaic efficiencies and current densities vs. potential for eCO2RR with 400 nm (a) 

EB-Cu and (b) MS-Cu catalysts. These tests were conducted in a three-compartment flow cell, 

with 15 sccm CO2 and 1 M KOH electrolyte at room temperature. 

 

Effect of Cu catalysts thickness on eCO2RR performance 

The effect of thickness of the EB-Cu catalysts coating on current density and eCO2RR performance 

is summarized in Figure 4. Because the results discussed above revealed that the EB-Cu coatings 

outperform MS-Cu coatings in terms of selectivity, current density, and stability, we focused on 

EB-Cu coatings. The corresponding plots of Faradaic efficiencies and current densities vs. 

potential are shown in Figure S6. In general, the eCO2RR performance of the EB-Cu catalyst 

improves with increasing the catalyst loading. The overpotential required for any given current 

density decreases as the EB coating thickness increases, with the best performance observed for 

400 nm thick EB Cu coatings that required the lowest overpotential (-0.65V vs RHE) for reaching  
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Figure 4: Comparison of the eCO2RR performance of EB-Cu samples of different 

thicknesses (100, 200, 400, and 800 nm) measured in a 3-compartment electrochemical flow 

cell (Figure S1a), with 15 sccm CO2 and 1 M KOH electrolyte. (a) Total current densities 

vs. potential for all the thicknesses; (b) ECSA-normalized eCO2RR current densities for each 

catalyst; (c) HER and eCO2RR Faradaic efficiencies for all the different thicknesses at 

different current densities; and (d) FE of eCO2RR products (CO, methane, formate, ethylene, 

ethanol, acetate, propanol) vs. current density. 
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a current density of 400 mA/cm2 (Figure 4a). For thicker Cu catalysts coatings (800 nm) the 

overpotential increases again. Normalizing the eCO2RR current density by the ECSA measured 

for the different coating thicknesses (Figure 2f) reveals that, regardless of the Cu loading, the 

coating thickness has little effect on the intrinsic activity of Cu, especially at the lower potentials 

(Figure 4b). It also indicates that the entire ECSA contributes to eCO2RR. A closer look at the area 

normalized current density reveals that the higher current density data of the thinner 100/200 nm 

thick Cu coatings start to deviate from the linear behavior. To summarize, while it is well known 

that the ECR performance depends on the morphology and particle size of Cu catalyst coatings,9, 

15 we believe that for the catalyst coatings studied in the present work, the main effect of increasing 

the coating thickness on eCO2RR performance is increasing the roughness factor as the coating 

thickness seems to have little effect on the intrinsic activity of Cu. 

The coating thickness also affects the selectivity towards HER and eCO2RR (Figure 4c,d): For 

high current densities, the increase in HER can be suppressed by using thicker EB-Cu coatings 

(increasing the catalyst surface area) (Figure 4c). For example, increasing the EB-Cu coating 

thickness from 100 (200) nm to 400 nm reduces H2 FE by about a factor of 6 (5) times, from 37.7% 

at 300 mA/cm2 for 100 nm Cu and 28.8% at 400 mA/cm2 for 200 nm Cu to 6.7% at 400 mA/cm2 

for the 400 nm EB-Cu coating. The suppression of HER with increasing Cu coating thickness is 

accompanied by an increase in eCO2RR FE, from 23.2% (42.5%) at 300 (400) mA/cm2 for 100 

(200) nm EB-Cu to 72% at 400 mA/cm2 for 400 nm EB-Cu (Figure 4c). The suppression in HER 

with increasing roughness factor has also been observed for electrochemical CO reduction 

although at 100 times lower current densities.46 The increase in eCO2RR selectivity with increasing 

Cu catalyst loading can be attributed to the higher Cu catalytic surface area available for eCO2RR 

(Figure 2f and Figure S3). Consequently, the smaller Cu catalytic surface area of 800 nm EB-Cu 
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coatings compared to 400 nm EB-Cu coatings (Figure 2f and Figure S4) explains the increase 

observed for both the required overpotential (Figure 4a) and H2 FE (Figure 4c). The reduced ECSA 

for the 800 nm sample is also evident in the SEM images (Figure S2), in which the 800 nm sample 

shows more aggregation and less porosity than the 400 nm sample. 

The eCO2RR product distributions at different current densities for all the Cu catalysts are shown 

in Figure 4d. CO and formate FEs decrease with increasing current density while the C2 FEs (i.e., 

ethylene, ethanol and acetate FEs) increase with increasing current density, but only for the thicker 

Cu coatings (400 and 800 nm). The methane FE shows a maximum (15%@ 300 mA/cm2) for the 

highest current density – lowest coating thickness combination. The propanol FE is always low 

and shows no obvious dependence on current density or coating thickness. In summary, the most 

important effect of film thickness is that the selectivity for C2 products at the highest current 

densities increases with increasing Cu loading. The effect of surface area / roughness factor on 

selectivity has recently also been reported for electrochemical CO reduction where the selectivity 

towards oxygenates increased with increasing roughness factor, although measured at much lower 

current densities (< 1 mA/cm2).46 

 

Energy efficiency analysis and long-term stability 

An energy efficiency analysis confirms that the 400 nm EB-Cu catalyst coating provides the best 

combination of overpotential, eCO2RR FE, and current density, with a total (eCO2RR and HER 

combined) energy efficiency of 56.5% at 400 mA/cm2 (Figure 5). The energy efficiency was 

calculated using Faradaic efficiencies for each detected product including hydrogen (Figure 4) 

using the following formula:  
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𝜀௘௡௘௥௚௘௧௜௖ = ෍
𝜀ி௔௥௔ௗ௔௜௖,௞𝐸°௞

𝐸௔௣௣௟௜௘ௗ
௞

 

where 𝜀ி௔௥௔ௗ௔௜௖,௞ is the Faradaic efficiency for product k, Eo
k are the thermoneutral theoretical 

potentials for these products47 shown in the table S1, and 𝐸௔௣௣௟௜௘ௗ is the estimated full cell potential 

assuming no overpotential for oxygen evolution on the anode. For all catalyst coating thicknesses, 

the total energy efficiency decreases with increasing current density, from ~70% for 25 mA/cm2 

to ~50% for 400 mA/cm2 (Figure 5a). For the highest current density (400 mA/cm2), the total 

(eCO2RR + HER) energy efficiency (56.5%) and especially the eCO2RR energy efficiency (51%) 

peak at 400 nm EB Cu (Figure 5b). Note, that the maximum current density for the 100 nm EB Cu 

coating reached only 300 mA/cm2. 

 

 

Figure 5: (a) Energy efficiency (eCO2RR + HER) vs. current density for 100-800 nm EB Cu and 

400 nm MS Cu catalyst coatings, and (b) energy efficiency vs. film thickness at the highest 

current density measured (300 mA/cm2 for 100 nm EB-Cu, 400 mA/cm2 for all other 

thicknesses). All tests were performed in the three-compartment flow cell (Figure S1a) using 15 

sccm CO2 and 1 M KOH electrolyte.  
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Extended eCO2RR tests with a 400 nm EB-Cu catalysts coating showed a stable performance 

(Figure 6). This test ran for almost 6 hours, before H2 FE started to increase. The potential 

gradually increased by ~15% over time where the increase slightly accelerated at the onset of the 

increase of H2 FE after 4 hours. Post-reaction characterization through XPS and SEM imaging  

 

Figure 6: Electrode potential vs. RHE and FE(HER) during a long-term stability test of 400 nm 

EB-Cu in the microfluidic electrochemical flow cell at a constant current density of 100 mA/cm2 

with 15 sccm CO2 and 1 M KOH electrolyte. 

 

(Figure S7) revealed that the catalyst morphology and composition did not change during the test 

suggesting that the catalyst is not responsible for the degrading performance after 5 hours. XPS 

(Figure S7a) further showed that preexisting Cu2+ oxides have been reduced during the eCO2RR. 

During the testing, water droplets and salt buildup were observed on the back of the GDL (Figure 

S7b) suggesting that catholyte has permeated through the GDL (despite controlling the gas-liquid 

interface through a back pressure controller set at a constant 14.75 psi) resulting in partial blockage 

of the GDL for gas delivery. We note that the long-term stability of current state-of-the-art CO2-

to-fuel electrolyzers is a device level problem and limited, for example, by the stability of the 

membrane and management of water as well as low-vapor-pressure eCO2RR products. For 
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example, a recent study demonstrated that even in a microfluidic GDE electrolyzer with a catholyte 

flow field, enrichment of lower volatility products such as ethanol at high current densities can 

change the wetting behavior of the GDE leading to electrolyte penetration, causing stability issues 

and mass transport limitations.48 Similarly, the stability of zero-gap electrolyzers has been reported 

to be limited by salt precipitation as well as condensation of water and low-vapor-pressure 

eCO2RR products in the flow field channels.18 For long-term stability testing, it will thus be 

necessary to not only optimize the catalyst integration but also the GDL catalyst support to 

withstand flooding and prevent salt buildup during prolonged operations. 

To demonstrate scalability and assess the effect of local environment on the performance of EB 

and MS Cu catalyst films, we also performed tests in a zero-gap, membrane-based electrolyzer 

that has a larger area (25 cm2) compared to the microfluidic flow reactor and is optimized for 

industrial applications. In the zero-gap gas diffusion electrolyzer the Cu GDE was in direct contact 

with an AEM instead of KOH catholyte used in the microfluidic electrolyzer. The main advantages 

of the zero-gap gas-diffusion electrolyzer configuration is that this design is more straightforward 

to scale up, minimizes resistive losses of the device by minimizing the diffusion distance between 

the cathode and anode and is more robust against cathode flooding. This configuration, however, 

makes integration of a reference electrode and detection of liquid products more difficult. Both 

400 nm thick EB and MS Cu coatings reach ethylene FEs of at least 30%, with a maximum of 39% 

at 200 mA/cm2 while the competing HER stayed below 20% (Figure 7). While the performances 

of ES and MS Cu GDEs in terms of FE ethylene are more similar than in the microfluidic 

configuration, the EB Cu GDE still suppresses the parasitic HER more effectively than the MS Cu 

GDE like it was observed for the microfluidic configuration although the effect is, as expected, 

less pronounced. Likewise, the missing FE is attributed to the low vapor pressure products 
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(ethanol, propanol, acetate) that are difficult to detect in our current zero-gap gas-diffusion 

electrolyzer design. In summary, the results from the larger electrolyzer testing demonstrate that 

the two catalyst deposition methods are scalable for eCO2RR, which leads to further commercial 

viability of this technology.   

Figure 7: FE (%) for H2, CO, and C2H4 plotted at 100, 200, and 250 mA/cm2 applied current 

densities as a function of full cell voltage for 400 nm EB and MB Cu catalysts coatings tested in a 

zero-gap gas-diffusion electrolyzer 

 

Conclusion 

The effect of catalyst deposition methods and loading on eCO2RR performance was assessed in a 

microfluidic gas diffusion electrolyzer. EB-Cu catalysts showed generally better performance than 

the corresponding MS-Cu catalysts coatings which is attributed to the more hydrophobic character 

of EB Cu GDLs. RBS and TEM analysis revealed that more MS Cu is deposited within the MPC 

layer of the GDL, and that the MS Cu coatings are rougher than the corresponding EB Cu coatings, 

both rendering MS Cu catalyst coatings less hydrophobic and more prone to flooding. The 

thicknesses of the EB Cu samples also strongly affects device performance: Low Cu loadings (100 

3.1 3.5 3.6
0

10

20

30

40

50

60

70

80

90

100

H2

F
E

 (
%

)
400 nm MS
0.5 M KOH

3.2 3.6 3.8

Device voltage (V)

400 nm ES
0.5 M KOH

CO

C2H4

0

50

100

150

200

250

300

C
u

rr
e

nt
 d

en
si

ty
 (

m
A

/c
m

2
)



 23

and 200 nm EB-Cu) result in higher overpotentials as well as lower FE for eCO2RR and C2H4. The 

poorer performance of lower Cu catalyst loadings is attributed to the lower surface area available 

on these coatings. Increasing the Cu loading too much also reduced the eCO2RR performance as 

seen with the 800 nm EB-Cu, causing aggregation of the catalyst resulting in lower porosity and 

less catalytic surface area, which also led to worse performance. For the optimal thickness of 400 

nm, EB Cu reached a eCO2RR energetic efficiency of 51% (56.5% for eCO2RR and HER 

combined) and a C2+ FE of 70% at 400 mA/cm2. 

Preliminary tests of the same catalysts in a large area zero-gap electrolyzer showed similar 

performances in terms of current density, eCO2RR/HER selectivity, and FE for ethylene 

production, demonstrating promising scalability for industrial applications. In summary, our works 

demonstrates that, despite little attention in the field, integration of eCO2RR catalysts is of equal 

importance to compositional tuning, and that the catalyst integration needs to be optimized for the 

specific electrolyzer environment. In other words, caution must be exercised when comparing the 

performance of different eCO2RR catalysts if the integration for these catalysts has not been 

optimized for the particular electrolyzer environment. The MS/EB PVD catalyst deposition 

techniques used in this work are particularly well-suited to optimize both integration and 

composition of eCO2RR catalysts for large, industrially relevant electrolyzer electrodes as they 

allow the deposition of very homogeneous coatings with very uniform catalyst loading while at 

the same time enabling morphological and compositional tuning including non-thermal 

equilibrium alloy compositions that otherwise are difficult to integrate.  
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SEM images of EB-Cu with different thickness; Contact angle on the back side of the GDL; 

Electrochemical surface area of EB-Cu and MS-Cu; electrochemical CO2 reduction performance 

of EB-Cu in 3-compartment flow cell; Characterization of 400 nm EB-Cu after long-term stability 

test; Thermoneutral theoretical potentials table. 
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