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Abstract 

We study the effect of substrate pore size and wetting behavior on the performance of polymer-based 

Ag gas diffusion electrodes (GDEs) for electrochemical CO2 reduction. We find a strong correlation be-

tween the pore size of the substrate and the GDE product selectivity and performance stability during 

CO2 electrolysis. We attribute this correlation to the GDE's wetting behavior, in particular to its re-

sistance to aqueous electrolyte penetration. We quantify this resistance by the water entry pressure, i.e. 

the minimum pressure required to push water through a hydrophobic porous substrate, which de-

pends on the pore size of the substrate and on the hydrophobicity of the substrate polymer. While 

substrates with low water entry pressure yield GDEs that exhibit poor CO selectivity and stability, high 

water entry pressure substrates lead to greatly improved Faradaic efficiency towards CO (up to 95 % at 

100 mA/cm2) and remarkably longer performance stability (97 % of initial CO selectivity retained after 

>40 hours). We also assess the sensitivity to surface Cu contaminants and find that substrates with

high water entry pressures lead to GDEs that are more resilient to impurities, with an almost unvaried

selectivity even when contaminated with > 1 at % Cu vs Ag. On this basis, we propose the water entry

pressure as a metric to assess GDE quality. These results highlight how acting on the substrate is a

powerful and scalable handle for improving the performance of GDEs for the electrochemical CO2 re-

duction.

Introduction 

Electrochemical CO2 reduction (CO2RR) to produce synthetic fuels and chemical precursors is emerging 

as a highly promising pathway to abate carbon emissions and move closer to a circular carbon econ-

omy. Given the severity of climate change, and the progressively more stringent targets for energy ef-

ficiency and CO2 emissions,1,2 significant efforts are directed towards understanding the catalytic pro-

cesses underlying CO2RR, and towards practically implementing this technology. 

An important aspect is to develop catalysts that are highly active, yield the desired product(s) with high 

selectivity, and retain these properties for an extended period. Activity refers to the ability of a catalyst 

to achieve high current densities at a given applied voltage, while selectivity relates to the fraction of 

specific product(s) in the total products mix. In general, CO2RR electrocatalysts show a complex prod-

uct distribution, in the simplest case yielding simultaneously CO via the CO2RR, and H2 from the com-
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peting parasitic hydrogen evolution reaction (HER), the latter tending to increase over time.3–6 In order 

to steer CO2 electrolysis towards a desired product distribution, common approaches include changing 

the catalyst,7,8 the cations and anions in the electrolyte,9–12 the electrolyte pH,13,14 or even the architec-

ture of the electrolysis cell.15 To reach current densities ≥ 200 mA/cm2 identified by techno-economic 

analyses as a requirement to compete with traditional fuel production routes,16–18 gas diffusion elec-

trodes (GDEs) are currently investigated intensively.19–26 

GDEs reduce mass transport limitations associated with the low solubility of CO2 in aqueous electro-

lytes by providing gaseous CO2 to -and near- the catalyst. Most studies to date use carbon-based GDE 

substrates, despite their participation in GDE flooding by the electrolyte and subsequent degradation 

of activity and selectivity.27,28 To prevent flooding and achieve stable CO2RR, a new class of GDEs based 

on hydrophobic polymer substrates coated with a sputtered metal catalyst has been recently devel-

oped.20,21,24,25 These have attracted great attention due to their outstanding CO2RR activity and selec-

tivity. So far, a number of different explanations have been proposed to explain their excellent perfor-

mance, including the formation of abrupt gas-liquid interfaces,25 an optimized combination of catalyst 

and ionomer mixture,21 and advanced electrolyzer design.24 

In contrast to previous studies, we focus our attention on the properties of the GDE polymer substrate 

itself. We demonstrate that product selectivity, performance stability, and resilience to impurities of Ag 

GDEs are all strongly affected by the pore size of the GDE substrate, providing a scalable strategy to 

improve performance. We correlate these key performance indicators to the substrate's wetting behav-

ior, in particular to its resistance to aqueous electrolyte penetration, which is a function of the sub-

strate pore size and of the hydrophobicity of the substrate polymer. This resistance is quantified by the 

water entry pressure (WEP), i.e. the minimum pressure necessary to force water through a hydrophobic 

porous substrate, which we advocate as an important metric to assess GDE quality. 

We show that GDEs with low WEP, e.g. ~0.5 bar, show inferior selectivity towards CO (< 30 % at 100 

mA/cm2) as well as low stability (only 65 % of initial selectivity towards CO retained after 3 hours elec-

trolysis). In stark contrast, GDEs with higher WEPs, e.g. > 5 bar, yield remarkably high selectivity to-

wards CO (up to 95 % at 100 mA/cm2) and long-term stability (~97 % of initial selectivity towards CO 

retained after > 40 hours electrolysis). This corresponds to a multi-fold improvement of the GDE selec-

tivity and stability obtained solely by acting on the substrate and ensuring a high WEP. Remarkably, 

these FECO values are amongst the best reported for Ag GDEs using neutral electrolytes, and can even 

compete with values obtained using alkaline electrolytes.6,9,20,29–31 We therefore rationalize the excep-

tional performance previously reported for these types of GDEs20,21,24,25 in the context of the substrates 

used, which in all cases consisted of highly hydrophobic substrates with small pore sizes, resulting in 

high WEP. 
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Results 

We consider two sets of commercial polymer fiber substrates, composed of polytetrafluoroethylene 

(PTFE) or polyvinylidenefluoride (PVDF) with different pore sizes in the range of 0.2 μm to 3 μm (details 

are given in Table S1, Supporting Information). The substrates are used as obtained to fabricate GDEs 

by sputtering on one side a conductive Ag layer with a nominal thickness of 500 nm, as measured on a 

flat non-porous reference substrate (nominal loading ~ 0.5 mg Ag / cm2). Fig. 1 reports microstructur-

al and structural characterization of the uncoated polymer substrate and of the GDEs employing po-

rosimetry and scanning electron microscopy (SEM) images. From porosimetry, the mean pore sizes are 

0.3, 0.4, and 2.8 μm for PTFE substrates (Fig. 1a), and 0.3, 0.4, and 0.8 μm for PVDF substrates (Fig. 1b). 

As shown in Fig. S3 in the Supporting Information, no significant changes in the pore size distribution 

are observed after the deposition of the metal catalyst. After sputtering deposition of the Ag catalyst, 

all GDEs show X-ray reflections belonging only to the Ag metal and, in the case of PTFE substrates, to 

the substrate itself (Fig. S4). 

A comparison between top down SEM images of a PTFE and PVDF substrates with similar pore size 

(given in Fig. 1c and 1d, and more completely in Fig. S5) reveals a different 'weaving' structure of the 

fiber substrates, which is expected due to the different fabrication routes (stretching and fibrillation of 

PTFE, and electrospinning of PVDF). Analysis of the cross sections given in Fig. 1e and 1f, obtained by 

focused ion beam, shows that that in these GDEs, the relatively directional nature of the sputtering 

deposition used introduces the catalyst only on one side of the substrate, and yield a porous but inter-

connected metal layer that mimics the underlying fibrous structure. Below this metal layer, the polymer 

fibers appear –if at all- only partially coated, thus retaining their hydrophobic nature and allowing the 

substrate properties to exert an effect on the GDE. 
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Figure 1. Microstructural characterization of the PTFE and PVDF fiber substrates. (a), (b) Porosimetry measure-

ments for PTFE and PVDF substrates of various pore sizes. (c), (d) top down SEM image and (e), (f) cross sectional 

SEM image of Ag-deposited GDEs with 0.3 μm mean pore size, fabricated on a PTFE or PVDF substrates. The 

PVDF-based GDE was protected with a carbon layer (highlighted in pink) before milling the cross section. 

 

 

We then analyze the catalytic activity and selectivity of the GDEs using a 3-compartment electrolysis 

cell (schematic design given in Fig. S1, Supporting Information). One compartment is used to supply 

gaseous CO2 to the GDE acting as cathode, while the other two compartments (catholyte and anolyte 

chambers) are separated by a Nafion membrane and filled with a 1M KHCO3 electrolyte, saturated with 

CO2. Nafion is chosen for its good stability and high conductivity in neutral pH, and to avoid carbonate 

crossover to the anodic side leading to CO2 losses. To complete the electrochemical cell, an IrOx cata-

lyst electrodeposited on a Ti grid is immersed into the anolyte and used as anode for the oxygen evo-

lution reaction. The anode is oversized more than 10 times as not to limit the cathode's performance. 
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Fig. 2 reports the Faradaic efficiency (FE) of gaseous products as a function of total current density for 

Ag-coated PTFE- and PVDF-based GDEs with different pore sizes. For clarity, we plot only the Faradaic 

efficiency (FE) of the gaseous products determined by gas chromatography. FE values are normalized 

to facilitate comparison between GDEs, with the normalization accounting for all detected products, 

gaseous and liquid, the latter determined by nuclear magnetic resonance. The normalization does not 

affect the observed trends. The complete, non-normalized product distribution, which includes liquid 

HCOOH, is given in Fig. S6, while Fig. S7 shows the reproducibility of the catalytic performance meas-

urements. 

 

Figure 2. Microstructural effect on the selectivity of Ag catalysts deposited on PTFE and PVDF substrates. Normal-

ized CO and H2 Faradaic efficiencies as a function of current for Ag catalysts deposited on (a) PTFE substrate and 

(c) PVDF substrates of different pore sizes. Current voltage curve for the same catalysts on (b) PTFE substrates and 

(d) PVDF substrates. The FE values plotted are the average over a 1 h electrolysis experiment at constant current.  

 

Inspection of Fig. 2a and 2c shows that GDEs with larger pore size generally yield a lower FE towards 

CO and a higher FE towards H2, irrespective of the nature of the substrate polymer. For example, at the 

highest current density of 100 mA/cm2, GDEs with large mean pore sizes of 2.8 m for PTFE and 0.8 

μm for PVDF reach only FECO ~30% and ~65 %, respectively, i.e. below what is typically reported for 

Ag-based catalysts.20,29,30 However, GDEs with a smaller mean pore sizes of 0.3 and 0.4 μm reach a 

much higher normalized FECO > 80 % for both PTFE and PVDF substrates at the same current density. 

Remarkably, the PTFE-based GDE with 0.4 μm pores achieves a FECO value of 95 %, which is amongst 

the highest reported for Ag GDEs using neutral electrolytes, and even competes with values obtained 

using basic electrolytes.6,9,20,29–31 
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As expected, FEH2 shows the opposite behavior to FECO, with high FEH2 values obtained for larger sub-

strate pore sizes. Considering formic acid, FEHCOOH shows only a weak dependence on substrate pore 

size (Fig. S6 in the Supporting Information). Smaller pore sizes, for both PVDF and PTFE substrates, 

seem to lead to higher FEHCOOH at high current densities, while at lower current density the values are 

comparable for different pore sizes. This is consistent with reports indicating strongly alkaline condi-

tions, generated under high currents thanks to proton consumption, as the cause for the shift towards 

formic acid production.29,32 

The above results highlight a massive selectivity improvement, e.g. a multi-fold increase in FECO, ob-

tained solely by acting on the GDE substrate. Given the importance of this result, it is crucial to rule out 

other potential causes for the observed selectivity variations. As shown in Fig 2b and 2d, GDEs with 

drastically different selectivity show similar voltage values and current-voltage slopes, indicating that 

there is no additional overpotential responsible for these selectivity variations. Additionally, electro-

chemically active surface area (ECSA) measurements carried out before and after the electrolysis exper-

iment, show highly comparable surface areas (Table S2 of the Supporting Information), which in all 

cases slightly increase after electrolysis, ruling out ECSA as the cause for the difference in performance. 

Thus, we attribute the strong selectivity changes to the substrate microstructure. The GDE substrates 

not only have different pore sizes, but also different thicknesses ranging from 25 to 300 μm (Table S1). 

However, we find that the product selectivity does not depend on GDE thickness in the range 20-450 

μm (Fig. S8, Supporting Information), thus we can unambiguously attribute the observed changes to 

the substrate pore size. 

To investigate more in detail the influence of GDE wetting and decouple it from other effects that 

could be caused by different substrate pore sizes, we also analyze a GDE based on a PTFE substrate 

with a small pore size of 0.3 μm, which is commercially available in hydrophilic form (obtained through 

an undisclosed surface treatment). As shown in Fig. 3, the hydrophilic PTFE-based GDE shows a drasti-

cally different product selectivity than a hydrophobic GDE of comparable pore size (plotted again here 

for better comparison), with FECO rapidly decaying with increasing current density. The decay is even 

more pronounced than for the PTFE GDE with the largest mean pore sizes of 2.8 m (compare with Fig. 

2a and 2c). This highlights the relevance of the GDE's wetting behavior in determining the product se-

lectivity for CO2RR. 
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Figure 3. (a) Normalized CO and H2 Faradaic efficiencies as a function of current density for an GDE made of Ag 

deposited on a PTFE substrate with 0.3 μm pore size, which has been surface-treated to be hydrophilic. For com-

parison, a GDE made from Ag deposited on a hydrophobic PTFE substrate with 0.3 μm pore size is given. (b) Cur-

rent voltage curve for the same GDEs. The FE values plotted are the average over a 1 h electrolysis experiment at 

constant current. 

 

To provide a quantitative measure of the wetting behavior of our fibrous, porous GDEs when in con-

tact with the aqueous electrolyte, we cannot rely on contact angle measurements, as these require flat 

and compact surfaces. We also cannot measure the electrolyte seepage rate through the GDE, as done 

for carbon paper substrates,33,34 because the hydrophobic nature of the polymer substrates prevent 

any seepage even in the event of catalyst degradation. In this regard, the water entry pressure (WEP), 

i.e. the pressure necessary to push water through an initially dry, hydrophobic, porous material, pro-

vides a better indication of the substrate wetting behavior and captures the fact that substrates made 

from the same polymer but with different pore sizes are differently able to resist water/ aqueous elec-

trolyte penetration. We therefore carried out WEP measurements for all of our GDE substrates, which 

are shown in Fig. S9, Supporting Information. As expected, substrate of the same polymer with smaller 

pore sizes show a much higher WEP than their larger pore counterpart. For similar pore sizes, PTFE 

substrates have a much larger WEP than PVDF analogues, due to their higher water contact angles 

(water contact angles for bulk PTFE and PVDF are > 120° 35 and 90° 35,36 respectively).  Despite its small 

0.3 μm pore size, the surface-treated hydrophilic PTFE substrate shows no resistance to wetting with a 

WEP of ~0 bar, in contrast to the hydrophobic 0.3 μm PTFE substrate boasting a WEP of 9.2 bar. We al-

so verified that the WEP values are unchanged when using 1 M KHCO3, i.e. our CO2RR electrolyte, as a 

measurement fluid (Section 9, Supporting Information).  

Having quantified the GDE's wetting behavior with the electrolyte, we relate it to their catalytic perfor-

mance in the CO2RR. Fig. 4a shows that the Faradaic efficiency towards CO correlates strongly with the 

WEP, with higher WEP substrates yielding GDEs with higher FECO, irrespective of the underlying chemi-

cal nature of the substrate polymer. This result is consistent with improvements in CO2RR selectivity 

reported when using hydrophobic catalyst binders or applying a hydrophobic polymer layers on top of 
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the catalyst.21,25,37,38 Concerning stability, in Fig. 4b we compare how FECO evolves with time for GDEs 

with different WEP during electrolysis at 100 mA/cm2. The stability of the FECO clearly correlates with 

WEP, with GDEs boasting the highest WEPs, namely the ones based on PTFE with 0.3 and 0.4 μm pore 

size, showing no FECO decay after 3 h electrolysis. Instead, FECO decays more rapidly for the others, with 

the fastest decay observed for the GDE based on the hydrophilic polymer substrate with the lowest 

WEP of ~0 bar, despite its small mean pore size of 0.3 m. These findings are a clear indication that the 

loss of CO selectivity is due to flooding of the catalyst with electrolyte, which inhibits CO2 supply to the 

catalyst. ECSA measurements carried out at the beginning of the electrolysis, and then every subse-

quent hour (indicated by dashed lines in Fig. 4b), show a moderate increase in surface area for all GDEs 

during operation, with negligible differences amongst the GDEs (Table S2, Supporting Information). 

However, due to the non-conductive nature of our GDE substrates, such ECSA changes are not direct 

evidence of an increased wetting or a flooding process, but are more likely caused by compositional 

changes within the electrolyte or possibly mild surface reconstruction. A more detailed discussion of 

this aspect is given in Section 5, Supporting Information. 

Noting the promising stability of GDE with high WEP, we then carry out a long-term electrolysis exper-

iment. Fig. 4c shows that a GDE based on a PTFE substrate with 0.3 μm pore size, boasting the highest 

WEP of 9.2 bar, retain more than 97 % of its original FECO after a > 40 h experiment, and does not show 

shifts in the cathode voltage beside an initial activation. This indicates a stable and well-attached cata-

lyst layer, and underlines the potential of this class of GDEs for practical applications. 

 

Figure 4. (a) Normalized CO Faradaic efficiency at 100 mA/cm2 for all GDEs analyzed in this work as a function of 

their water entry pressure. PVDF and PTFE substrates are marked in different colors. (b) Stability of CO Faradaic ef-

ficiency relative to the initial value during an electrolysis experiment at 100 mA/cm2 for GDEs of different water 



9 

 

entry pressures. The GDE based on PVDF with 0.4 μm pore size retains more FECO than expected from its WEP. The 

dashed lines indicate interruption of the electrolysis experiment to measure ECSA, which takes place around 0 VRHE 

for 20 min. Partial recovery of the FECO can be attributed to changes in the local environment, such as lower local 

electrolyte temperatures leading to higher CO2 solubility.  (c) Long-term stability of an Ag GDE based on PTFE 

substrate with 0.3 μm pore size (WEP = 9.2 bar). Every hour, the electrolysis is interrupted for ~15 min to avoid lo-

cal catalyst heating, yielding a total electrolysis time of 41 hours. Complete, non-normalized product distribution 

data and cathode voltages are given in Fig. S11 and S12 and S13 of the Supporting Information. 

 

An additional notable point concerns resilience to impurity. As seen in Fig. 2c, the Ag GDE based on 

PVDF substrate with 0.8 μm pore size shows a perceptible selectivity for CH4 at current densities above 

50 mA/cm2, with FECH4 between 1 % and 5 %. In contrast, GDE based on a PTFE substrate with similar 

mean pore size of 0.4 μm show no FECH4. Note that, despite similar pore sizes, the PVDF and PTFE sub-

strates show rather different WEPs, namely 1.6 bar and 5.7 bar respectively. The CH4 production on the 

PVDF GDE could indicate the presence of a catalytically active impurity, even though PVDF and PTFE 

substrates underwent catalyst deposition in the same batch, to minimize variations. We thus analyze 

the chemical composition of nominally pure Ag GDEs, in particular their metallic contamination con-

tent, by X-ray fluorescence (XRF) and laser-ablation inductively-coupled-plasma mass spectroscopy 

(LA-ICP-MS) analysis, the latter having a detection limit in the ppm range. The analysis and related dis-

cussion, including the investigation of potential oxygen and sulfur contaminations is given and dis-

cussed in Supporting Information, Section 10. 

The PTFE- and PVDF-based GDEs do not show significant differences in their composition, in principle 

ruling out impurities as a cause for their different selectivity. In addition, we note that CH4 selectivity 

on pure Ag catalysts under high overpotential has been reported before, and this could also be the 

case here.39 Nonetheless, we investigated the consequences of a potential Cu contamination, as Cu is 

present in our sputtering system and it is a catalyst known to have a strong CH4 selectivity. We sys-

tematically investigate the FECH4 of a set of PVDF and PTFE substrates of 0.8 and 0.4 μm pore size re-

spectively, coated with a base layer of Ag with a nominal thickness of 500 nm and subsequently deco-

rated with different amounts of sputtered Cu, with a nominal thickness ranging approximately from 0.2 

nm (0.04 at. % vs Ag) to 10 nm (1.1 at. % vs Ag). To ensure exactly the same amount of Cu, we coat 

PVDF and PTFE substrates side by side, and assess their Cu content with LA-ICP-MS (Table S3 and Fig. 

5). Fig. 5 shows that, during CO2 reduction, the two different substrates lead to a drastically different 

behavior, with high WEP PTFE-based GDEs behaving largely like pure Ag (FECO > 80%, Fig. 5a) and low-

er WEP PVDF-based GDEs showing a substantial FECH4 which strongly increase with Cu content. Nota-

bly, FECH4 exceeds 35 % at a Cu content of 1 % at. vs Ag (Fig. 5b). 

The strong difference in FECH4 for the Cu-contaminated PVDF- and PTFE-based GDEs could also explain 

the different selectivity observed in nominally pure Ag GDEs, which according to LA-ICP-MS both con-

tain a minor amount of 0.002 % at. Cu vs Ag (Table S4 in the Supporting Information). Nonetheless, we 

cannot rule out that the CH4 selectivity of nominally pure GDEs stems from other impurities instead of 
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Cu. In any case, the picture that emerges is that the impurity resilience of the GDEs is also dependent 

on substrate pore size and wetting behavior, an aspect that should be taken into account whenever 

analyzing different microstructures, especially when impurities are expected or when preparing com-

plex (e.g. bimetallic) catalysts. 

 

Figure 5. Normalized FE of GDEs composed of PTFE or PVDF substrates with 0.4 and 0.8 μm pore size respectively, 

sputtered with Ag and subsequently with a controlled amount of Cu impurities. (a). FE for CO and H2 as a function 

of Cu atomic content vs Ag, obtained as an average over a 1 h electrolysis experiment at 100 mA/cm2 in 1 M 

KHCO3. (b). FE for CH4 as a function of Cu content, obtained as an average over a 1 h electrolysis experiment at 

100 mA/cm2 in 1 M KHCO3.  Complete, non-normalized product distribution with additional products showing FE 

>1 % is given in Fig. S14. 

 

Discussion 

The Ag GDEs studied here mostly yield only H2 and CO from the HER and CO2RR, with larger pore size 

substrates favoring H2 production, and smaller pore size substrates favoring CO (Fig. 2). A potential 

explanation for our findings is that different pore sizes affect the local reagent and product concentra-

tions near the catalyst, favoring HER over CO2RR or vice versa.40–46 Previous reports have also studied 

the effect of pore sizes in nanostructured Cu catalysts,42 or the effect of cavity size on laser-ablated Cu 

foils,40 in both cases using electrodes immersed in the electrolyte. However, the use of GDEs and the 

wide substrate pore sizes considered here (300-3000 nm) are unlikely to hinder the access of gaseous 

CO2, nor the removal of gaseous products from the GDE. This is even more the case for the substrates 

with larger pores, which nonetheless show a lower FECO, ruling out gaseous CO2 access as the reason 

for the difference in selectivity. 

Still, the polymer substrates influence the wetting behavior of the GDEs with the electrolyte, which is 

not only responsible for providing H2O to the catalyst active sites, but also strongly affects CO2 supply. 

The comparison between the surface-treated hydrophilic GDE and its hydrophobic counterpart (Fig. 3) 

shows a much larger FEH2 and a lower FECO upon facilitating the GDE wetting, confirming the direct role 

of the electrolyte in affecting selectivity. Indeed, gaseous CO2 can readily reach the catalyst only in the 

areas not covered by the electrolyte, i.e. in the triple-phase boundaries between electrolyte, catalyst, 

and gas phase, which are small in number and thus not expected to contribute significantly to the 
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overall product generation.47 Conversely, to reach the catalyst in the areas covered by the electrolyte, 

CO2 must dissolve and diffuse in the liquid phase, reacting at the double phase boundaries between 

electrolyte and catalyst, which are much more abundant and thus generate a higher quantity of prod-

ucts.47 

In this latter case, the electrolyte coverage, and more specifically, the thickness of the electrolyte layer 

covering the catalyst is the key parameter that affects the diffusion path of dissolved CO2 from the gas 

phase to the catalyst. Unfortunately, the lack of suitable experimental techniques makes it extremely 

challenging to obtain any experimental evidences on electrolyte layer thickness. Nonetheless, we ex-

pect this thickness to depend on the wetting behavior of the GDEs, as measured by the WEP. The ra-

tionale is that our GDEs, as visible in the cross sections of Fig. 1e and 1f, are composed of a porous Ag 

layer resting on top of an uncoated or partially uncoated polymer substrate, and as such mix hydro-

philic Ag-coated sections with uncoated hydrophobic areas. The electrolyte can easily wet and seep 

through the porous Ag layer, but the extent of its penetration within the underlying polymer layer will 

depend on substrate WEP. Decreasing WEP will lead to a more pronounced electrolyte penetration 

within the polymer layer, to a thicker electrolyte layer facing the gas phase, and thus to a longer diffu-

sion path for dissolved CO2 before it can reach the catalyst. Combined with high CO2 consumption due 

to the CO2RR, this leads to a promotion of the HER due to scarce CO2 availability. This is in agreement 

with previous studies on the beneficial effect of hydrophobicity on CO2 electrolysis, obtained e.g. by 

using hydrophobic catalyst binders.21,25,34,37,38,48 We recognize that, for larger pore sizes, metal deposi-

tion through the pores and into the substrate could take place to a perceptible extent, yielding an en-

hanced wetting behavior in those areas that would further facilitate electrolyte penetration. Nonethe-

less, such metal patches located deeper into the substrate are unlikely to have a continuous electrical 

connection to the top catalyst layer, which is the electrical point of contact for the GDE, and as such 

will not directly contribute to the electrocatalytic reaction. In addition, electrowetting and capillary 

phenomena, common to carbon-based substrates, are not expected to play a significant role in our 

GDEs due to the clear interface between the conductive, hydrophilic catalyst layer where those phe-

nomena can take place, and the insulating, hydrophobic substrate. 

We therefore explain the lower FECO of GDEs with large pore, low WEP substrates (Fig. 2a, 2c) in the 

context of a more pronounced electrolyte penetration within the GDE and of a thicker electrolyte layer. 

These aspects also explain the different FECO trends observed as a function of current density (Fig. 2a, 

2c). For large pore size, low WEP substrates, rapid GDE flooding and a thicker electrolyte layer strongly 

prevent access of CO2 to the catalyst's active sites. This mechanism becomes more evident at higher 

current density in the form of a decrease in FECO, due to accelerated depletion of dissolved CO2 (Fig. 

2a, 2c, pore size of 0.8 and 2.8 μm). In contrast, a thinner electrolyte layer, such as the one that can be 

obtained in small pore size GDEs with high WEP, offers sufficient supply of CO2 also at higher current 
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density, due to the proximity of the CO2 reservoir, i.e. the gas phase. This yields a flatter dependence of 

FECO with current density (Fig. 2a, 2c, pore size of 0.3 and 0.4 μm). Additionally, in a thinner electrolyte 

layer, the local pH buffering capability of the electrolyte during electrolysis will be more limited, due to 

the lower quantity of electrolyte available close to the catalyst active sites. This will cause more severe 

shifts to higher pH (i.e. higher local alkalinity) in the proximity to the catalyst's active sites, which in 

turn favors the CO2RR by suppressing the HER. The opposite situation, namely lower local alkalinity 

under reducing conditions apply to a thicker water layer. This is again consistent with the FECO trends 

vs current density of Fig. 2a and 2c. 

Considering the observed impurity resilience, FECH4 as high as 35 % is obtained in a GDE contaminated 

with 1.1 % at. Cu, fabricated on a PVDF substrate with an intermediate WEP of 1.5 bar (Fig. 5b). GDEs 

with higher WEP, in contrast, show a selectivity similar to pure Ag at the same contamination level (Fig. 

5b). This finding can also be explained in the context of the electrolyte layer thickness. Lower WEP and 

a thicker electrolyte layer means less alkaline pH shift, as well as longer dissolved CO2 diffusion path 

and thus scarcer local CO2 availability at high current density. These are the conditions for improved 

CH4 production on Cu.41,49 Oppositely, GDEs with higher WEP and thus a thinner electrolyte layer show 

a stronger alkaline shift and thus lower proton availability, which can suppress FECH4.  

 

Conclusions 

In conclusion, we showed for the first time that acting on the GDE substrate is a practical and scalable 

strategy to control and improve selectivity, performance stability, and impurity resilience of GDEs for 

CO2RR. In particular, the substrate pore size plays a pivotal role in influencing the GDE's wetting be-

havior, in particular its ability to resist aqueous electrolyte penetration, which we quantify via the WEP 

measurement. In general, a higher WEP (i.e., a more hydrophobic substrate and a smaller pore size) 

leads to substantial improvements in CO2RR performance, up to a remarkably high FECO (95 % at 100 

mA/cm2) and long stability (97 % of initial CO selectivity retained after >40 hours). Due to its im-

portance, we advise to add the WEP as a routine characterization whenever fabricating GDEs for 

CO2RR. This measurement will not only provide important information on the quality of the GDE, but 

could also be used to observe changes with pre-treatments or electrolysis time. It will therefore help 

identifying prominent failure mechanisms and accelerate future developments of CO2 electrolysis to-

wards an economically viable technology to produce synthetic fuels and chemical precursors. 
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