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A B S T R A C T

In this study, the role of the binding agent in the silver-based low-temperature electroreduction of carbon dioxide 
(CO2) to carbon monoxide (CO) was investigated by comparing silver nanoparticle-based gas diffusion electrodes 
(GDEs) prepared by ultrasonic spray coating with binding agents that are most frequently applied in this field of 
study. The GDEs were analyzed electrochemically using cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS), and tested in galvanostatic flow cell experiments at a current density of − 200 mA•cm− 2 for 
2 h. The electrochemical analysis revealed strong effects on the double-layer capacitance as well as the charge 
transfer resistance, depending on the type of binder used. In flow cell experiments, the selectivity of the elec
troreduction was mainly determined by the hydrophobicity of the binding agent. Furthermore, post-test laser 
scanning microscopy (LSM) and scanning electron microscopy (SEM) imaging showed that the mechanical sta
bility of the catalyst layer was largely affected by the binding agent.

1. Introduction

CO2 electroreduction has attracted increasing research interest in the 
past decade due to its potential application in defossilizing the chemical 
industry and hard-to-abate sectors via Power-to-X vectors [1–3]. CO2 
electroreduction to CO is of particular interest due to its comparatively 
favorable economic prospects and the wide range of application of CO in 
the chemical industry [2,4,5]. Silver is the most promising electro
catalyst for the scale-up of CO2-to-CO conversion processes [6–14]. 
Recently, the importance of the GDE fabrication methodology on the 
performance of CO2 electroreduction has been increasingly acknowl
edged [15–19]. The binding agent is an integral part of most inks used to 
prepare silver-based catalyst layers, which can be an ion-conducting 
polymer (ionomer) or a non-conducting one. In the latter case, per
fluorinated polymers like polytetrafluoroethylene (PTFE) are commonly 
applied [20,21]. The binding agent can control the microenvironment of 
the silver catalyst, which is recognized as one of the decisive factors 
determining the selectivity of the electroreduction process [17,22–24]. 
Despite the aforementioned increased attention towards the role of the 
binding agent, systematic studies investigating their effects on the 

silver-based electroreduction are still scarce[25].
A summary of recent studies that report on different binding agents 

or ionomers in catalyst layers is provided in Table 1 to assess the current 
understanding of the role of binding agents with respect to the CO2 
electroreduction performance of GDEs. Despite differences in catalyst 
materials, catalyst layer compositions, ionomer chemistry, and electro
lyzer configurations, several common trends can be identified. First, the 
choice of binding agent can substantially affect product selectivity. In 
particular, hydrophilicity appears to be an important parameter, with 
more hydrophilic binding agents generally being associated with 
increased FE(H2) in catholyte-gap-type cells[26]. For example, in a 
comparison of Sustainion, PiperION, and Nafion as binding agents for 
silver nanoparticles, the PiperION-based GDE with the lowest contact 
angle exhibited a substantially higher FE(H2) of approximately 15%, 
compared with less than 5% for the Nafion- and Sustainion-based GDEs 
[27]. Similarly, Nafion incorporation into copper-based electrodes has 
been reported to suppress FE(H2) compared with a bare copper electrode 
[28]. In another study, in which eight binding agents for a copper 
electrocatalyst were compared for CO electroreduction, the three GDEs 
with the lowest contact angles (<10◦, compared with >110◦ for the 
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remaining GDEs) exhibited the highest FE(H2), exceeding 70% 
compared with less than 35% for the more hydrophobic GDEs[29]. 
Together, these studies suggest that increased hydrophilicity and the 
associated enhanced water availability within the catalyst layer can 
promote the competing hydrogen evolution reaction. Second, the 
binding agent content can also influence the product distribution. 
Increasing the ionomer content generally seems to result in an increase 
in FE(H2), although the magnitude of this effect depends on the catalyst 
and electrode architecture[30]. For example, in bismuth-based GDEs, 
decreasing the catalyst-to-Nafion ratio from 70:30–30:70 at a constant 
catalyst loading of 0.75 mg•cm− 2 resulted in an increase in FE(H2) from 
less than 5% to more than 60%[31]. Third, the effect of a ionomer can 
depend strongly on the electrolyzer configuration. For example, Pipe
rION was reported to increase FE(H2) in catholyte-gap cells, whereas 
low FE(H2) and favorable CO2-reduction performance were reported for 
PiperION in zero-gap or membrane-electrode-assembly configurations 
[8,32,33]. In one comparison of silver-based GDEs operated in a 
zero-gap electrolyzer, the PiperION-based GDE exhibited an FE(H2) of 
only 12% at 300 mA•cm− 2, compared with 29% for the corresponding 
Nafion-based GDE[34]. This behavior is in contrast with the increased 
FE(H2) observed for PiperION in catholyte-gap configurations and in
dicates that the effect of an ionomer cannot be considered independently 
of the electrolyzer architecture and associated transport conditions.

Despite these reported effects, direct comparisons of different ion
omers with otherwise identical catalyst layer compositions and elec
trolysis conditions remain limited. In particular, the individual 
contributions of ionomer hydrophilicity, water uptake, ionic conduc
tivity, and catalyst layer stability are difficult to disentangle from the 
available literature, as differences in catalyst loading, ionomer content, 
electrode architecture, and electrolyzer configuration often occur 
simultaneously. Therefore, a systematic comparison under controlled 
conditions is required to clarify the role of the ionomer in Ag-based 
GDEs, which is the aim of this study. To address the lack of a system
atic comparison of binding agents in silver-based GDEs for the electro
reduction of CO2 to CO, the most frequently applied binding agents 
identified in a recently published literature analysis (Figure S1) were 
selected for the preparation of silver nanoparticle-based GDEs[41]. The 
resulting GDEs were systematically characterized by cyclic voltammetry 
(CV) and electrochemical impedance spectroscopy (EIS), followed by 
galvanostatic electrolysis in a flow cell using aqueous KHCO3 electrolyte 
at − 200 mA•cm− 2 for 2 h. By correlating the electrochemical and 

electrolysis performance with ionomer properties, including ionic con
ductivity, water uptake, and wettability, this study aims to elucidate the 
influence of the ionomer on the electrochemical behavior, product 
selectivity, and stability of silver-based GDEs.

2. Materials and methods

2.1. Materials

Silver nanoparticles (IoLiTec nanomaterials, NM-0038-UP-0005, 
50–60 nm, 99.9%), Sigracet 36BB gas diffusion layers (Ion Power 
GmbH), and KHCO3 (Fisher Scientific, 450640050, p.a.) were used as 
received. The solvents ethanol (Carl Roth, 9065.2, Rotipuran >99.8% p. 
a.) and acetone (Honeywell, 179973, >99.5%) to prepare the catalyst 
inks were used without further purification. The binding agents Nafion 
D-520CS (Ion Power GmbH, 5 wt% in water/lower alcohol mixture), 
Aquivion D72–25BS (Sigma Aldrich, 802549–25 ml, 25 wt% in H2O), 
PTFE (Sigma Aldrich, 665800–100 ml, 60 wt% dispersion in H2O), 
Fumion FAA-3-solut-10 (Fuel Cell Store, 8–12(10) wt% in N-methyl-2- 
pyrrolidone (NMP)), Sustainion XA - 9 (Dioxide Materials, 5 wt% in 
ethanol), PiperION (Fuel Cell Store, 72020001, 5 wt% in organic solvent 
(undisclosed)), Aemion + AP3-HNN9 (Ionomr Innovations Inc., solid) 
were used as delivered and diluted to ~5 mg•g− 1 stock solutions in 
ethanol (Nafion, Aquivion, Fumion, Sustainion, PiperION), a 1 mg•g− 1 

stock solution in EtOH:Acetone 65:35 (wt/wt) (Aemion) and a 5 wt% 
stock solution in H2O (PTFE). Ultrapure water from an Elga Purelab Flex 
3 M2 purification system was used to prepare the PTFE stock solution 
and the 2 M KHCO3 electrolyte. The IrO2-coated membrane electrode 
assembly (1/2 MEA, membrane coated on one side only, Ion Power 
GmbH, HYDRion™ Membrane N115, IrO2 1 mg•cm− 2, thickness 
116.84 − 137.16 µm, 5 ×5 cm2 coated area, 8 ×8 cm2 overall di
mensions)[42] was used for multiple experiments and stored in ultra
pure water between experiments. Before the start of the experimental 
campaign, it was stored in ultrapure water for more than one day.

2.2. Electrode preparation

Gas diffusion electrodes with Ag nanoparticles and ionomer/binding 
agent containing catalyst layers, as well as pure ionomer coatings, were 
fabricated by spraying the respective inks onto Sigracet 36BB gas 
diffusion layers (GDL) using a Nadetech ND-SP ultrasonic spray coater 

Table 1 
Studies focusing on the effects of different binding agents/ionomers in low-temperature CO2 electroreduction.

Reference Electrocatalyst Main product Cell type Catholyte Findings

Nwabara et al. 
[35]

Ag CO GDE 2 M KOH Large differences in Rct between PTFE-, Sustainion- and Nafion-based 
catalyst layers

Gonugunta 
et al.[36]

Ag CO GDE KHCO3 Best performance with polypyrrole as binding agent

Abarca et al. 
[31]

(BiO)2CO3 and Bi2O3 HCOOH GDE KHCO3 Loading effect: Increase in FE(H2) for Nafion content > 50% due to 
blockage of CO2 diffusion pathways

Chang et al. 
[37]

Cu C2+ GDE KHCO3 Sustainion increases FE(CO) and decreases FE(C2+) due to charge-transfer 
with Cu surface: Reduced CO adsorption

Yu et al.[27] Ag, CoPc, PTFE in all 
catalyst layers

CO GDE KHCO3 Increased FE(H2) for PiperION compared to Sustainion and Nafion, GDE 
without binding agent (only PTFE) most stable in extended lab experiment

Kim et al.[28] Cu C2+ GDE LiHCO3 and 
CsHCO3

Nafion: Suppressed hydrogen evolution

Galbicsek et al. 
[29]

Cu C2+ (CO 
electroreduction)

Microflu- 
idic

KOH Hydrophilic binding agents: Increased FE(H2)

Seteiz et al.[30] Ag supported on carbon 
black

CO MEA - Increasing FE(H2) for increasing PiperION content from 5 to 45 wt%

Liu et al.[38] Ag supported on carbon 
black

CO MEA - FE(H2)(Fumion) < FE(H2)(Nafion), Fumion enabled perspiration of 
electrolyte

Jung et al.[39] Ag CO H-cell, 
MEA

- Lower water uptake of ionomers beneficial for suppression of FE(H2)

Zeng et al.[40] Cu C2+ MEA - Hydrophobicity is the decisive factor for product selectivity. Decreasing 
hydrophobicity increases FE(H2)

Gatti et al.[34] Ag CO MEA - FE(H2) increases for different binders in the order of Sustainion < PiperION 
< Fumion < Nafion
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equipped with an ultrasonic nozzle[41].
The Sigracet 36BB GDLs were cut into 6.5 × 7.0 cm2 pieces for 

spraying using a STAR MA3 manual hydraulic press (Lucris 
Manufacturing) and weighed before the spraying process using an 
analytical balance. The inks were prepared by adding silver nano
particles to ethanol (Fumion, Sustainion, PiperION, Nafion, Aquivion, 
PTFE) or ethanol:acetone 65:35 (wt/wt) solvent mixtures (Aemion) and 
adding the necessary amount of the binding agent stock solution/ 
dispersion [43,44]. The total ink volume was 20 ml. The necessary 
amount of binding agent in the ink was calculated based on the depo
sition efficiency (see Table S1) of the binding agent, which was deter
mined by spraying 20 mg of the binding agent in an ethanol or 
ethanol-acetone solvent mixture (for Aemion) onto Sigracet 36BB GDLs 
using the same spraying recipe and substrate dimensions. Before 
spraying, the inks were treated with a Hielscher UP100H sonotrode MS2 
at 0.9 cycles (0.9 s pulse, 0.1 s break) and 75% power for 30 min to 
ensure a homogeneous dispersion of the silver nanoparticles. In a 10 min 
interval the ink was left to cool in a water bath for approximately 5 min. 
For spraying, the ultrasonicated ink was drawn into a 20 ml Henke-Ject 
syringe, which was mounted into position in the ultrasonic spray coater. 
The full area (6.5 ×7.0 cm2) of the GDL was sprayed with the 
pre-defined rectangle design by Nadetech (with 55 ×60 mm2 di
mensions) at 0.75 bar air pressure, 400 mm•min− 1 speed, 5 s spraying 
stabilization time, and 20.0 ml•h− 1 working flow. For the spray pattern, 
the “distance between steps” was set to 4 mm, and the “stabilized 
spraying distance” and “overage distance step” parameters were set to 
5 mm and 3 mm, respectively. The nozzle-to-substrate distance was 
60 mm and the spraying process was operated at ambient temperature 
(22 ± 2 ◦C) without making use of the heating plate. The configuration 
resulted in a minimal loss of ink due to spraying outside of the edges of 
the electrode substrate (see Figure S5) and in 20–22 layers during a total 
spraying time of ~65–70 min. The same spraying recipe was used for the 
fabrication of all electrodes except for the Aemion GDEs, as in that case, 
the significantly lower viscosity of the ethanol/acetone mixture led to 
increased agglomeration and sedimentation of the silver catalyst (see 
Table S3 and Figure S29). For the Aemion GDEs, the working flow was 
increased to 30 ml•h− 1 and the ink volume was reduced to 18 ml. After 
drying for at least 1 h, the GDEs were weighed on an analytical balance 
to calculate the mass loading of the two solids (silver nanoparticles and 
binding agent) that were dispersed and dissolved in the ink. The GDEs 
with PTFE as a binding agent were heat-treated in a tube furnace 
(Carbolite Gero) in an Ar atmosphere at 250 ◦C for 2 h with a heating 
rate of 2 K•min− 1 according to a methodology adopted from the liter
ature[35]. The catalyst + binding agent loading was ~1.85 mg•cm− 2 

and the binding agent content was ~8.5 wt% with respect to the catalyst 
mass as reported in Table S2 and Table S3 in the Supporting 
Information.

2.3. Cell setup

A flow chart of the cell setup, a photograph of the experimental 
setup, as well as a scheme of the electrochemical cell are given in 
Figure S6 in the supporting information. The setup consisted of a com
mercial flow cell (Gaskatel GmbH, ElyFlow, 83400 [45,46]) featuring a 
geometric electrode area of 10 cm2, a 400 ml PTFE electrolyte vessel 
connected to a PP membrane pump (Gaskatel GmbH, 83721), which was 
used for catholyte circulation, a humidifier, and a pressure control sys
tem. The ElyFlow cell consisted of two 10 mm wide analyte compart
ments of 25 ml volume, with Haber-Luggin capillaries for reference 
electrodes. The IrO2-coated membrane electrode assembly was placed 
between the analyte compartments The counter electrode holder was 
equipped with a mixed metal oxide (MMO) anode (64 ×64 mm2, 2 mm 
thickness)[47]. Electrical contact between the anode catalyst layer of 
the ½ MEA and the mixed-metal anode of the ElyFlow cell was estab
lished by the slightly increased pressure in the catholyte compartment 
(see Figure S3) and with a set of seven circular pieces of titanium 

expanded metal (GAB Titan, ASTM B265 Gr. 1, mesh size 
0.5 ×0.5 ×4×2 mm, 35 mm diameter) fitted in the analyte compartment 
on the anode side. Titanium fleece (Bekaert, CURRENTO® 
2GDL10N-0.25) was placed on each side of the expanded metal. The 
working electrode holder exposed an area of 10 cm2 of the gas diffusion 
electrode to the electrolyte. Silicone gaskets between the compartments 
were used for sealing[48]. Further details regarding the cell configura
tion can be obtained from the ElyFlow manual[46]. CO2 was supplied to 
the cell as a separate humidified gas stream at a flow rate of 
100 ml•min− 1 using Bronkhorst EL-FLOW controllers. A Perma Pure 
tube-in-shell humidifier (Perma Pure LLC, MH-110–12P-4) was used for 
the humidification of the gaseous CO2, reaching up to 98% relative 
humidity[49]. The ultrapure water for the humidification was circulated 
with a polypropylene (PP) membrane pump (Gaskatel GmbH, 83721). 
The membrane pump for the catholyte circulation was controlled by a 
commercial control box (Gaskatel GmbH, Control box GCB-TT, 83800), 
which was also used to display the temperature measured in the cath
olyte vessel with a Pt100 sensor (Gaskatel GmbH, 83911). The pressure 
control system was used to adjust the differential pressure across the 
GDE, ΔpGDE, and maintain flow-by conditions. The pressure on the CO2 
gas side was directly controlled, whereas the catholyte pressure was only 
measured. Correspondingly, the CO2 pressure was set to maintain 
ΔpGDE~0 mbar during operation (see Figure S3 in the supporting 
information). Gas analysis was conducted with a gas chromatography 
system (GC) (Thermo Scientific Trace 1310). The gas outlet of the flow 
cell was connected to the headspace of the catholyte vessel to allow for 
the separation of droplets that are carried in the gas stream. Conse
quently, the composition of the gas from the catholyte gap and from the 
cathode gas outlet was measured as one single flow. Before the gas 
entered the gas chromatograph, it was dried in a membrane-based dryer 
(Perma Pure LLC, PD-50T-12MPP). The gas flux was measured with a 
drum-type gas meter (Ritter, TG0.5/6, 1 l•h− 1 to 60 l•h− 1).

2.4. Flow cell experiments

The flow cell experiments were conducted at ambient temperature 
without external heating (see Table S5) and with 400 ml 2 M KHCO3 
catholyte. The cell was assembled and tightened with a stepwise in
crease of torque from 1.0 to 2.0 to 3.0 Nm. A reversible hydrogen 
electrode (RHE) (Mini Hydrogen Reference Electrode Mini-HydroFlex, 
Gaskatel GmbH, 81020) was used as a reference electrode and the 
reference electrode chamber was filled with catholyte before starting the 
experiment. To start up the cell, the CO2 gas flow rate was set to 
100 ml•min− 1, the water circulation for the humidification was started, 
and the Ar flow rate for the dryer was set to 200 ml•min− 1. Next, the CO2 
pressure was set to 90–100 mbar, and the catholyte flow rate was slowly 
increased to ~30 ml•min− 1 such that the differential pressure equili
brated. A VSP-300 potentiostat (Biologic) equipped with a 2 A/30 V 
booster card was used for the flow cell experiments. The potentiostat 
cables were connected with the cell (working/sense on working elec
trode, reference electrode, and working/sense on counter electrode), 
and the measurement protocol shown in Figure S4 was started. Once the 
electrolysis started, the pressure on the gas side was increased to 
maintain ΔpGDE~0 mbar. At the end of the experiment, the GDE was 
removed from the cell, washed with ultrapure water three times, and 
placed in a fumehood to dry overnight. The cell and the lines were 
cleaned by circulating ultrapure water three times. The sealings were 
cleaned separately first with ethanol and then with ultrapure water.

The Faradaic efficiency FE(i) of species i was calculated with Eq. (1): 

FE(i) =
V̇tot⋅xi⋅z • F

Vm⋅I
(1) 

Where V̇tot is the gas flux exiting the cell from the catholyte and cathode 
gas compartment measured with the Ritter gas meter, xi is the molar 
fraction of component i in the gas stream measured with the GC, Vm is 
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the molar volume at standard conditions (24.46 l•mol− 1, 25 ◦C, 1 atm), 
z is the number of electrons transferred in the reaction (z = 2 for CO & 
H2), I is the current (2 A in the galvanostatic experiments) and F is 
Faraday’s constant (F = 96485 C•mol− 1)[50].

2.5. Pristine and post-test electrode characterization

2.5.1. Determination of the electrochemically active surface area (ECSA)
GDE samples were cut into pieces of 20 × 20 mm size using a manual 

hydraulic press STAR MA3 (Lucris Manufacturing) and stored at 
ambient conditions before use. All experiments were performed at 
ambient conditions in a 1 M KHCO3 electrolyte solution (Fisher Scien
tific, 450640050, p.a.) in a three-electrode configuration using an in- 
house developed electrochemical cell[51] connected to a SP-300 
potentiostat (Biologic). The setup is referred to in the main text as the 
“CV setup”. The GDE sample was connected as the working electrode, a 
Pt wire (23 cm, ALS) served as the counter electrode, and a RHE (Gas
katel GmbH) was used as the reference electrode. The geometric surface 
area of the GDE exposed to the electrolyte solution was Ageo = 0.28 cm2. 
After cell assembly, the sample was equilibrated at OCP for 10 min. A 
constant potential of 0.7 V vs. RHE was applied for 30 s to stabilize the 
sample current before performing cyclic voltammetry (CV) measure
ments to analyze the double-layer capacitance (Cdl). CV curves were 
recorded between 0.7 and 0.8 V vs. RHE at varying scan rates from 
200 mV•s− 1 to 10 mV•s− 1 for 10 cycles each (200, 150, 100, 75, 50, and 
25 mV•s− 1) or 5 cycles (10 mV•s− 1). The average current of the anodic 
and the cathodic sweep at 0.75 V vs. RHE of the final cycle was plotted 
versus the scan rate to determine the double-layer capacitance from the 
slope of the linear fit.

2.5.2. Laser scanning microscopy
Laser scanning microscopy (LSM) images and height profiles of 5 

randomly selected areas of each GDE were acquired with an Olympus 
Lext OLS4100 microscope using a 10x magnification lens (field of view: 
1.28 ×1.28 mm). For the calculation of the roughness parameters, only 
areas without cracks in the microporous layer (MPL) were considered, as 
shown in Figure S27. Furthermore, the noise filter and tilt adjustment 
were applied before the calculation.

2.5.3. Contact angle measurement
The contact angles of the pristine and used GDEs were measured with 

a dataphysics OCA 200 device, using 4 µl droplets of 2 M KHCO3 with a 
dosing speed of 1 µl•s− 1. The SCA20® software was used for analysis, 
and the contact angle of at least 10 droplets was averaged. A 500 µl gas- 
tight syringe (Hamilton) was used, and the pristine and used GDE 
samples were cut into thin strips for analysis using ceramic scissors. An 
increased droplet volume of 8 µl was used for the contact angle mea
surement of the uncoated Sigracet 36BB GDL, due to the low adhesion.

2.5.4. Scanning electron microscopy & energy-dispersive X-ray 
spectroscopy

Scanning electron microscopy (SEM) images were acquired using a 
FEI Quanta FEG650 microscope at 10 mm working distance, 20 kV, and 
spot size 3.0. Energy dispersive X-ray spectroscopy (EDS) was used to 
evaluate the distribution of PTFE on the GDE. For EDS mapping, an 
Octane elite detector (Ametek EDAX) and the Apex EDS software were 
used. The spot size was increased to 5.5, the acceleration voltage 
decreased to 10 kV and the working distance was kept at 10 mm. The 
resolution was set to 1024 × 800, the dwell time to 50 µs and the 
number of total frames to 64.

2.5.5. Porometry
Through-pore size distributions were measured using a Quantach

rome Porometer 3 G applying the full pore size analysis method (wet 
then dry). The GDE/GDL samples were cut into circles of 18 mm in 
diameter to fit into the sample holder (1.33 cm²) and wetted with 

Quantachrome Porofil (1.85 g•ml− 1, 16.0 dyn•cm− 1) for at least 1 min 
before starting the measurement. The pore size was measured in the 
range from 100 µm to 9 µm (corresponding to a 6.40 mbar to 70.46 mbar 
pressure range).

3. Results and discussion

To investigate the role of the binding agent, silver-based GDEs were 
prepared by ultrasonic spray coating of silver nanoparticle inks with the 
binding agents shown in Figure S1 onto Sigracet 36BB GDLs (cata
lyst+binding agent loading ~1.85 mg•cm− 2, binding agent content 
~8.5 wt% with respect to the catalyst mass, see Table S2 and Table S3). 
Furthermore, a GDE was prepared with an ink containing only Ag 
nanoparticles and no binding agent. In Fig. 1, selected examples of SEM 
images of the Fumion-based GDE illustrate the electrode design: A thin 
catalyst layer consisting of silver nanoparticles on top of the carbon- 
based Sigracet 36BB GDL (also see Figure S58), which exhibits 
~20–30 µm wide cracks, which were already present in the as-received 
GDL substrates.

In order to account for the mismatch between the ink and the catalyst 
layer composition occurring with ink-based methods, the respective 
deposition efficiencies for the binding agents and the silver nano
particles were determined by spraying them individually (see Table S1) 
[41,52–54]. Aside from the GDE prepared with PTFE as the binding 
agent, the electrodes were used without further heat treatment. In 
Table 2, the ionic conductivity, the water uptake, and the ion exchange 
capacity of the investigated binding agents are listed.

3.1. Heat treatment of PTFE gas diffusion electrodes

The PTFE gas diffusion electrodes were heat-treated at 250 ◦C for 2 h 
in an Ar atmosphere according to the methodology reported by Nwabara 
et al., with the motivation of homogenously distributing the PTFE par
ticles across the catalyst layer as the particles are dispersed and not 
dissolved in the catalyst ink[35]. The heat-treatment did not lead to any 
mass losses (Table S4). The SEM micrographs and EDS maps in Figure S7
in the supporting information show that the heat-treatment did not lead 
to a homogeneous film formation of PTFE, as the micrometer-sized 
particles remain visible also in the heat-treated sample. Instead, the 
main effect was the observed sintering of the silver nanoparticles. This is 
in accordance with the sintering temperature of silver nanoparticles in 
the range of 200–300 ◦C [67–70], the melting temperature range of 
PTFE of 327–342 ◦C[71], and electrode preparation methodologies in 
which PTFE is sintered at about 330–340 ◦C [72,73]. To further evaluate 
the effect of the heat-treatment, the non-heat-treated PTFE-based GDE, 
as well as a heat-treated GDE without binding agent, were used in flow 
electrolysis tests and analyzed via contact angle measurement, EIS, CV, 
LSM and SEM (see Figure S9, Figure S10, and Figure S11).

3.2. Electrochemical characterization

The prepared gas diffusion electrodes were characterized via EIS and 
CV to evaluate the double-layer capacitance and thus the relative ECSA. 
Fig. 2a shows the impedance spectra for the pristine GDEs, which were 
obtained from measurements in the flow cell and fitted based on the 
equivalent circuit model shown as an inlay. One semicircle was observed 
for all GDEs, which was corroborated by the distribution of relaxation 
time (DRT) analysis as given in Figure S14 and Figure S15. The presence 
of smaller peaks and shoulders in the DRT spectra of certain anion- 
conducting ionomers (Aemion, Fumion, Sustainion) was observed, 
which was interpreted as a consequence of noise in the corresponding 
EIS spectra. On the other hand, the peaks could indicate ion and mass 
transport processes as reported in a study on a copper electrocatalyst 
investigated with DRT analysis[74].

While the high-frequency resistance R0 was independent of the 
binding agent, the charge-transfer resistance Rct was strongly dependent 
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on the binding agent present in the ink. Overall, the presence of a 
binding agent in the ink resulted in a higher charge-transfer resistance 
compared with the GDE prepared without binding agent. For instance, 
the GDE prepared without binding agent exhibited an Rct of ~5 Ω, 
whereas an increased charge-transfer resistance in the range of ~7.5 Ω 
was observed for the Fumion GDE. Qualitatively, this observation was in 
accordance with the lower ionic conductivity of the ionomers compared 
to the bulk electrolyte (2 M KHCO3). As Fig. 2b illustrates, the observed 
charge-transfer resistance correlates with the ionic conductivity of the 
binding agent. To ensure comparability, only samples prepared without 
heat treatment and using ethanol as the ink solvent are considered. The 
correlation for all samples is shown in Figure S20. Even when consid
ering thick ionomer films (11 wt% Nafion in 3 mg•cm− 2 IrOx catalyst 
layer prepared by ultrasonic spray coating: 100–300 nm with agglom
erates up to 400 nm[76]), it seems unlikely that the observed increase in 
Rct is caused solely by the lower ionic conductivity of the ionomer phase 
compared to the bulk KHCO3 electrolyte (increase of ionic conductivity 
from 5 to 100 mS•cm− 1 with ionomer thickness of 400 nm would 
decrease Rct of a planar electrode from 8 mΩ•cm2 to 0.4 mΩ•cm2). 
However, the ionomer can account for a significant volume fraction in 
the catalyst layer considering its lower density compared to silver metal 
and the water uptake[77]. When discussing the effect on the overall 
cross-plane conductivity, it seems more likely that the network formed 
by the ionomer across the whole catalyst layer must be considered[78]. 
In addition to the intrinsic ionic conductivity, effects on the microen
vironment, like the local CO2/H2O ratio and CO2 solubility in the wet 
ionomer phase, could play a significant role in dictating the 
charge-transfer resistance in CO2 electroreduction [17,25,28]. The 
observed changes of Rct in the order of ~3 Ω correspond to changes of 
the area-specific resistance of ~30 Ω•cm2, which is comparable to 

experimental findings obtained by Nwabara et al[35].
In Fig. 2c, the current measured in CV scans is shown as a function of 

the scan rate for the GDEs prepared with different binding agents. The 
choice of the binding agent can significantly affect the double-layer 
capacitance of the GDEs, with a range from 0.55 mF•cm− 2 for the 
PTFE-based GDE up to 3.54 mF•cm− 2 for the PiperION-based GDE, 
respectively. However, it should be noted that due to the heat treatment 
applied to the PTFE-based samples and the different ink solvent used for 
the Aemion-based samples (ethanol/acetone instead of ethanol), the 
effects of these binding agents were superimposed on those arising from 
the respective preparation methodologies. The CV scans are given in the 
supporting information in Figure S17 and Figure S18, next to the data in 
Table S10. As an example, CV scans and data analysis for the Nafion- 
based GDE are shown in Fig. 3. According to Eq. 2, Cdl is directly 
correlated to the accessible electrochemically active surface area 
(ECSA). Cs corresponds to the specific capacitance of an atomically 
smooth planar surface of the catalyst material. A Cs of 20 mF•cm− 2 was 
adopted based on typically reported values at a smooth silver/electro
lyte interface [79,80]. Accordingly, the ECSA data reported in Table S10
should be only used for relative comparison. 

ECSA =
Cdl

Cs
(2) 

To obtain Cdl, CV measurements were carried out at multiple scan 
rates v in a potential range within which the measured current is ex
pected to be due to double layer charging (silver nanoparticle oxidation 
is reported at +0.4 V vs. Hg/HgO in 0.1 M phosphate buffer, pH 7, 
equivalent to +0.9 V vs. RHE)[81]. A nearly rectangular shape of the CV 
curve (Fig. 3a) indicated that the measured current arises from the 
charging and discharging behavior of the electrical double layer[82]. 
For strong resistive behavior of the catalyst layer, however, the CV 
curves become distorted at high scan rates. According to Eq. 3, Cdl 
corresponds to the slope of the linear fit of the measured current I vs. the 
scan rate v. 

I = v⋅Cdl (3) 

As shown in Fig. 3b, a linear relation between the scan rate and the 
current response was observed for v ≤ 100 mV•s− 1. For v 
> 100 mV•s− 1, this linear relation starts to disappear, which could be 
due to the mass transport limitation (ion penetration in the bulk of the 
catalyst layer, transport of product from the catalyst to the electrolyte 
solution) at a fast acquisition time, leading to a reduction of the 
measured current. For this reason, only the current response for scan 
rates of up to 100 mV•s− 1 was considered to determine Cdl.

The capacitance values determined by CV are comparable to data 
reported on silver-based GDEs by Yu et al. in the range of 
0.5–1.9 mF•cm− 2. While for the PiperION-based GDE (1.9 mF•cm− 2) 
and the Nafion-based GDE (1.4 mF•cm− 2), the same qualitative trend 
was reported, the capacitance of the Sustainion-based GDE (0.5 
mF•cm− 2) was reported to be lower than the reference sample without a 
binding agent (0.9 mF•cm− 2). The procurement of the ionomers from 

Fig. 1. (a) Top-view SEM image of the Fumion-based GDE. The cracks of the Sigracet 36BB gas diffusion layer are clearly visible. (b) Cross section view along a GDL 
crack, showing silver nanoparticle deposition also on the crack walls. (c) Top-view SEM image of the catalyst layer showing silver nanoparticles.

Table 2 
Physicochemical properties of the investigated ionomers/binding agents re
ported in the literature: Ionic conductivity, water uptake, ion exchange capacity 
and swelling ratio.

Ionomer/binding 
agent

Ionic 
conductivity 
(25 ◦C, 
mS•cm− 1)

Water uptake 
(%)

Ion exchange 
capacity (meq/g)

Fumion FAA-3 8.22 (OH-)[55] 19 (30 ◦C)[56] 1.7–2.2[55]
Sustainion XA-9 64 (OH-)[55] 80 [55,57] 1.1[55]
PiperION 60–80 (OH-) 

[55]
30–60, 50 
(30 ◦C) [58,59]

2.3–3.5[55]

Nafion D520 100 (H+)[60]a 27 (30 ◦C)[61] 1.03 − 1.12[62]
Aquivion 

D72–25BS
100 (H+)[60]b 40 (30 ◦C)[61] 1.35–1.43[63]

Aemion+ AP3- 
HNN9

4–9 (Cl-)[55] 20–50 (80 ◦C) 
[64]

1.9–2.7[64]

a For Nafion D520 (>1000 EW) we consider the conductivity of a N112 (1100 
EW) membrane immersed in water. b For Aquivion D72–25BS we assume the 
same ionic conductivity as for Nafion D520. Due to the higher water uptake a 
higher conductivity would be expected [65,66].
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different suppliers might explain the inconsistency [27].
Fig. 2d shows a positive correlation between the double-layer 

capacitance of the GDE samples obtained from the CV measurements 
and the water uptake of the ionomer applied as the binding agent in the 
respective samples as reported in Table 2. To ensure comparability, only 
samples prepared without heat treatment and ethanol as the ink solvent 
are considered. The correlation for all samples is shown in Figure S19. 
Overall, the ionomer addition increased the double-layer capacitance 
compared with the GDE prepared without a binding agent. A clear in
crease in capacitance was observed for ionomers with higher water 
uptake: Fumion, with a water uptake of 19%, exhibited a capacitance of 
only 1.55 mF•cm− 2, whereas PiperION and Sustainion, which exhibited 
the highest water uptakes among the investigated ionomers (approxi
mately 50% and 80%, respectively), showed substantially higher ca
pacitances of 3.54 mF•cm− 2 and 3.03 mF•cm− 2, respectively. These 
results are consistent with the hypothesis that the ionomer forms an 
interconnected network within which the nanoparticles are embedded, 

thereby increasing the fraction of the silver nanoparticle surface that is 
electrochemically accessible through the ionomer/electrolyte phase, 
rather than merely forming an external coating around the 
nanoparticles.

There were deviations between the double-layer capacitance by CV 
and EIS given in Figure S21 in the Supporting Information. The 
discrepancy may have arisen from the different time scales employed by 
the two techniques, as potential-induced rearrangements of the inter
facial charge distribution can exhibit characteristic relaxation times and 
consequently contribute differently to the capacitance determined by 
cyclic voltammetry and EIS[83].

3.3. Flow electrolysis experiments

Fig. 4 shows the transient evolution of the Faradaic efficiency (FE) 
for hydrogen and carbon monoxide formation during 2 h galvanostatic 
electrolysis experiments in the flow cell setup at − 200 mA•cm− 2. The FE 

Fig. 2. (a) Electrochemical impedance spectra of the silver-based GDEs with different binding agents at − 10 mA in the frequency range from 100 kHz to 100 mHz 
with 7 points per decade including the fit based on the shown equivalent circuit model. Measurements were performed in the flow cell and averaged from three 
individual measurements. The error bars show the standard deviation. (b) Fitted charge transfer resistance Rct as a function of the ionic conductivity of the binding 
agent used in the fabrication of the respective GDE as given in Table 2. Only the samples prepared with ethanol as ink solvent and without heat treatment are shown 
for comparability. In case of the GDE without binder the conductivity of the bulk electrolyte (2 M KHCO3) was considered, which was interpolated from experimental 
data as given in Fig. S2[75]. (c) Double-layer capacitance of the GDEs estimated from the slope of current vs. scan rate plots obtained from CV measurements in the 
CV setup[51] (see Fig. S17). (d) Fitted double-layer capacitance Cdl as a function of the water uptake of the binding agent used in the fabrication of the respective 
GDE as given in Table 2. For the sample prepared without a binder we assume a water uptake of zero. Only the samples prepared with ethanol as the ink solvent and 
without heat treatment are shown for comparability reasons. An estimated error of 15% is shown by error bars.
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(H2) ranged between 1% and 4% in the first 10 min for all GDEs except 
for the PiperION-based one and rose up to 22% for the Sustainion-based 
GDE and 38% for the PiperION-based GDE at the end of the electrolysis 
experiment. In general, a slight increase of the FE(H2) was observed for 
all GDEs. Compared to the other GDEs, the PiperION-based GDE 
exhibited an increased FE(H2) of ca. 26% in the first 10 min of the 
electrolysis experiment. The Sustainion- and PiperION-based GDEs 
performed less favorably compared to the GDEs prepared with Nafion 
and no binding agent, which both yielded 16% FE(H2) after 2 h. The 
other GDEs prepared with Fumion, Aemion, Aquivion, or PTFE exhibi
ted a decreased FE(H2) in the range of 9–11%. The sum of FE(H2) and FE 
(CO) was close to 100% indicating that side reactions such as formic acid 
formation were not significant. This observation is supported for the 
most part by other studies employing different binding agents in cath
olyte gap electrolysis setups. For instance, in a recent study comparing 
Nafion, Sustainion, and PTFE a more favorable performance for Nafion 
and PTFE (~100% FE(CO) and 105 − 110% FE(CO) respectively) than 
for Sustainion (decrease from~95% to ~80% FE(CO)) was reported in 
the first 2 h of a 6 h experiment[35]. In another study, Nafion-, Sus
tainion-, and PiperION-based GDEs were prepared with PTFE nano
particles. While the FE(H2) for Nafion and Sustainion was negligible, the 
PiperION-based GDE produced a significant amount of hydrogen (FE 
(H2)~15%) at − 150 mA•cm− 2[27].

The cathode potentials are given in Figure S22 and Figure S23 in the 
Supporting Information and revealed only minor effects of the binding 
agent. As shown in Figure S24 in the supporting information, the po
tential during the − 200 mA•cm− 2 electrolysis did not correlate with the 
ionic conductivity of the ionomer that was applied in the fabrication of 
the GDEs, in contrast to the correlation of Rct and ionic conductivity that 
was found at low current density (− 1 mA•cm− 2) in the impedance 
spectra (see Fig. 2b). This could underline the mass transfer limitation of 
CO2 at the higher current density of − 200 mA•cm− 2 and might indicate 
that the ionomer can significantly affect the availability of CO2 at the 
catalyst layer and the diffusion pathways to it at higher current densities 
[22,25,84,85].

3.4. Wetting properties

Fig. 5 shows the initial contact angle of electrolyte droplets (2 M 

KHCO3) on the pristine and used GDE surfaces. Apart from the PiperION- 
based GDE, which exhibited a more hydrophilic surface with a contact 
angle of 82 ± 7◦, and the Aemion-based GDE with a contact angle of 
111 ± 3◦, the other binding agents did not affect the hydrophobicity 
significantly, with the contact angles being in the range of 132–144◦. 
The contact angles of all coated GDEs decreased in comparison to the 
contact angle of the uncoated Sigracet 36BB GDL (MPL side, see 
Figure S25) of 149 ± 2◦, which is most likely due to the hydrophilicity of 

the silver nanoparticles[86]. For the Fumion-, Sustainion- and 
PTFE-based GDE as well as the GDE prepared without a binding agent, 
the contact angles were between 130◦ and 140◦. Applying the fluori
nated compounds Nafion and Aquivion increased the contact angle up to 
144◦ and 141◦, respectively. Recent wetting data reported for 
silver-based GDEs with Nafion (149 ± 2◦), Fumion (138 ± 6◦), and 
PTFE as a binding agent (150 ± 2◦) mainly support the findings in this 
study. Sigracet 28BC carbon paper (same 5 wt% PTFE content as 
Sigracet 36BB) and a similar loading (~1 mg•cm− 2), as well as ionomer 
content (~10 wt% of catalyst amount), was applied[36]. The discrep
ancy with respect to the PTFE-based GDE can be explained by two fac
tors: The heat-treatment (not conducted in the referenced study) and a 
different dispersion type and supplier. Despite the agreement with 
respect to the contact angle data corresponding to the pristine GDEs, a 
significant deviation was found with respect to the wetting data of the 
used GDEs (after 3 h electrolysis at 4 V cell voltage, initial current 
density ~ − 50 mA•cm− 2, decreasing over time), with contact angles 
reported to be below 100◦. This discrepancy most likely is caused by 
remaining KHCO3 precipitates on the catalyst layer, which increase the 
hydrophilicity of the surface[87].

3.5. Catalyst layer stability

Fig. 6a and b depict LSM images of pristine and operated GDEs 
prepared with Nafion and Sustainion, respectively, at tenfold magnifi
cation. The Sustainion-based GDE exhibited pronounced catalyst 
detachment in the form of flakes, exposing the underlying MPL (black). 
In contrast, the Nafion-based catalyst layer showed substantially less 
flaking, with no apparent areas of catalyst detachment. The observed 
catalyst loss may also contribute to the darkening of the catalyst layer 
after electrolysis, as observed in the photographs in Figure S8 in the 
Supporting Information.

Fig. 6c compares the root mean square surface roughness (Sq) of the 
pristine and operated catalyst layers prepared with Nafion and Sus
tainion. In the pristine state, the catalyst layers exhibited similar surface 
roughness values of 2.0 ± 0.8 µm and 1.8 ± 0.7 µm for the Nafion- and 
Sustainion-based GDEs, respectively. After electrolysis, the surface 
roughness of the Nafion-based catalyst layer remained largely un
changed at 2.2 ± 0.8 µm, whereas that of the Sustainion-based catalyst 
layer increased substantially to 4.8 ± 2.5 µm. The increase in Sq is 
consistent with the pronounced catalyst layer flaking observed in the 
corresponding LSM images. The relatively large deviations in Sq 
compared with the absolute roughness values most likely result from 
substantial spatial variations in surface morphology between different 
areas of the catalyst layer.

The pronounced catalyst detachment and associated increase in 
surface roughness indicate that the ionomer can play an important role 

Fig. 3. Analysis of the double-layer capacitance Cdl in 1 M KHCO3 for the GDE with Nafion binder. (a) CV curves in the non-Faradaic region at 500–10 mV•s− 1 scan 
rate vs. RHE. (b) Relationship between capacitive current and scan rate. The capacitive current corresponds to the average of the anodic and cathodic sweep at 0.75 V 
vs. RHE obtained in CV measurements between 0.7 V and 0.8 V vs. RHE.
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in the mechanical stabilization of the catalyst layer. Insufficient me
chanical cohesion within the catalyst layer may facilitate catalyst 
detachment during electrolysis. In addition, electrolyte flow as well as 
the formation and detachment of gas bubbles may impose mechanical 
stresses on the catalyst layer and thereby accelerate catalyst loss [88,

89]. However, the present comparison is not intended to constitute a 
direct benchmark of the investigated ionomers, since their contents in 
the catalyst layers were not individually optimized. Rather, these results 
demonstrate that the choice of ionomer and its interaction with the 
catalyst layer can substantially affect the mechanical stability of the 

Fig. 4. Faradaic efficiency (FE) for carbon monoxide (CO) and hydrogen (H2) formation in the 2 h galvanostatic experiment performed in the flow cell at a current 
density of 200 mA•cm− 2. The electrolysis experiments were performed at room temperature (~25 ◦C) with a temperature increase of ~15 ◦C during the experiment 
(see Table S5) and with flowing 2 M KHCO3 as the catholyte and a geometric electrode area of 10 cm2.
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resulting GDE.
Additional LSM data are provided in the Supporting Information, 

including the complete surface roughness data in Figure S28, and LSM 
images of pristine and operated GDEs prepared with the other binding 
agents in Figure S30. Catalyst layer detachment was also reflected in the 
electrochemical impedance spectra, as demonstrated by the comparison 
of pristine and operated GDEs in Figure S26. Furthermore, SEM images 
of the pristine and operated catalyst layers (Figure S38 to Figure S57) 
provide additional evidence of catalyst detachment and support the LSM 
observations. Qualitatively, similar catalyst layer detachment behavior 
was previously reported as indicated through SEM images by Gonugunta 
et al. [36,41].

For the GDE prepared without a binding agent, the particles forming 
the catalyst layer appeared to increase in size after operation, as shown 
in Figure S38 and Figure S39. A similar increase in particle size was 

previously reported in the literature[38].

3.6. The role of the ionomer with respect to hydrogen evolution

Fig. 7 provides a visual representation of the correlation between the 
Faradaic efficiency for hydrogen formation, FE(H2), and the ionomer 
water uptake, as well as the contact angle of the pristine GDEs. The data 
shown in Fig. 7a indicates a positive correlation between the FE(H2) and 
the water uptake of the ionomer. A higher water uptake might lead to a 
lower CO2/H2O-ratio, which would increase FE(H2) in accordance with 
the experimental findings[17]. A similar trend was reported by Kim 
et al., who synthesized polycarbazole-based anion-exchange ionomers 
with different functional groups for silver-based CO2 electroreduction, 
including trimethyl phosphonium (TMP)-, tetramethyl imidazolium 
(tmIM)-, and 1,4-diazabicyclo[2.2.2]octane (DABCO)-groups[28]. The 
water uptake of these ionomers increased in the order of TMP (~55%), 
tmIM (~75%), and DABCO (~95%). The H2 current density in an H-cell 
at the maximum investigated potential (IR-corrected) of − 1.1 V vs. RHE 
increased in the same order from ca. − 0 mA•cm− 2 (TMP), ca. 
− 1 mA•cm− 2 (tmIM), to − 4.5 mA•cm− 2 (DABCO).

As discussed in Section 3.4, apart from PiperION and Aemion, the 
different binding agents did not significantly affect the hydrophobicity 
of the catalyst layer, as shown in Fig. 7b. Correspondingly, we found that 
the initial product distribution obtained with the GDEs based on these 
binding agents was rather similar (~10% FE(H2) at 10–20 min). By 
contrast, the more hydrophilic PiperION-based GDE (82◦ contact angle) 
exhibited a significantly increased FE(H2) of > 30% in the initial phase 
of the electrolysis experiment (10–20 min). Within this argumentation, 
the Aemion-based GDE must be seen as an outlier that produced a 
relatively small amount of hydrogen despite its reduced hydrophobicity 
(111◦ contact angle compared to 130–140◦). Nonetheless, the finding 
that hydrophobic GDEs exhibit decreased FE(H2) is still valid [27,40].

Furthermore, the through-pore size distribution of the GDEs was 

Fig. 5. Initial contact angle of 2 M KHCO3 droplets on the pristine and used gas 
diffusion electrode surface prepared with the different binding agents. The used 
GDEs were washed with ultrapure water.

Fig. 6. Laser scanning microscopy images at 10x magnification of the pristine and used catalyst layers of the GDEs prepared with Nafion (a) and Sustainion (b). Scale 
bar (top left) valid for all images. (c) Root mean square surface roughness (Sq) of the pristine and used catalyst layers of the GDEs prepared with Nafion and 
Sustainion. The increase in surface roughness correlates with the flaking-off of the catalyst layer. Only areas without cracks of the MPL (Sigracet 36BB) were 
considered for the data evaluation (see Fig. S27).
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measured (see Figure S31 to Figure S35 in the supporting information), 
revealing no significant impact of the applied ionomer on the mean and 
shape of the distribution in comparison to the bare Sigracet 36BB GDL. 
In addition, no clear correlation can be observed between FE(H2) and 
the ion exchange capacity of the ionomer as reported in Figure S36 in the 
Supporting Information.

For a deeper understanding of the role of the ionomer and its effect 
on the CO2/H2O-ratio, a comparative determination of important 
transport properties like the solubility and permeability of CO2 in thin 
ionomer films under in-situ conditions would be desirable, as the data is 
usually reported only for one or two ionomers under the same conditions 
[28,91–94].

4. Conclusions

In this study, the most frequently used binding agents for the silver- 
based low-temperature electroreduction of CO2 to CO were employed to 
prepare gas diffusion electrodes via ultrasonic spray coating to elucidate 
the role of the binder in the electroreduction process. The key findings of 
the study are summarized as follows:

1. Charge-transfer resistance: Electrochemical impedance spectros
copy, conducted at a low current density of − 1 mA•cm− 2, revealed a 
decrease in the charge-transfer resistance with increasing ionic 
conductivity of the ionomer. This finding highlights the importance 
of ionomer ionic conductivity for efficient ion transport within the 
catalyst layer and, consequently, for the electrochemical charge- 
transfer kinetics of the GDE.

2. Double-layer capacitance: The double-layer capacitance determined 
by cyclic voltammetry increased with the water uptake of the ion
omer incorporated into the catalyst layer. Despite comparable silver 
loadings, the Sustainion- and PiperION-based GDEs exhibited sub
stantially higher capacitances than the ionomer-free GDE. This 
behavior suggests that incorporation of highly water-uptaking ion
omers increases the electrochemically accessible interfacial area, 
potentially through the formation of an ionomer network within the 
catalyst layer in which the silver nanoparticles are embedded.

3. Hydrogen Faradaic efficiency: The use of the hydrophilic ionomer 
PiperION resulted in a pronounced increase in the Faradaic effi
ciency for hydrogen, FE(H2), whereas the other ionomers did not 
significantly affect the selectivity. In addition to the contact angle of 
the pristine GDEs, the FE(H2) showed a positive correlation with the 
water uptake of the ionomer. These results indicate that the water- 
management properties of the ionomer can influence the competi
tion between CO2 reduction and the hydrogen evolution reaction.

4. Catalyst layer stability: Post-test LSM and SEM characterization, 
supported by EIS analysis, highlighted the influence of the ionomer 
on the catalyst layer stability. Pronounced catalyst detachment was 
observed for the Sustainion-based GDE, whereas the Nafion-based 
catalyst layer, as an example, remained largely intact over the 
duration of the flow-cell experiment, demonstrating that ionomer 
selection is an important consideration for maintaining catalyst layer 
integrity during operation.

Future studies should investigate whether the relationships identi
fied here between ionomer properties and GDE performance extend to 
other CO2RR products, particularly formic acid and multicarbon prod
ucts. Such studies would help determine which ionomer effects are 
generally applicable to CO2 electroreduction and which are specific to 
the catalyst and reaction pathway. Furthermore, future investigations 
should focus on the properties and morphology of ionomer films formed 
around the catalyst particles. In particular, experimentally determining 
the CO2 transport properties of thin ionomer films, including CO2 
permeability and solubility, would provide valuable insights into the 
accessibility of CO2 at the catalyst–ionomer interface. Combining these 
measurements with the water uptake and ionic conductivity of the 
ionomers could help establish how ionomer properties govern the local 
CO2/H2O ratio and ion transport within the catalyst layer, and conse
quently the competition between CO2 reduction and the hydrogen 
evolution reaction. Finally, investigating changes in ionomer 
morphology and catalyst–ionomer interactions during electrolysis 
would be valuable for understanding the observed differences in catalyst 
layer stability.
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C. Janáky, B. Endrődi, Energy Fuels 38 (2024) 22307–22314.

[30] K. Seteiz, J.N. Häberlein, P.A. Heizmann, L. Bohn, S. Vierrath, J. Disch, ACS Appl. 
Eng. Mater. 2 (2024) 1654–1662.

[31] J.A. Abarca, L. Warmuth, A. Rieder, A. Dutta, S. Vesztergom, P. Broekmann, 
A. Irabien, G. Díaz-Sainz, ACS Catal. 15 (2025) 8753–8767.

[32] M. Ma, S. Kim, I. Chorkendorff, B. Seger, Chem. Sci. 11 (2020) 8854–8861.
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