
Green
Chemistry
Cutting-edge research for a greener sustainable future

rsc.li/greenchem

ISSN 1463-9262

Volume 26
Number 12
21 June 2024
Pages 6841-7428

 PAPER 
 Qinhao Chen, Kaspar Andreas Friedrich  et al.  
 Scalable fabrication of multi-layered Cu-based electrodes 
 via  solvent-free method for the selective electrochemical 
conversion of CO 2  to C 2+  products 



Green Chemistry

PAPER

Cite this: Green Chem., 2024, 26,
7038

Received 7th February 2024,
Accepted 15th April 2024

DOI: 10.1039/d4gc00711e

rsc.li/greenchem

Scalable fabrication of multi-layered Cu-based
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selective electrochemical conversion of CO2 to
C2+ products†

Qinhao Chen, *a,b Alexander Kube, a,b Bhawna Rana, a Indro Biswas, a

Tobias Morawietz, a,c Dennis Kopljar a and Kaspar Andreas Friedrich *a,b

In the research field of CO2 electroreduction, gas diffusion electrodes (GDEs) are predominantly manu-

factured through solvent-based processes. Meanwhile, the solvent-free method has gained heightened

attention due to its potential to reduce operational and production expenses, while considering ecologi-

cal aspects such as solvent evaporation, circulation, and waste treatment. Drawing from its successful

applications in other fields, we have specifically developed a solvent-free manufacturing method to

produce multi-layered Cu-based GDEs for CO2 electroreduction. The procedure is compatible with

industrial production lines, specifically through a roll-to-roll process. By evaluating the interplay between

production parameters and electrochemical performance of GDEs via various characterization methods,

key factors, i.e., hydrophobicity, gas permeability, thickness, and pore size, were adjusted and applied to

achieve a highly selective GDE towards C2+ products (alcohols and ethylene) at industrial relevant currents

up to 300 mA cm−2 (ethylene ∼40%, ethanol ∼10%, n-propanol ∼15%).

Introduction

To achieve a carbon-neutral chemical industry, CO2 sourced
from industrial and biogenic flue gases or captured directly
from the air can be utilized to produce diverse carbon-based
materials and chemicals, effectively closing the anthropogenic
carbon cycle. Electrochemical reduction of CO2 has gained
attention lately,1–3 as it allows integration of renewable electri-
city to produce high value-added gases, alcohols, and
carboxylate4,5 under mild conditions. Among various catalysts,
copper (Cu) is the only known element with favourable electro-
chemical catalytic selectivity towards C2+ products due to its
binding affinity to the CO* reaction intermediate and repul-
sion against underpotential adsorption of hydrogen.6 To facili-
tate the reaction at industrial rates, a suitable design of gas
diffusion electrodes (GDEs) is required which enables an

intensified mass-transport of gaseous CO2 and an intimate
contact between reactants and catalysts during CO2

electrolysis.5,7 The development of Cu-based GDEs needs par-
ticular consideration of layer thickness, porosity, and hydro-
phobicity to favour the selectivity towards C2+ products owing
to the chain reaction mechanism of multi-carbon compounds
which is highly dependent on the local reaction
conditions.8–12

The commonly reported manufacturing procedures for
GDEs applied in CO2 electroreduction (CO2RR) involve the
deposition of a thin catalyst layer (CL) onto commercially avail-
able gas diffusion layers (GDLs) that are typically designed for
fuel cells and water electrolysers. The procedures can be
further categorized into ink- or slurry-based (drop-casting,
hand-painting, air-brushing) and ink-free methods (sputtering,
electrodeposition).13,14 Among methods reported in scientific
literature of CO2RR, sputtering technology stands out as the
sole developed solvent-free method among all ink-free
methods, where the selected catalyst particles are ejected via
noble gas ions to the targeted substrate by applying high vol-
tages. It generally offers the advantages of high deposition
rates, low levels of impurities and scalability. However, it is
limited by the high construction and operation costs associ-
ated with high voltage applications,14 as well as the deposition
of metal-based catalyst without the possibility to include
additives such as hydrophobicity agents. On the other hand,
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industry is familiar with the use of proprietary solvent-free
coating methods, such as calendaring, for the production of
electrodes. Such approaches have recently gathered renewed
interest particularly for coating of battery electrodes, as it has
the potential to significantly reduce the operation and pro-
duction costs in roll-to-roll production lines.15 This is due to a
substantially reduced footprint in terms of solvent evaporation
and recirculation as well as potential safety aspects when toxic
and flammable solvents are to be substituted. Regarding the
type of GDEs utilized for CO2RR, it has been suggested by
several studies that a certain level of hydrophobicity is advan-
tageous to inhibit the competing H2 evolution and to promote
selectivity towards C2+ products. In most cases, this has been
done through dispersion of PTFE powders in organic
solvents16,17 or the direct application of PTFE emulsion via
coating or dip-casting.9 However, the non-dissolvable nature of
PTFE in commonly used solvents challenges and complicates
the traditional solvent-based procedure to achieve a fine distri-
bution of solid particles.13

In the past, our group has conceptualized a solvent-free
method to produce battery electrodes18 and GDEs in alkaline
fuel cells.19 Specifically for CO2 electroreduction, we have suc-
ceeded in manufacturing single-layered Bi-based GDEs with
excellent performance in both the acidic20 and alkaline con-
ditions (FEHCOOH > 90%); however, they suffer from mass
transport limitations and carbonate precipitation due to their
thick single-layered structure.21 The most recent study con-
ducted by Pellessier et al. has also demonstrated the feasibility
and benefits of a solvent-free method for depositing a single-
layered Cu catalyst coated with PTFE for the production of C2+

products at very high yields.22 Despite recent advancements in
GDE fabrication methodologies, we have further advanced and
optimized the solvent-free method, transferring the knowledge
at hand to manufacture multi-layered Cu GDEs coated with
PTFE. The concept of a multi-layered GDE could be beneficial
in introducing distinctive levels of hydrophobicity to prevent
in-depth electrolyte penetration and subsequent flooding, as
well as carbonate precipitation. Importantly, the individual
manufacturing steps are designed to be compatible with a
potential roll-to-roll manufacturing process and can be easily
scaled-up in dimensions with less complexity and power
requirements compared to the only existing solvent-free
method – the sputtering technique. Additionally, to achieve
state-of-the-art electrode performance and gain a thorough
understanding of the critical physical properties of the GDE,
the steps are subjected to a comprehensive investigation of
their impact on electrode characteristics and electrochemical
performance, especially, towards C2+ productions.

Experimental
Electrode compositions and standard manufacturing
parameter

The Cu-based catalyst was synthesized based on the recipe
from previous studies:16,23 in short, 0.4 M precursor CuCl2 and

10 M NaBH4 aqueous solutions were prepared, respectively, at
45 °C. Both solutions were flushed with N2 for 20 minutes.
Subsequently, the prepared NaBH4 solution was slowly
dropped into the precursor solution with instantaneous dark
precipitation. The received precipitate was then collected,
washed, dried, and stored carefully. Aside from the electrode
catalyst itself, PTFE (Dyneon, TF 2053Z), nickel mesh (Alfa
Aesar) and various carbon materials (Carbon black, acetylene,
50% compressed, 99.9+%, Thermo Scientific Chemicals;
VULCAN XC72 Fuel Cell Store; High Surface Area Graphite,
HSAG) as the compositions of GDE were purchased for use.
XRD characterization of the catalyst can be found in previous
work.15 The loading of Cu-based catalyst used in our GDEs
weights around 6 wt% on carbon.

The developed manufacturing method employs a grinding
miller, a calendaring machine, a dry-spraying jet, and a
furnace, with the following standard configurations: all
powders prepared for this process were ground for 30 seconds
in the grinding miller. The calendaring machine was set with
a standard force of 100 kg applied to the treated layer, and gap
widths of 0.05 mm and 0.30 mm for the gas diffusion layer
and the thin catalytic layer deposition, respectively. The dry-
spraying jet, which is patented and described in literature, e.g.,
battery manufacturing,18 was supplied by a nitrogen gas flow
with a volumetric flow of 4 slm min−1. The thickness of the
layer is determined by the velocity of the substrate and the rep-
etition of the spraying process. The furnace was programmed
to ramp up the heating temperature to the desired value
within 1 hour and maintain that temperature for an additional
hour. Details of the individual manufacturing steps are
described in following chapter.

For the comparison purpose, single-layered GDEs was man-
ufactured as the following: the catalyst powder was mixed with
the optimal PTFE percentage derived from the multi-layered
GDE and pressed into electrodes in a cylindrical mask with
subsequent sintering process for 1 h to enhance the mechani-
cal strength of the GDEs.24

Electrochemical measurements

All electrochemical measurements were performed in a com-
mercially available flow cell (Gaskatel) with nickel mesh as
anode, the manufactured GDEs as cathode, and a reversible
hydrogen electrode (RHE) as reference electrode (RE). The geo-
metric area of the counter and working electrode is 3.14 cm2.
The electrolyte used for the CO2RR is 1 M KOH prepared with
18.2 MΩ cm ultra-pure water. During the electrochemical
assessment, the electrolyte was pumped via 5 ml min−1 (resi-
dence time of approx. 5 min) by an ICC digital pump (Ismatec
Reglo ICC Digital Pump, 3-Channel, 8-Roller) through the
electrochemical system and disposed directly after the reaction
in a single-pass mode. The liquid product for analysis was
extracted manually at the catholyte outlet via three-neck valves,
the composition of which was subsequently analysed by an
offline high-performance liquid chromatograph (HPLC,
Agilent Technologies: 1260 Infinity II LC System, Column: Hi-
Plex H, 7.7 × 300 mm, 8 µm). The feed CO2 (4.5, purest at
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Linde) was introduced on the gas side of the GDE with a regu-
lated flow rate of 50.0 mL min−1 controlled by mass-flow con-
trollers (Bronkhorst® EL-Flow Select). The gas flow rate at the
outlet was determined via a bubble meter with gas products
derived from the analysis by an on-line gas chromatograph (µ-
GC, Varian). N2 (5.0, Linde) as joint flow with all gas products
allows precise analysis.

In the section “Interplay between GDE properties and
electrochemical behaviour”, electrochemical performance of
various GDEs were tested at the following applied current den-
sities in galvanostatic polarization mode: −100, −200, −250,
−300 mA cm−2. In the section “Stability performance”,
−200 mA cm−2 was applied until the end of measurement in
galvanostatic polarization mode.

Ion-cutting technique and SEM/EDX

For measurements of cross-sectional areas, ion cutting of the
GDEs was first performed with a JEOL IB-19520/CCP operated
with Argon 5.0 at 6 kV with stage swinging at room tempera-
ture. Then, SEM was performed with a Zeiss Crossbeam 350
equipped with Oxford Ultim Max 100 EDX system. The EDX
mapping was done at 20 kV, 5 mm working distance and 40
averaged frames at a magnification of 1000×.

Surface morphology and composition are investigated
through the use of electron microscopy. Scanning electron
microscopy (SEM) is conducted using the Zeiss Crossbeam 350
instrument, which is equipped with the Oxford Ultim Max 100
Energy-Dispersive X-ray Spectroscopy (EDX) system. SEM is
operated at an accelerating voltage of 2 kilovolts (kV) with a
secondary electron (SE) detector, while EDX analysis is con-
ducted at 15 kV to enable deeper sample penetration and
enhance signal intensity. In both methods, a working distance
of 5 millimetres is maintained, and data is acquired through
an averaging of 40 frames at a magnification level of 10 000×.
All sample measurements are conducted under ambient room
temperature conditions.

X-ray photoemission spectroscopy

Additional chemical analyses of the electrode surfaces were
carried out with X-ray photoemission spectroscopy (XPS) in a
vacuum system with a base pressure of 2 × 10−10 mbar, using a
monochromatic Al K source with an X-ray energy of 1486.74 eV
and a hemispherical analyser (ESCALAB Xi+, FEI/Thermo
Fisher Scientific). The energy axis of the system was calibrated
by adjusting the reference signal of an ion-etched clean silver
surface. The fitting of the displayed signals was carried out
with Unifit 2016,25 applying convoluted Gaussian/Lorentzian
profiles.

Gas permeability

The gas permeability of specific GDE was measured using a
home-made PMMA cell (cf. Fig. S1†): the electrode (marked red
in the schematic drawing) is placed between two flat EPDM
seals, where a laminar flow is achieved by slow flow velocities
and a constant diameter of 2 cm along the entire cell length,
resulting in an investigated area of 3.14 cm−2. The pressure

during the measurements were monitored using an absolute
pressure transmitter (BD Sensors DMP331, 0–1 bar) as well as
a differential pressure transmitter (BD Sensors-DMP 331 0–1
bar diff.), while the flow velocity was regulated via an anem-
ometer (testo 405-V1) with nitrogen gas that has a dynamic vis-
cosity of 17.9 µPa at 25 °C.26

In the end, the gas permeability can be determined via
Darcy’s law for incompressible media based on the pressure
and its changes:

k ¼ �Q
L
A

2ðP1 � ΔPÞ
ðP1 � ΔPÞ2 � P2

1

 !
ð1Þ

with k as the permeability of the porous medium, L the sample
thickness, A the sample area, Q the flow rate, P1 the absolute
pressure above and P2 below the sample and ΔP the pressure
difference above and below the sample.

Contact angles

Contact angle measurements were conducted with a simplified
home-made setup of optical camera. During the measurement,
approx. 15 µL drop of liquid (1 M KOH) was added on top of
the surface of the investigated GDE. Then, pictures were cap-
tured focusing on the contact between the liquid droplet and
the GDE. To avoid the impacts made by potential penetration
of microdroplets into the porous gas diffusion layer, pictures
were taken at 0 s after dropping in all cases for comparison
purposes. In the end, the captured pictures were analysed by
ImageJ and the plugin for contact angle analysis.

Development of the solvent-free
manufacturing method

The multi-layer GDE consists of three functional components:
(1) The Ni-based metal mesh, acting as the bottom sub-

strate, functions as a current collector27 and provides support
for the mechanic stability of the GDEs in the measurement
setup.

(2) The gas diffusion layer (GDL) is comprised of varying
types of carbon material and polytetrafluorethylene (PTFE),
which serve as a porous and highly hydrophobic medium.
Ideally, it effectively ensures unhindered permeability of gas to
reach the reactive sites in the catalytic layer and prevents the
break-through of the liquid electrolyte to the gas side.9,28

(3) The catalyst layer (CL) which consists of carbon support,
catalyst, and PTFE is deposited on top of the GDL, and facili-
tates CO2RR into value-added products at the three-phase
(liquid–gas-catalyst) boundary.

To manufacture the multi-layer GDE, we combine a conven-
tional calendaring method to create a thick GDL with dry-
spraying technique in which powder are sprayed in an inert
gas flow through a nozzle for applying a very thin catalytic
layer on top of it. Subsequently, the layers undergo fixation
through an additional heat treatment step. Although not
demonstrated as fully integrated process, the design of the
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individual steps in principle allows seamless integration into a
continuous roll-to-roll production scheme for potential upscal-
ing as depicted in Fig. 1 and Fig. S3.† More specifically, two
types of powder mixtures are prepared by grinding and mixing
different components with a double knife-mill for the GDL
(PTFE, carbon support) and CL (PTFE, carbon support, Cu-
based catalyst), cf. Experimental section and Methods. The
GDL mixture is evenly calendared onto the metal grid, followed
by heat treatment at 340 °C slightly above the melting point of
the PTFE. After the heat treatment, the CL is sprayed onto the
GDL from below via a dry spraying jet with gaseous N2 as feed,
coating it with the prepared amount of CL powder. The
adhesion of the powder relies on electrostatic forces, hence
why this technique is occasionally termed electrostatic spray-
ing. Nevertheless, an additional calendaring step was intro-
duced to improve the fixation followed by another heat-treat-
ment process with the same conditions as above.

As a starting point, impacts made by manufacturing para-
meters on the catalytic layer were studied via a reference GDL
made of acetylene black. Different mass loadings (1 mg cm−2,
0.5 mg cm−2, 0.25 mg cm−2) were selected for the fabrication
of CL to evaluate the effect of layer thickness and the
minimum amount of catalyst required to obtain a uniform
layer. For analysis, energy-dispersive X-ray spectroscopy (EDX)
was conducted on the cross-sectional area of GDE to investi-
gate the homogeneity of CL deposited on the GDL, as well as
its corresponding thickness with the given mass loading of
catalyst. Prior to the EDX analysis, samples were prepared by
ion-cutting technology to avoid deterioration of the GDE struc-
ture and corresponding artefacts during sample preparation.21

As can be seen from Fig. 2a, the GDL (element trace of fluorine
from PTFE and carbon from acetylene black) and the CL
(element trace of copper from catalyst) can be clearly distin-
guished from the EDX results of the cross-sectional area,
whereas the GDL is less porous than the CL, as evidenced by
the SEM images and confirmed by their porosities obtained
from Hg-Porosimetry results (GDL ∼ 30%, GDE ∼ 40%). This
could be attributed to their different processing procedures in
terms of roller distance: thick GDL (0.05 mm); thin CL
(0.30 mm). For the sample with loading of 1 mg cm−2, a homo-
genously deposited thin layer of catalyst at a thickness of
around 3–5 μm is obtained as evidenced by the SEM images
on top of a approx. 900 μm GDL determined by a thickness
meter. Meanwhile, dry-spraying of a lower mass loading of

0.5 mg cm−2 and below has already been proven by SEM/EDX
images as inadequate due to non-uniform deposition of
copper catalyst on the GDL. As a consequence, while at an
intermediate current density of 100 mA cm−2, the obtained
electrode still produces a favourable mixture of CO2 reduction
products, H2 becomes the dominant product when increasing
to higher current densities >200 mA cm−2 as shown in
Fig. S2.† The reason is that certain fraction of electrolyte is in
direct contact with inert GDL12 which is electrochemically
inactive for CO2R. It is evident from the results that the devel-
oped solvent-free process is able to produce catalyst layer with
an ideal thickness that enables a modulated local concen-
tration of CO2 leading to a better surface concentration of reac-
tion intermediates for *CO dimerization and a favourable pH
profile that positively correlates with the thickness and the
location of the reaction zone.29 In fact, previous report with
airbrush method suggests a 5 μm thick catalyst layer as the
best among other thin catalyst layers.12 After the dry spraying,
the resulting electrode undergoes a second calendaring
process to fixate the catalyst powder onto the G DL. As a deci-
sive parameter, the choice of rolling speed has been identified
to have impacts on its surface structure and morphology of the
layer as can be seen in Fig. 2b. While a high rolling speed of
10 Hz leads to obvious cracks on the surface of CL, a low
rolling speed of 2 Hz is capable of depositing a homogenous

Fig. 1 Sketch of the solvent-free method of GDE production for
CO2RR.

Fig. 2 (a) SEM/EDX capture of cross-sectional Cu-based GDE (trace:
blue-fluor, green-carbon, red-copper). (b) Electron microscope images
captured for CL surface at a rolling speed of 2 Hz and 10 Hz. (c) Cu 2p
XPS core level spectrum of the annealed GDE (top) with a zoom-in
(bottom) in decomposed compositions of Cu 2p3/2.
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catalyst layer onto the GDL without any notable defects. Lastly,
to achieve a uniform distribution of PTFE within the GDE,24

an additional heat-treatment process is again applied with the
same conditions as above. Since a certain oxidation state of
copper has been introduced during the heat-treatment
process, X-ray photoelectron spectroscopy (XPS) measurement
was conducted to elucidate the surface composition on the
post-heated electrode. As can be seen from Fig. 2c, the high
resolution XPS data retrieved from the surface clearly indicates
the presence of copper and its oxide form evidenced by the
characteristic doublet peaks that are composed of Cu 2p1/2
(∼953.6 eV) and Cu 2p3/2 (∼933.8 eV), as well as satellite peaks
stemmed from multiple excitations in copper oxides, revealing
the different forms of copper: A1 phase Cu2O, A2 phase CuO,
A3 absorber species Cu(OH)2, and S1, S2 shake-up photo-
emission peaks,30,31 which is beneficial for C–C coupling
towards multi-carbon products during this heat treatment
process by pre-oxidizing copper (+δ) to Cu2+/Cu+.32,33

The developed solvent-free method is compatible with the
industrial production line (cf. Fig. S3a†), which results in elec-
trodes with area of 15 cm x 20 cm. The appearance of the elec-
trode is shown in the ESI (cf. Fig. S3b).†

Interplay between GDE properties and
electrochemical behaviour
Properties of the gas diffusion layer

To understand the interplay among manufacturing para-
meters, electrode properties and electrochemical behavior, we
further investigated the impact of porosity, hydrophobicity,
and gas permeability of the GDL and CL on the performance
of CO2RR towards C2+ products by adjusting the production
variables (types of carbon support and binder content, out-
lined in Table S1†). 40 wt% of PTFE as binder in both the GDL
and CL has been chosen as the reference value based on pre-
vious work.21

Previous studies have concluded the important role of GDL
as gas diffusion medium for gaseous products and reactants,
as well as its hydrophobic barrier towards flooding.9 Providing
the porous structure and determining the hydrophobic pro-
perties of the GDL, we started by variation of the carbon
support to better understand the key characteristics of the
GDL for CO2RR. Namely three types of carbon materials,
Vulcan X72 (VXC72), high surface-area graphite (HSAG), and
acetylene black (AB) with their distinct physical properties
were used during GDL manufacturing. As can be seen from
Fig. 3a–c, the AB-based GDL exhibits superior electrochemical
performance of CO2RR in the range from 100 to 300 mA cm−2

regarding the selectivity towards C2+ products. In addition, it
is evident that an optimal working potential exists for the
coupling process of C–C bonds16,34,35 (cf. Fig. 3a–c): At a low
current density (100 mA cm−2), i.e., low overpotential, hydro-
gen, and single carbon-atom products (CO and formate) are
the main products since the energy level is not favorable for C–
C coupling; at higher currents (200–300 mA cm−2) or overpo-

tentials, selectivity towards C2+ products (ethylene, ethanol,
and propanol) increases until it reaches the plateau where H2

production increases, most probably due to transport limit-
ation. Meanwhile, C2+ products can only be identified at
200 mA cm−2 on the GDLs made of VXC72 (cf. Fig. 3d). The
abrupt increase in potentials on the cathode at the current
densities of 250 and 300 mA cm−2 is presumably attributed to
the hydrophilicity of VXC72 and the consequent flooding scen-
ario within the GDEs, leading to 100% hydrogen evolution. At
the low current density (100 mA cm−2), similar to the case with
AB, the working potential has not reached the value for sub-
sequent coupling processes of C–C bonds. As for HSAG 300, it
suffers from severe H2 production (∼85% at 100 mA cm−2)
within the entire current range studied.

To further investigate the reason behind the different
electrochemical behavior, we investigated the physical pro-
perties of the GDEs. In case of using VXC72 as the carbon
material, the gas permeability of the manufactured GDE was
measured to be 160 mD which far exceeds the other two candi-
dates (cf. Fig. 3e). However, the contact angle measurements
show that the GDL made of VXC72 is less hydrophobic than
that of AB, indicating hydrophobicity may play an even more
decisive role than the gas permeability in CO2RR (cf. Fig. 3e).
In fact, hydrophilic materials may not efficiently prevent flood-

Fig. 3 Faradaic efficiencies of products and recorded potentials during
polarization experiments each for 20 minutes (a) using AB as the carbon
substrate with (b) focus on H2 and C1 products; (c) C2+ products, (d)
using VXC72 as the carbon substrate. (e) Gas permeabilities and contact
angles analyzed on each kind of GDL.
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ing on the GDL side which then blocks the essential transport
path of CO2 as soon as electrolyte reaches the GDL. This is
induced via electrowetting during operations.10 By examining
different GDL/MPL compositions, Kim et al. confirmed that a
certain level of hydrophobicity must be maintained to avoid
flooding while, at the same time, good conductivity and gas
permeability needs to be guaranteed.36 Specifically, Liang et al.
conducted investigations of CO2RR on electrodes with
different binder of polymer substrate of various hydrophobi-
city. The results have shown that hydrophobic polymers such
as poly(vinylpyrrolidone) and poly(vinyl-alcohol) greatly
improve the performance of CO2RR towards C2H4.

37 As for the
GDL made of HSAG 300, minuscule gas permeability is the key
limitation and direct consequence for sole H2 production.28

The extremely large overpotential, i.e., the reaction resistance
confirms this (cf. Fig. 3d, HSAG: −5.5 V at 100 mA cm−2, there-
fore not shown).

Properties of the catalyst layer

Moreover, it has been suggested that the content and distri-
bution of PTFE within the CL largely influences its porous
structure and hydrophobicity,8 which are crucial for CO2RR.
Hence, the weight percentage of PTFE contained within the CL
was adjusted (20, 40, 60 wt%) and the impact on the pro-
duction of C2+ products evaluated.

As illustrated by Fig. 4a and d, the CL with 40 wt% of PTFE
exhibits the highest selectivity towards C2+ products (∼65%)
within the entire measured current density range. Decreasing
PTFE to 20 wt% yields comparable results in terms of C2+ pro-
duction. However, the selectivity towards hydrogen and single
carbon atom products (CO and formate) is 10% larger than
that of 40 wt% at each measured current density (cf. Fig. 4b
and c), suggesting that the coupling process of C–C bound is
favoured in the latter case. As for 60 wt% PTFE, hydrogen pro-
duction is a lot more pronounced (cf. Fig. 4b) and starts domi-
nating already at 200 mA cm−2 whereas it is largely suppressed
in the other two cases even when going as high as 300 mA
cm−2. Furthermore, the working potentials recorded at various
currents (cf. Fig. 4e) clearly shows an overall higher working
potential with 60 wt% and 20 wt% PTFE. It is important to
note that the change of product selectivity cannot be explained
by the different working potentials since different product dis-
tributions were obtained at same working potentials on CL of
20 wt% and 40 wt% PTFE, indicating that the complex inter-
play between hydrophobicity, mass transport of reactants and
products or electric conductivity of GDEs play a more impor-
tant role that will be further studied in the following.

For a deeper investigation of the PTFE distribution within
the CL, SEM/EDX was conducted on the surface of the GDEs
with various PTFE contents. In the upper row of the SEM
images shown in Fig. 5, PTFE can be clearly observed on the
surface of CL samples with 40 wt% and 60 wt% PTFE.
Particularly in the latter one, dense PTFE agglomerates cover-
ing the surface can be seen indicating a significant excess of
PTFE. As for the 20 wt% sample, accumulation of excessive
PTFE could be only be detected in miniscule amount at such

magnitude. To investigate further and be able to distinguish
between covered and uncovered pore surface, EDX was con-
ducted showing a clear difference of morphologies and surface
coverage at different PTFE content as noticeable in the bottom
row in Fig. 5. The 20 wt% sample shows large area without
PTFE coverage in the EDX mapping of fluorine, whereas large
clusters of PTFE are visible, covering the majority area of the
catalyst surface. The 40 wt% sample, with an intermediate
PTFE content, exhibits a structure uniformly covered with
PTFE. The images further reveal a large portion of accessible
copper catalyst. Such a homogeneous distribution of PTFE and
the resulting hydrophobicity appear to facilitate favorable
mass transport conditions for C2+ production without blocking
the catalyst surface and porous structure. Kong et al. argue
that H2O/CO2 ratio at the active site is another important
descriptor besides the catalyst properties, determining the pro-
duction distribution and can be modulated by adjusting the
accessibility of H2O diffusion and CO2 availability.38 In the
case at hand, the high hydrophobicity of the uniformly coated
porous structure in the 40% sample leads to a low wetting
degree of the pores inside the GDE. Accordingly, a rather film-
like electrolyte wetting is expected which leads to good accessi-
bility of CO2 due to short diffusion paths through a thin film
and restricted H2O diffusion that favor a protonation degree
that maximizes C2+ products. In addition, it has been
suggested that the presence of PTFE coating could increase CO
binding energy and lowers the activation energy for C–C
coupling.22

Stability performance and literature
comparison

By controlling a homogenous, pulverization-resistant and
crack-free CL with 2 Hz (rolling speed), 340 °C (heat treatment
temperature) 1 mg cm−2 (mass loading) and an in-depth para-
metric study about the choice of carbon materials and PTFE
content, the GDE with the highest selectivity towards C2+ could
be achieved with the formulation of acetylene black (GDL),
40 wt% PTFE (CL/GDL). Subsequently, the resulting state-of-
the-art GDE was tested for its stability performance at an
industrial relevant current density (−200 mA cm−2). As can be
seen from Fig. 6a, the overall selectivity towards C2+ products
remains mostly constant along with low H2 production of 10%
for the first four hours at a working potential of approx. −1.70
V vs. RHE at cathode (without iR-correction) (cf. Fig. S4†). After
that the faradaic efficiencies of gaseous species starts to
exhibit fluctuations with simultaneous increase in H2 pro-
duction. As at the same time, a breakthrough of electrolyte to
the gas side which is in direct contact with the current collec-
tor (nickel mesh) was observed, the test was subsequently
stopped. It is evident, that the hydrophobic properties of the
GDL are not sufficient to prevent the liquid electrolyte from
penetrating through the GDL layer. It is suggested that this
effect which is induced by electrowetting and capillary forces
is likely promoted by the high local alcohol concentration
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which has a considerably smaller contact angle on the GDE
surface compared to the water-based electrolyte.39 We specifi-
cally did not investigate this in more detail and neither opti-
mized process conditions or thoroughly look into strategies for
enhancing long-term stability. As this work serves as an initial
exploration into combining the solvent-free spraying and
calendaring methods for GDE manufacturing, we anticipate
further improvements in selectivity and stability toward C2+

products through our ongoing efforts. As flooding is acknowl-
edged as a crucial issue, addressing it requires further custo-
mization of the GDL’s hydrophobic properties.

Reviewing the current progress in CO2 electroreduction to
value-added products, electrochemical production of alcohols
is limited by both low partial current density and the poor
stability performance.40 To benchmark the viability of the
GDEs developed via the solvent-free manufacturing process,

Fig. 4 (a) Faradaic efficiencies of products during polarization experiments each for 20 minutes on GDEs with various PTFE content with (b) focus
on H2; (c) C1 products; (d) C2+ products. (e) Corresponding potentials.
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stability and partial current densities41 towards alcohols
achieved at the end of long-term measurements in reported
operation time is compared to literature.42–49 As can be illus-
trated from Fig. 6b, the GDEs developed in this work via the
solvent-free manufacturing process provide state-of-the-art per-
formance compared to traditionally solvent-based manufac-
tured GDEs or MEAs, however, represent especially high
selectivity towards n-propanol during long-term CO2 electrore-
duction. Meanwhile, when we compare the performance of the
multi- and thick single-layered GDEs with the same compo-
sitions (reported in Bienen et al.’s work21 based on bismuth
catalyst), the former demonstrates higher selectivity towards
C2+ products (cf. Fig. S5†) owning to the thin catalytic layer,
which shortens the diffusion path of gaseous reactants and
stabilizes the triple-phase boundary for the reaction.
Additionally, the thick single-layered GDE suffers from con-
tinuous degradation and increase in hydrogen production
which could be improved by the concept of multi-layered GDEs

with the thin catalytic layer and an additional hydrophobic
layer, thus avoiding the flooding scenario. The nickel gauze, at
the same time, further enhances the stability of the GDEs, pre-
venting them from breaking apart, as can be observed with the
thick single-layered GDE.

Conclusions

In summary, we have developed a solvent-free procedure that
consists of powder grinding, dry spraying, calendaring, and
heat treatment to produce multi-layer GDEs based on copper
catalyst for CO2 electroreduction in a scalable and reproducible
manner. Through systematic investigation of variations in

process steps and layer characteristics, we have uncovered the
impacts of manufacturing parameters on GDE properties and, con-
sequently, its electrochemical performance toward C2+ products. By
selecting acetylene black as carbon material and an amount of
40% PTFE in both the CL and GDL, an optimal balance has been
found that led to the highest faradaic efficiencies for C2+ products
(ethylene ∼40%, ethanol ∼10%, n-propanol ∼15% at 300 mA
cm−2). Stable performance up to several hours could be demon-
strated at 200 mA cm−2 before breakthrough of electrolyte to the
gas side led to a sudden increase of H2 formation.

Beyond the progress in solvent-free production of GDEs for
CO2 electroreduction, delving into the interplay between GDE
properties and electrochemical behavior through the variation
of manufacturing variables offers valuable insights for the
advancement of the rational design of GDEs to various pro-
ducts. This could be highly relevant as well for other appli-
cations such as ammonia synthesis, metal–air batteries or fuel
cells.

Fig. 5 (First row) REM captures of GDEs/CLs surface with 20, 40,
60 wt% of binder PTFE; (second row) REM/EDX captures tracing the
element of carbon (green), fluor (blue), and copper (red).

Fig. 6 (a) Stability performance of the state-of-the-art GDE at −200 mA cm−2 with selectivity presented: H2 (light green), CO (green), ethylene
(dark blue), ethanol (light blue), propanol (orange); (b) literature review comparing the solvent-free manufactured GDEs with other works regarding
the partial current density towards alcohols.
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