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ABSTRACT
Sustainable chemical manufacturing relies on closing the carbon cycle by transforming CO2 into useful products such as ethylene.

Integrated CO2 electrolysis enables direct use of CO2-rich absorbents, whereby efficient operation requires optimization of process

conditions and cell design. This publication investigates the influence of flow field design, gas diffusion layer properties, catalyst

loading, gas diffusion electrode compression, and membrane thickness on ethylene formation in a zero-gap membrane electrode

assembly electrolyzer using CO2-saturated potassium bicarbonate which is the CO2-loaded absorbent in the commercial potas-

sium carbonate CO2 scrubbing process. The results show that a flat, uniformly thin copper layer about 2 μm-thick, placed next to a

thin 20 μm anion exchange membrane, creates an enhancing microenvironment for C2+ product formation with a maximum FE

of 31% to ethylene at a current density of 50 mA cm−2 and a cell voltage of 5.2 V. These findings highlight the critical role of

catalyst layer architecture and membrane selection in the effective conversion of CO2 to C2+ products. By focusing on the interplay

between cell components and local reaction environments, this work advances the design of integrated CO2 electrolyzers for

efficient ethylene production, supporting the development of scalable, and sustainable carbon utilization.

1 | Introduction

Closing the carbon cycle by converting CO2 into platform chem-
icals for the chemical industry is a major challenge. Numerous
strategies have been reported in the literature, with CO2 electrol-
ysis emerging as a promising option [1–3]. The literature distin-
guishes several types of CO2 electrolysis based on the form in
which CO2 is supplied to the cell: gaseous, dissolved, liquid, or
supercritical. The gaseous approach is most frequently discussed.
Nevertheless, gas-phase CO2 electrolysis is associated with high
costs, largely due to the expensive desorption step required to
release gaseous CO2 from absorbent solutions [4, 5]. This devel-
opment has led to increased interest in the integration of desorp-
tion and electrolysis, where the absorbent solution, loaded with
CO2, is used directly in the electrolysis process. This integrated
method has the potential to lower costs by reducing process com-
plexity [6]. Among the possible electrochemical CO2 reduction

products, ethylene stands out due to its remarkably large market

size and comparatively high price [7–9].

Optimizing integrated CO2 electrolysis for industrial applications

requires careful selection of the absorbent solution, as emphasized

in previous studies [10–12]. Several types of absorbent solutions

have been investigated to meet the combined requirements of

absorption and electrolysis, including potassium hydroxide/

carbonate, amines, and ionic liquids [13]. Among the various

carbon-containing species present in the absorbent solution, phys-

ically bound CO2 is given particular attention, as it is reported in

the literature to be the key species for electrochemical conversion

[14–16]. Given that more complex chemical absorbents do

not yield significant improvements, this study has, in accordance

with established studies, employed potassium bicarbonate as the

CO2-loaded absorbent solution in our electrolyzer experiments.
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Bicarbonate electrolyzers are recognized for its process compatibil-
ity and its ability to facilitate efficient ethylene production [17–19].

Beyond the choice of absorbent, process parameters significantly
influence the electrochemical CO2 conversion efficiency. In a
previous publication, it was shown that the zero-gap bicarbonate
electrolyzer used here for ethylene production, in combination
with the catalyst and membrane, is most effective under condi-
tions of 1 bar absolute pressure and 25°C; that is, neither elevated
pressures nor elevated temperatures provide any improvement
[17]. Nevertheless, mass transport limitations within the cell
have been observed at current densities as low as 50 mA cm−2

[12, 17]. To address these challenges, further optimization of
the CO2 electrolyzer cell components is required.

In integrated CO2 electrolysis in MEA type electrolyzers, in addi-
tion to the absorbent and process parameters, the choice of the
membrane is crucial for the cell performance by modulating the
local chemical environment at the catalyst layer. The integrated
CO2 electrolyzer cell comprises two compartments (anolyte and
catholyte) separated by a membrane. Membranes are classified
according to the ions they transport, with monopolar membranes
being either cation exchange membranes (CEMs) or anion
exchange membranes (AEMs). Research has shown that CEM-
based systems cannot generate relevant amounts of carbon-
containing products in a zero-gap arrangement without an
additional spacer to adjust the local pH [20]. In contrast, AEM-
based systems can produce carbon-containing products in a
zero-gap setup, though their carbon efficiency is limited by the
migration of charged carbon species across the membrane [17].
Bipolar membranes (BPMs), which integrate both AEM and CEM
functionalities, can be operated under either forward or reverse
bias. However, as demonstrated by Fisher et al. for gaseous
CO2 electrolysis, commercial BPMs operated unmodified in for-
ward bias mode are limited by membrane delamination [21].
Conversely, assembling the BPM in reverse bias overcomes this
challenge, but it affects the Faradaic efficiency (FE) for ethylene
production in comparison to the AEMmembrane in case an addi-
tional spacer wants to be avoided [13]. Given that this study uti-
lizes a zero-gap cell, the AEM configuration was chosen for further
optimization.

Improvements in cell performance can be made not only by opti-
mizing process parameters but also by adjusting cell components
such as the flow field, the catalyst, the coated substrate, or the
membrane properties. Zhang et al. demonstrated that employing
an interdigitated flow field (IDFF) within a BPM configuration
significantly enhanced CO2 conversion to CO relative to serpen-
tine or parallel flow fields, underscoring the critical role of flow
field design [22]. Samu et al. also explored the role of commer-
cially available gas diffusion layers (GDLs) within the gaseous
CO2 electrolysis showing the importance of the hydrophobicity
and surface cracks on the CO production [23]. In the context
of integrated CO2 electrolysis, most research to date has focused
on C1 products, with comparatively little attention given to C2+

products in integrated AEM electrolyzers.

In this study, we investigated the components of a zero-gap MEA
cell to enhance ethylene production during integrated CO2 elec-
trolysis. This included the investigation of flow fields with differ-
ent channel patterns and dimensions, different GDLs and catalyst
loadings as well as different gas diffusion electrodes (GDE) com-
pressions, and membrane thicknesses. The results demonstrate

that improved ethylene selectivity is achieved by optimizing cop-
per catalyst layer roughness, electrode compression and mem-
brane thickness, while lower sensitivity of the system can be
observed by altering flow field patterns.

2 | Experimental Section

2.1 | Materials and Chemicals

Potassium hydroxide (KOH, Carl Roth, 99.7%) and potassium
bicarbonate (KHCO3, Carl Roth, ≥99.7%), along with carbon
dioxide (Linde, 2.5) and helium (Linde, 4.6) gases, were used
as received without any pretreatment. For all electrolysis experi-
ments, ultrapure water (18MΩ) from an Arium®mini water puri-
fication system (Sartorius) was used.

2.2 | Electrolysis Setup

Investigations of the cell components were conducted with a com-
mercially purchased zero-gap MEA-type CO2 electrolyzer from
eChemicles. The details of the electrolysis setup are provided in
our previous publication [17]. Following the approach of prior
work, 3M KHCO3 served as the catholyte and 1M KOH was uti-
lized as the anolyte. For every experiment 1 L of fresh catholyte
was provided. Both electrolytes were circulated at 0.4 g s−1 using
two micro gear pumps (HNP Mikrosystems, MoDoS). All experi-
ments were performed with the system open to the atmosphere,
maintaining an absolute pressure of 1 bar. The temperature was
set to 25°C and regulated by a cryo-compact circulator (Julabo,
CF30). The electrolysis experiments were performed using an
EA-PS 3040–20 C power supply (Elektro-Automatik) in galvano-
static mode at 50 mA cm−2, after preconditioning by ramping
the current at 3.75 mA cm−2 min−1 to the target current density.
Throughout electrolysis, a continuous CO2 stream of 20mLmin−1

(Bronkhorst FLOW-BUS™) was used to saturate the catholyte.
After passing through the cell, the product gas was stripped from
the catholyte in a phase separator with a 5ml min−1 helium
stream, regulated by a Bronkhorst FLOW-BUS™. The product
gas composition was analyzed in-line using a gas chromatograph
(GC) equipped with an automated sampling unit from JAS. The
volumetric flow rate of the product gas was measured using a
Defender 530+ Low volume meter (MesaLabs). Experiments
lasted a minimum of 3.5 h, and each set of parameters was tested
three times to guarantee reproducibility.

2.3 | Component Variation

To analyze the effects of individual components, experimental var-
iations were carried out by modifying parts of the eChemicles cell,
a schematic of which is shown in Figure 1. The cell features a geo-
metric electrode area of 8 cm2 and two compartments, with liquid
electrolytes recirculated on both sides. The compartments are
separated by an AEM with 20, 40, or 80 μm thickness (PiperION).
In the standard configuration, the 20 μm PiperION membrane
was always used. The anode consists of an iridium-coated titanium
frit, while the cathode employs a copper-coated GDL for catalysis.
Different carbon-based GDLs from Freudenberg were used with-
out further treatment: H23 C8, H23 C2, H23 C3, H24 C5, and
H14 C16. H23 C8 was chosen for the standard configuration.
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The different GDLs were coated with an ink containing copper
nanoparticles (Sigma Aldrich, 40–60 nm) and Nafion D2020 ion-
omer, applied using a custom inkjet printer as previously described
[17]. The copper loadings were set at 0.5, 0.9, and 1.4mg cm−2,
with 0.9mg cm−2 for the standard configuration. The cell was
sealed with PTFE spacers, which were cut with a laser cutter
(Garvotech LS900 EDGE). The thickness of the PTFE spacers used
varied between 0.1, 0.15, and 0.3 mm, with 0.15mm used for the
standard configuration. The custom flow fields were fabricated
in-house using a CNC milling machine (DMG MORI CMX 70 U)
from 1.7131 (16MnCr5) steel rod. The designs of the different flow
fields and flow channel geometries can be found in the supporting
information (Figures S1 and S2).

Assembly of the cell began with placing a 0.05 mm PTFE spacer
(circular disc, 8 cm2 central hole) on the anolyte flow field. The
membrane was then placed on the flow field, followed by a
second PTFE spacer which varied between 0.1 and 0.3 mm.
The copper-coated GDL (32 mm diameter) was positioned within
the second spacer to control GDE compression. The flow field
was then added, and the cell was sealed by tightening the screws
in a crosswise manner to 5 Nm.

2.4 | Data Evaluation

Data collected during the electrolysis experiments were proc-
essed and analyzed using Python scripts. A detailed methodolog-
ical description is available in our previous publication [17]. All
gaseous products were quantified to determine their respective
FEs. The FE was calculated using the following formula

FEi =
zi ⋅ ci ⋅ jn ⋅ F

I
(1)

where FEi is the Faradaic efficiency of component i (e.g., C2H4), zi
is the number of electrons required to form component i (z= 12
for C2H4), and ci [vol%] is the volume fraction of the specific
product in the product stream as determined by GC. I [A] is
the current applied to the electrolyzer cell, F is the Faraday con-
stant (96,485 C mol−1), and jn [mol s−1] is the total product stream,
which can be determined using the ideal gas law as follows

jn =
jv ⋅ p
R ⋅ T

(2)

where jn is the molar flow rate, jv [m
3 s−1] is the volumetric flow

rate measured by the flow meter, p (95 828 Pa) is the pressure,
T (293.17 K) is the temperature, and R (8.314 m3 Pa K−1 mol−1)
is the gas constant. The FEs reported are always calculated as the
average of GC injections taken during the timespan between 3
and 3.5 h of the electrolysis experiment.

Liquid product samples were taken after each electrolysis and
analyzed by 1H-NMR (Bruker Avance III HD 500MHz). The
average FE for liquid products was determined over the entire
duration of the experiment using the following equation

FEi =
zi ⋅ ni ⋅ F

I ⋅ t
(3)

where FEi, zi, I, and F are defined as above, t [s] is the total exper-
iment time, and ni [mol] is the amount of substance determined
by NMR.

To gain a better understanding of the GDE used, images were
acquired using a scanning electron microscope (SEM, Zeiss
ULTRA55 G34-Ultra 55 de 01 Gemini). In addition, energy-
dispersive X-ray spectroscopy (EDX) analyses were performed with
the same SEM, which is equipped with an X-Max Extreme SDD
EDS detector (Oxford Instruments NanoAnalysis, UK). Images
were taken from the top view of the GDE as well as cross-sectional
images. The GDE cross-sections were prepared using an ion beam
milling system (Leica EM TIC 3X).

For experiments involving different levels of GDE compression,
the degree of compression was modified to examine its effect on
the distribution of products. The applied compression was deter-
mined using the following equation

κ=

8
<

:

0 if d>tð Þ
t− d
t

if d ≤ tð Þ (4)

Thereby κ is the compression, d is the thickness of the PTFE
spacer on the cathodic side, and t is the thickness of the GDE
(0.22 mm).

FIGURE 1 | Schematic representation of the cell, illustrating from left to right: the anode flow field; the anode catalyst, composed of iridium-coated

titanium foam; a PTFE spacer with a thickness of 0.05 mm; an AEM membrane (PiperION) with varying thickness; a GDL with catalyst layer; a PTFE

spacer with varying thickness (standard thickness of 0.15 mm shown in the Figure); and the cathodic flow field featuring different patterns.
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3 | Results and Discussion

To achieve higher FE to ethylene and pave the way to industrial-
scale integrated CO2 electrolysis, it is essential to optimize cell
components to resolve current bottlenecks. Our previous work
demonstrated that CO2 transport to the catalyst is a critical factor,
on which process parameters had only a limited effect [17].
Therefore, this study focuses on optimizing cell components to
specifically tackle mass transport limitations and improve ethyl-
ene production.

Proper electrolyte flow through the zero-gap cell is vital to miti-
gate mass transport limitations affecting both the fed CO2 and the
corresponding electrolysis products. Five different flow field pat-
terns were investigated (see Figure S1). The standard eChemicles
flow field has concentric ring channels with connections between
adjacent concentric ring channels at opposite sides. Two flow
fields with spiral channels, one with three (“Spiral 3”) and
one with seven (“Spiral 7”) windings, were chosen to force the
convective transport of gas bubbles and simultaneously wet
the entire electrode surface evenly. An IDFF was also tested
to force the flow into the macroporous layer. Given the macro-
porous nature of the GDL, flow might be possible even without a
flow field. Therefore, a configuration without flow channels was
also studied to evaluate the necessity of the flow field. To ensure
accurate comparison among all flow field patterns, the channel
dimensions were standardized according to the specifications in
Figure S1. Figure 2 presents the average FE after 3.5 h of electrol-
ysis under standard conditions.

The data show that electrolysis was successful in four of the flow
field designs. In the fifth configuration, which lacked flow chan-
nels, the experiment was stopped because the pressure drop rose
above 10 bar between the catholyte inlet and the catholyte outlet
of the electrolyzer cell (see Table 1). The elevated pressure is

assumed to origin from the increased resistance as the flow was
forced through the entire radial length of the GDE. Under these
conditions, no significant flow occurred through the cathodic side,
and CO2 conversion was impossible. This outcome demonstrates
that flow channels are necessary for the technical feasibility of CO2

electrolysis, as it keeps the pressure drop within a practical and
economical range. These observations are consistent with previous
reports in the literature on proton exchange membrane water elec-
trolyzers [24].

For the flow field patterns that included channels, there were
no notable differences in ethylene yield (see Figure 2), with FEs
to ethylene consistently around 22%–25%. Despite the variation
of the flow field, H2 remained the main product in all cases.
Additionally, the carbon containing products CO, ethanol, and
propanol have also been detected in relevant amounts. The
results further indicate that the IDFF leads to increased CO pro-
duction. Since CO is a well-known intermediate in the formation
of C2+ products, a critical CO concentration near the catalyst is
necessary to enable carbon dimerization and the generation of
multicarbon products [18]. It is therefore likely that an elevated
CO concentration exists near the catalyst layer, supporting C2+

product formation. The IDFF enhances electrolyte movement
through the GDE, ensuring a steady supply of CO2 and more
effective removal of product gases, thereby minimizing their
accumulation within the GDE. As a result, CO is transported from
the catalyst region to the off-gas stream, which corresponds to the
observation from Figure 2. However, since the total carbon con-
version does not increase, this does not represent an improvement.

The pressure drop across the various flow fields ranged from 0.5 to
2 bar, with no significant correlation to the production of carbon-
containing products. The IDFF had the lowest pressure drop,
while the seven-winding spiral exhibited the highest. The lower
pressure drop across the three-winding spiral compared to the
seven-winding spiral channel is likely due to its shorter path
length from inlet to outlet, resulting in a reduced flow resistance.
The minimal pressure drop observed in the IDFF indicates that
flow through the GDE at the given distance in this flow field
does not substantially increase the overall pressure drop. The
eChemicles flow field (see Figure S1 a) demonstrated a relatively
low pressure drop, surpassed only by the interdigitated design.
This indicates that flow through the channel is less important,
and that radial in-plane flow through the GDE by short-circuiting
the concentric circles plays the dominant role. More detailed anal-
ysis, including computational modeling, is needed to confirm
these findings. The results overall suggest that, for ethylene pro-
duction, flow through the flow field is not the limiting factor for
carbon conversion within the given setup.

To further assess the impact of the flow field, the channel cross-
sectional dimensions were systematically varied within the spiral
flow field containing seven windings (see Figure S1 b). In compar-
ison to the previously used channel, which was deep squared, both
the channel depth (0.3 vs. 0.2mm) and shape (round vs. rectan-
gular) were examined. The dimensions were designed so that the
cross-sectional area of the channel remained constant, thereby
only altering the contact area with the GDE (see Figure S2).
Three spiral flow fields, each with seven windings and different
channel types, were investigated (see Figure 3).

The results indicate that the flat rectangular channel cross-section
yields a lower H2 formation, which in turn results in a higher CO2

FIGURE 2 | FE’s for the four different flow fields tested (flow field

patterns depicted in Figure S1), with each bar displaying the median

of three separate measurements and the range shown by error bars.

Above each column, the mean cell voltage taken during the timespan

between 3 and 3.5 h is provided. All experiments were performed at

1 bar(a), 25°C, a current density of 50 mA cm−2, a flow rate of 24 ml min−1,

using the integrated CO2 electrolyzer setup. The setup included a flow field

with a deep squared channel, H23C8 as the GDL compressed by 32%, a

copper loading of 0.9 mg cm−2, and a 20 μm membrane.
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conversion. This enhancement can be ascribed to better interac-
tion between the electrolyte and the GDL, given the GDL’s vital
role in facilitating CO2 transport to the cell. During integrated CO2

electrolysis, it can be assumed that the GDL is generally partially
flooded with electrolyte and partially filled with a combination of
product gases and CO2. A flow field featuring a flatter channel
offers a greater exchange area with the GDL, which supports
an efficient removal of product gases and therefore can improve
CO2 transport to the catalyst layer. This increased exchange pos-
sibility is also displayed in the land-to-channel ratio. This ratio
compares the area of the solid sections (land) supporting the
GDE to the open sections (channels) in the flow field, as viewed
from above. Here, the flow field with the deep squared channels
has a land-to-channel ratio of 1.2, while the other two have a ratio
of about 0.7.

Furthermore, the flat rectangular channel cross-section demon-
strates superior performance compared to the circular channel,
despite their geometrically similar cross-sectional and exchange
areas. This indicates that the flow characteristics inherent to each
channel shape may substantially influence the effective exchange
area, with the circular channel likely experiencing a reduction of
the effective exchange area due to its acute-angled corners. This
interpretation is further supported by the observed increase in
pressure drop from the flat rectangular to the circular channel
(see Table 2). Further computational studies are needed to com-
prehensively understand the reasons behind this phenomenon.

Attention was next directed to the GDEwhich is, as detailed in the
experimental section, composed of a copper-coated GDL. In the

cell assembly, the GDL is located between the flow field and
the catalyst layer. This placement makes the GDL a vital compo-
nent for mass transport, ensuring efficient delivery of the reactant
to the catalyst layer and facilitating the removal of the products
from the catalyst layer. Therefore, the GDL was varied to evaluate
the impact of this layer on ethylene production during the CO2

electrolysis under the chosen standard conditions. Thus, various
Freudenberg GDLs with different thicknesses and microporous
layer (MPL) were compared (see Table 3). The results of the GDL
variation during CO2 electrolysis can be seen in Figure 4.

The data show no correlation between GDL thickness, weight, or
permeability and the measured C2H4 FE. Furthermore, cell volt-
age and pressure drop during CO2 electrolysis do not correlate
with the ethylene production either (see Table S1). However,
the data show that the absence of the MPL leads to an almost
complete loss of carbonaceous products, as seen in the results for
GDE H14. To further investigate the effect of the MPL, cross-
sectional SEM images and EDX mapping of the GDEs were
obtained (see Figure 5 and Figer S3 to S8). The MPLs of H23
C8 and H23 C2 are nearly identical (exemplified in Figure 5a),
which is reflected in their similar experimental results. In con-
trast, the other samples with MPL have a predominantly flake-
like MPL structure (exemplified in Figure 5b,c). The SEM images
show that the roughness of copper on top of the MPL varies
according to the roughness of the MPL surface. This results in
differences in the thickness of the copper-containing region.

TABLE 1 | Pressure drop across the cathodic side during integrated CO2 electrolysis, corresponding to the experiments shown in Figure 2. The

experiment without a flow field was aborted due to a high pressure drop between the catholyte inlet and the catholyte outlet of the electrolyzer

observed at the very beginning of the test.

[bar] eChemicles Spiral 7 Spiral 3 IDFF No channel

Catholyte pressure drop 0.5 2 1.1 0.2 >10

FIGURE 3 | FEs for the three different flow channel dimensions tested,

with each bar displaying the median of three separate measurements and

the range shown by error bars. Above each column, the mean cell voltage

taken during the timespan between 3 and 3.5 h is provided. All experiments

were performed at 1 bar(a), 25°C, a current density of 50 mA cm−2, a flow

rate of 24 ml min−1, using the integrated CO2 electrolyzer setup. The setup

included the H23 C8 as the GDL compressed by 32%, a copper loading of

0.9 mg cm−2, and a 20 μm membrane.

TABLE 2 | Pressure drops across the cathodic side during integrated

CO2 electrolysis, corresponding to the experiments shown in Figure 3

with the different flow channel dimensions.

[bar]

Deep
squared
channel

Flat
squared
channel

Circular
channel

Catholyte pressure
drop during
electrolysis

2.0 2.1 2.8

TABLE 3 | Parameters of the GDLs used for the integrated CO2

electrolysis.

Thickness Weight Permeability MPL
[μm] [g m−2] [s]

H23 C8 230 [25] 136.5 40 [25] Yes

H23 C2 255 [25] 136.2 70 [25] Yes

H23 C3 290 [25] 148.0 35 [25] Yes

H24 C5 270 [25] 132.7 40 [25] Yes

H14 C16 140 [26] 85 1.5 [26] Yes

H14 150 [27] 63.2 — No
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As the MPL roughness increases, the copper layer correspond-
ingly becomes locally thicker, progressing from H24 C5 to H23
C3, and then to H14 C16. This observation correlates with the FE
for ethylene and suggests that a flat, uniformly thin copper layer,
which is about 2 μm thick, on top of the MPL is advantageous for
achieving higher ethylene yields. These results can only be indi-
rectly compared to existing literature, since GDL variations in
integrated systems have not been reported. The most relevant
comparison is the work by Samu et al., which examined 20
different commercial GDLs and highlighted the impact of hydro-
phobicity and surface cracks on CO production in CO2 elec-
trolysis with gaseous CO2 feed [23]. Unlike their results, the
integrated CO2 electrolysis system does not exhibit the same sen-
sitivity to the hydrophobicity of the GDL. Nevertheless, in both
scenarios, the absence of the MPL leads to a predominance of the
hydrogen evolution reaction.

As the copper layer appears to have a significant impact on CO2

conversion performance, the catalyst loading was varied between
0.5 and 1.4 mg cm−2. The resulting FEs can be seen in Figure 6.

The data show that a copper loading of 0.9 mg cm−2 is optimal for
CO2 conversion to ethylene. This can be connected to the theo-
retical thickness of a random close packed layer of copper

particles (packing fraction of 64% [28]) in relation to the agglom-
erate size of the copper nanoparticles. At 0.5 mg cm−2, the MPL is
expected to have uneven coverage, with a calculated catalyst
layer thickness of 0.9 μm and copper nanoparticle agglomerates
measuring about 1.6 μm (see Figure S9). This likely results in
copper-free areas on the GDL after printing, reducing the num-
ber of active sites and lowering CO2 conversion. SEM analysis
supports this theoretical assumption, as it reveals regions of the
GDE that are not fully covered with copper (see Figure S10). At
0.9 mg cm−2, the theoretical average layer thickness of 1.5 μm
matches the agglomerate size, enabling a single-layer coverage
of copper nanoparticle agglomerates. Under these conditions,
SEM images showed no comparable regions lacking copper cov-
erage (see Figure S11). Higher copper loadings increase the thick-
ness of the active region (see Figure S12), but as previously
observed, a flat, uniformly thin copper layer just a few micro-
meters thick and close to the membrane is vital for high CO2 con-
version. Consequently, excessive copper loading that produces
thicker or unevenly distributed copper layers leads to a decrease
in FE, consistent with findings from Figure 4 during GDL varia-
tion. Additional research is needed to clarify how this optimum
relates to agglomerate size, and to evaluate if smaller nanoparticle

FIGURE 4 | FEs for the six different GDLs tested, with each bar dis-

playing the median of three separate measurements and the range shown

by error bars. Above each column, the mean cell voltage taken during the

timespan between 3 and 3.5 h is provided. All experiments were per-

formed at 1 bar(a), 25°C, a current density of 50 mA cm−2, a flow rate

of 24 ml min−1, using the integrated CO2 electrolyzer setup. The setup

included the eChemicles flow field with a deep squared channel, a copper

loading of 0.9 mg cm−2, and a 20 μm membrane.

FIGURE 5 | SEM images of the (a) H23 C8, (b) H24 C5 and (c) H14 C16 from Freudenberg as examples—all GDEs (GDL with coated with catalyst

layer) are in pristine state. The SEM images show the MPL with the catalyst layer on top. A comprehensive presentation of the SEM recordings can be

found in the Supporting Information Figures S3–S8.

FIGURE 6 | FEs for the three different copper catalysts loadings

tested, with each bar displaying the median of three separate measure-

ments and the range shown by error bars. Above each column, the mean

cell voltage taken during the timespan between 3 and 3.5 h is provided.

All experiments were performed at 1 bar(a), 25°C, a current density of

50 mA cm−2, a flow rate of 24 ml min−1, using the integrated CO2 electro-

lyzer setup. The setup included the eChemicles flow field with a deep

squared channel, H23C8 as the GDL compressed by 32%, and a 20 μm
membrane.
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agglomerates, which could produce thinner monolayers, would
lead to increased CO2 conversion to ethylene.

To further investigate the impact of MEA design on performance,
the compression of the GDE during CO2 electrolysis was system-
atically varied by adjusting the thickness of the PTFE spacer that
seals the electrolysis cell around the GDE. PTFE spacers with
thicknesses of 0.1, 0.15, and 0.3 mm were used; the latter does
not compress the GDE, as the GDE itself is only 0.22 mm thick.
The 0.15 mm PTFE spacer was employed in the standard CO2

electrolysis setup. Increasing the compression of the GDE not
only improves the contact between catalyst layer and membrane
but also shortens the path length between the flow field and the
catalyst layer, thereby enhancing mass transport. The resulting
FEs are displayed in Figure 7.

The results indicate that ethylene production is comparable to
the standard configuration when the GDL is not compressed.
Table 4 shows that the pressure drop on the catholyte side is
roughly halved in the absence of compression.

Increasing the compression from 32% to 55%, ethylene produc-
tion improves, and the hydrogen fraction decreases markedly,
dropping below 50% (see Figure 7). This observation may be
explained by the increased contact between the catalyst layer
and the membrane leading to improved performance of the MEA
design. Furthermore, compressing the GDL may improve the
mass transport of CO2 and product gases through the MPL by
decreasing their transport paths, which is considered a limiting
factor for CO2 conversion.

To complete the analysis of components that strongly influence
the microenvironment at the catalyst, the membrane of the setup
was studied. With an emphasis on AEMmembranes, the effect of
PiperION membrane thickness on ethylene FE was assessed.
Figure 8 displays the FEs obtained for each membrane thickness
tested.

The results indicate that increasing membrane thickness leads to
a decrease in ethylene FE and an increase in hydrogen evolution.
The cell potential remains relatively unchanged, while the pres-
sure drop increases with membrane thickness, reaching up to
0.9 bar (see Table S2). This suggests that the decrease in ethylene
FE is likely due to changes in the microenvironment.

The principal charge carriers in the system are OH−, HCO3
−, and

CO3
2−. As the applied current is equal for all experiments in

Figure 8, only the distribution of migrating ions can vary.
PiperION membranes are outstanding due to their high (bi)
carbonate conductivity, which is shown to benefit CO2 reduction
processes for the gaseous CO2 electrolysis [29]. For this mem-
brane CO3

2− was identified as the main charge carrier during
the electrolysis, not the hydroxide despite the difference in their
conductivity. This allows hydroxide ions to accumulate at the
catalyst layer, as they are not required to cross the membrane.
This creates a more alkaline microenvironment, which is known
to enhance CO2 conversion in gaseous CO2 electrolysis, since a
lower pH would promote the hydrogen evolution reaction [30].
However, as membrane thickness increases, the impact of con-
ductivity differences becomes more significant, as resistance
scales with thickness. Taking additionally into account that
the cell voltage does not experience a substantial increase (see
Table S2), this may be explained by a shift in the composition
of migrating ions, with more OH− ions being transported through
thicker membranes. Thereby the increased resistance can be
compensated leading to the overall cell voltage been largely unaf-
fected. However, this change is expected to decrease the local pH
at the catalyst layer, since more OH− ions migrate through the

FIGURE 7 | FEs for the three different GDE compression tested, with

each bar displaying the median of three separate measurements and the

range shown by error bars. The compression displayed on the X-Aches

follows from Equation (4). Above each column, the mean cell voltage

taken during the timespan between 3 and 3.5 h is provided. All experi-

ments were performed at 1 bar(a), 25°C, a current density of 50 mA cm−2,

a flow rate of 24 ml min−1, using the integrated CO2 electrolyzer setup.

The setup included the eChemicles flow field with a deep squared chan-

nel, H23C8 as the GDL, a copper loading of 0.9 mg cm−2, and a 20 μm
membrane.

TABLE 4 | Pressure drops across the cathodic side during integrated

CO2 electrolysis, corresponding to the experiments shown in Figure 7.

The compression displayed follows from Equation (4).

Compression [%] 0 32 55

Catholyte pressure drop [bar] 0.2 0.5 0.6

FIGURE 8 | FE’s for the three different PiperION®membrane thick-

nesses tested, with each bar displaying the median of three separate meas-

urements and the range shown by error bars. Above each column, the

mean cell voltage taken during the timespan between 3 and 3.5 h is pro-

vided. All experiments were performed at 1 bar(a), 25°C, a current density

of 50 mA cm−2, a flow rate of 24 ml min−1, using the integrated CO2 elec-

trolyzer setup. The setup included the eChemicles flow field with a deep

squared channel, H23C8 as the GDL compressed by 32%, and a copper

loading of 0.9 mg cm−2.
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membrane, leading to reduced carbon efficiency as demonstrated
in Figure 8. Further research is necessary to clearly identify the
migrating species at different membrane thicknesses and validate
the underlying process.

4 | Conclusion

Our results indicate that modifications to the cell components on
the cathode side, including the membrane, can substantially
influence the formation of C2+ products in bicarbonate electrol-
ysis. Optimizing copper catalyst layer thickness, homogeneity
and roughness and GDE compression increases ethylene FE,
while flow field pattern changes have little effect on CO2 conver-
sion. A flat, evenly thin copper layer with a thickness of about
2 μm adjacent to a 20 μm PiperION membrane is a key factor
to support C2+ product formation, while thicker membranes
or higher catalyst loadings lower ethylene selectivity. The opti-
mal conditions are reflected in the experiment with the highest
compression, as shown in Figure 7, resulting in a maximumC2H4

FE of 31%.

It is well established that membrane selection is vital for achieving
higher CO2 conversion to C2+ products. Thus, the local environ-
ment at the catalyst layer, especially the local CO concentration
and the local pH are key factors of the CO2 conversion efficiency
to C2+ products [18]. Thereby, the delivery of CO2 and the removal
of gaseous (CO, H2, ethylene) and liquid products (ethanol, prop-
anol) through the GDL and the removal of anions (carbonate,
bicarbonate, hydroxide) through the AEM must be balanced,
which is supported by a sufficiently flat, uniformly thin copper
layer. If the catalyst layers are too thick, it appears that an opti-
mally defined microenvironment in the catalyst layer for C2+ for-
mation cannot be achieved. On the other hand, targeting too thin
catalyst layers can, depending on the copper particle size distribu-
tion and agglomeration, result in uncoated areas that are detri-
mental for C2+ formation.

Future research should prioritize investigating the local environ-
ment in a flat and uniformly thin catalyst layer, considering both
the catalyst-membrane and the catalyst-GDL interface with regard
to mass transport of educts, products and ions. Tailoring the GDL
such that it has a thin macroporous layer, with optimized GDE
porosity and low MPL roughness, is expected to support CO2 con-
version and lead to a substantial improvement in C2+ formation.
As part of these variations, it should also be considered to deposit
the copper layer directly onto the membrane, and to minimize the
size of the copper nanoparticles and agglomerates in order to bal-
ance the complex multicomponent mass transport through both
interfaces. Modeling and simulation approaches and adjusting
the mass transport properties of GDL, catalyst layer, and mem-
brane are the key to increasing C2+ product yields by optimizing
the microenvironment in the catalyst layer.
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