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ABSTRACT: Electrochemical carbon dioxide reduction (CO2R)
is an attractive route to use renewable electricity to convert CO2
emissions to carbon-based chemicals. Continuous-flow electro-
lyzers with gas diffusion electrodes (GDEs) allow for the CO2R at
high reaction rates. In addition to the electrolyzer configuration
and operating conditions, the product selectivity strongly depends
on the morphology of the electrocatalyst. This study demonstrates
electrodeposition of copper (Cu) catalysts as a simple and efficient
approach for preparing GDEs with good control over morphology.
We study the influence of the activation process of the gas diffusion
layer and the electrodeposition conditions on the morphology.
Four Cu GDEs with different morphologies showed distinctly different current responses and product distributions. The partial
current density for ethanol (jethanol) ranged from −18 mA cm−2 to −29 mA cm−2. Depending on the Cu GDE morphology, jethylene
ranged between −25 mA cm−2 and −44 mA cm−2. Although the catalyst layers revealed surface restructuring after CO2 electrolysis,
the morphologies remained distinctly different and retained the crystal structure of polycrystalline Cu. Electrodeposited Cu-GDEs
maintained their selectivity for 6 h at a cell voltage of 4 V, representing a 5-fold improvement compared to sputtered Cu GDEs.
Overall, this study demonstrates a facile approach for preparing GDEs with control over the catalyst morphology to tune CO2R to
specific gaseous and liquid products.
KEYWORDS: carbon dioxide electrolysis, gas diffusion electrodes, electrodeposition, electrocatalysis, catalyst morphology

1. INTRODUCTION
Fossil fuels and feedstocks still hold a leading position in
today’s energy matrix. The increasing CO2 emissions in the
atmosphere, the main cause of global climate change, have
motivated the energy transition and sparked interest in the
sustainable production of chemicals. Electrochemical tech-
nologies can play a pivotal role in addressing the challenges
associated with the intermittent nature of renewable energy
sources such as solar and wind. Among the various approaches
available for CO2 utilization, the electrochemical reduction of
CO2 to fuels and chemical feedstocks has gained considerable
attention because of its mild operating conditions and is a
promising route to close the carbon cycle powered by
renewable electricity.1−3 Moreover, electrochemical CO2
reduction (CO2R) presents a promising route to store
renewable energy in the form of chemical bonds.4

CO2R is limited by its sluggish kinetics compared to the
competing hydrogen evolution reaction (HER). Therefore, the
development of electrocatalysts with good product selectivity,
energy efficiency, and long-term stability is a key step toward
application.5−8 Much CO2R research has focused on the
production of multicarbon (C2+) products, such as ethylene
(C 2H4 ) , e t h ano l (C 2H 5OH) , a nd 1 - p r op ano l
(CH3CH2CH2OH), all of which hold significant promise as

valuable chemical feedstocks and energy-rich fuels.9−11 Among
the various transition metals investigated, copper (Cu)
uniquely exhibits a relatively high C2+ product selectivity.
This distinctive characteristic is attributed to its intermediate
binding energy for carbon monoxide (CO), a key intermediate
in the formation of products requiring more than two electron
transfers.12,13 However, the practical application of Cu
electrocatalysts faces limitations due to poor selectivity toward
one product, resulting in substantial downstream separation
costs14,15 and rapid catalyst deactivation, which favors the
competing HER.16 The deactivation of copper catalysts is often
attributed to the detachment of catalytic particles17 or
morphology changes, induced by CO2R conditions such as
local pH variations,18 applied potentials,19−21 and CO2R
intermediates.22 Some studies suggest that the reduction of
copper oxides initiates cathodic dissolution. This process
releases copper ions into the electrolyte, allowing for their
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subsequent redeposition onto the electrode surface.23,24 The
unintended surface oxidation followed by anisotropic reduc-
tion results in the transformation of a smooth surface into a
rough surface with more uncoordinated sites (the oxidation-
induced morphological change mechanism).25 These morpho-
logical alterations can occur upon polarization from the open
circuit voltage (OCV),20 as Cu electrodes are susceptible to
oxidation at OCV potentials.26 For example, a study reported
by Velasco-Velez et al. showed that their electrodes exhibited a
mixed-oxide composition of 40% metallic Cu and 60% Cu2O
under the OCV conditions. During CO2R, the electrode
shrunk, indicating reduction due to oxygen loss from the
copper oxide lattice.27

Consequently, numerous investigations have explored the
impact of various parameters, including surface structure,28

morphology,29−31 composition,32−34 and size35 of Cu electro-
des, on their electrocatalytic activity and selectivity. The
specific surface structure significantly influences the electro-
catalytic performance of copper during CO2 reduction,36 as
different crystal facets of Cu exhibit varying selectivities toward
specific products.37 For instance, Cu (100) electrodes tend to
favor C−C coupling, which is essential for the formation of C2+
products, while the generation of oxygenates is preferred on
both (100) and (110) facets.15 Cubic Cu electrocatalysts,
which are predominantly composed of (100) facets, have
shown higher selectivity for C2+ products compared to
polycrystalline Cu.30 5-fold twinned Cu nanowires produced
mainly methane (CH4) with a faradaic efficiency (FE) of 55%
at −1.25 V versus the reversible hydrogen electrode (RHE).29

Cube-like structures, formed during electrolysis via structural
transformations of Cu nanoparticle ensembles, selectively
produced ethylene, ethanol, and 1-propanol.38 Pulse electro-
deposition yielded Cu electrodes with a rough surface
morphology and a higher density of stepped facets compared
with those formed by constant current electrodeposition. This
increased the number of uncoordinated sites, resulting in a
CH4 FE of 85% at −2.8 V vs saturated calomel electrode
(SCE).31 The proportion of undercoordinated sites, which are
often more reactive, can also be controlled by adjusting the size
of the Cu catalyst. At a current density of 7.5 mA/cm2, the
C2H4 FE decreased from 92.8% to 83.4% when the Cu catalyst
particle size range increased from 25 nm to 40−60 nm.
Additionally, C2H4 was not detected with the 60−80 nm
catalyst particles.39 Furthermore, studies have demonstrated
that transforming Cu nanocubes with predominantly (100)
facets into a rhombic dodecahedral shape, characterized by
high-energy (110) facets, resulted in a significant increase in
the selectivity toward C2+.

40 The strong correlation observed
between the morphology of copper catalysts and the selectivity
of CO2R products offers a critical avenue for optimizing
catalyst design to preferentially produce desired multicarbon
compounds.
Rational reactor design is crucial for enhancing the overall

performance of the CO2R. In comparison to traditional H-
cells, flow cells have demonstrated the capability to enable the
CO2R at significantly higher current densities. This improve-
ment is primarily achieved by delivering CO2 in the gas phase
directly to the cathode, rather than relying on a CO2-saturated
electrolyte. This direct gas delivery method effectively
overcomes the mass transport limitations that are inherent in
H-cells due to the low solubility of CO2 in aqueous
electrolytes.41−43 In these flow cells, the electrocatalysts are
deposited onto a porous, gas-permeable gas diffusion layer

(GDL) to form what is known as a gas diffusion electrode
(GDE). GDLs commonly consist of a macroporous carbon
fiber substrate (MPS) and a microporous layer (MPL) made of
carbon black and polytetrafluoroethylene (PTFE). Alterna-
tively, porous PTFE membranes are also employed as GDLs.44

Spray coating is currently the most prevalent technique
employed for the preparation of GDEs. In this process, an ink
containing the electrocatalyst particles and ionomers is
deposited onto the GDLs.45 However, this method necessitates
the complete removal of any shape-directing agents, such as
ligands, that were used during electrocatalyst synthesis. This
step is critical to avoiding the blockage of active sites on the
catalyst. Unfortunately, the process of removing these agents
can often lead to the aggregation of the electrocatalyst particles
during the preparation of the ink used for spray coating.
Sputtering is an alternative method for fabricating Cu GDEs
and has shown improvements in selectivity toward C2+
products.44,46 Nevertheless, sputtering typically results in the
formation of spherical particles, which may not be optimal for
all catalytic applications. Consequently, achieving precise
control over the catalyst morphology within GDEs remains a
significant challenge when using both spray coating and
sputtering techniques.15,44 Electrodeposition of Cu catalysts
from aqueous solutions offers a potentially cost-effective
strategy for preparing Cu GDEs with tailored morphologies
and precise tuning of the amount of catalyst deposited.47,48

However, this approach is not widely adopted for preparing Cu
GDEs due to the hydrophobic nature of the GDLs. While
pretreatment of GDLs with acid or base solutions can improve
their wettability, the use of concentrated acid or base for
activation can induce excessive hydrophilicity, which can
compromise the gas diffusion properties of the GDL and lead
to flooding of the GDE during CO2R. Therefore, maintaining
the essential hydrophobicity of the GDL while enabling
sufficient wettability for electrodeposition remains a key
challenge.49−51 To overcome this challenge, alternative
pretreatment methods that avoid the degradation of the
GDL have been explored. These methods include the use of
milder concentrations of acids and bases,52 as well as coating
the GDL with a thin layer of the target metal via physical
deposition, such as sputtering.50

In previous work, copper films were electrodeposited using
3,5-diamino-1,2,4-triazole as an additive. By adjusting the pH
and current density, the resulting morphology was controlled,
yielding wire, dot, and amorphous structures. The Cu wire
GDEs exhibited the best CO2R activity, achieving an FE of
40% for ethylene and 20% for ethanol at −0.5 V vs RHE.49

This demonstrates the enhanced activity of nanosized porous
Cu surfaces, which feature steps and edges of low-coordinated
Cu atoms. These sites are more active and promote the
adsorption and dimerization of C1 intermediates. Furthermore,
a lactic acid-derived Cu2O GDE prepared via electrodeposition
exhibited FEC2+ of 80% compared to a FEC2+ = 60% of a spray-
coated Cu2O nanocube electrode. This improved performance
was attributed to its optimized surface area and higher density
of grain boundaries and defects.47 The in situ-electrodeposited
Cu dendrites exhibited a significant decrease in ethylene
selectivity at a current density of 170 mA/cm2. The
measurement was terminated after 150 min due to a rapid
increase in the cell voltage. These results indicate the structural
degradation of the initial active layer, characterized by localized
sintering and oxidation. This degradation led to the loss of
critical facets containing low-coordinated Cu atoms, which are
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essential for ethylene production.16 Additionally, pretreatment
of GDLs with water, sodium hydroxide, Triton X-100, and
nitric acid has been shown to influence the subsequent
electrodeposition of Cu, with nitric acid treatment resulting in
the most homogeneously distributed Cu particles with high
surface roughness. Increasing the nucleation potential resulted
in a high density of smaller particles, while increasing the large
growth potential (growth charge) led to larger particle sizes.
Notably, Cu detachment was more prevalent in spray-coated
GDEs than in electrodeposited Cu GDEs due to the lack of
chemical bonding between the spray-coated Cu and the
GDL.52 Therefore, electrodeposition offers a viable alternative
for preparing GDEs with controlled catalyst morphology and
surface energy, leading to enhanced CO2R selectivity, activity,
and durability. However, a systematic investigation of pretreat-
ment approaches of GDLs and the optimization of electro-
deposition conditions remains lacking.
Here, we present a facile and reproducible electrodeposition

method for fabricating Cu GDEs with varying morphologies.
This work demonstrates that activating GDLs with dilute
NaOH does not induce detrimental hydrophilicity or electro-
lyte flooding during electrolysis. Furthermore, this study
examines the impact of different GDL activation processes,
including variations in NaOH concentration and the use of Cu
sputtering, as well as the influence of electrodeposition
conditions, on the resulting morphology of the catalyst layer.
The CO2R performance of the prepared GDEs with different
morphologies is evaluated using a hybrid electrolyzer with a 3
mm electrode separation. The results reveal significant
differences in the electrocatalytic performance, depending on
the GDL activation and electrodeposition methods employed.
Notably, alkaline-activated GDLs activated with an alkaline
solution yielded Cu GDEs that exhibited higher selectivity
toward the formation of carbon monoxide, ethylene, and
ethanol compared to Cu GDEs prepared using Cu-sputtered
GDLs.

2. EXPERIMENTAL SECTION
2.1. Materials. All chemicals used in the GDL activation,

electrode preparation, and electrolyte preparation were of analytical
grade and were used without further purification. The following
chemicals were used: sodium hydroxide (BioXtra ≥98% (acidimet-
ric), pellets anhydrous, Sigma-Aldrich), copper(II) nitrate hemi-

(pentahydrate) (ACS reagent ≥99.99% Sigma-Aldrich), copper
powder (<42 μm 99.5% Sigma-Aldrich), 2-propanol (Technical,
VWR Chemicals), and potassium bicarbonate (≥99.95% Sigma-
Aldrich). Milli-Q grade (Millipore Milli-Q IQ 7000) ultrapure
deionized water was used for solution preparation. High-purity
CO2, N2, Ar, He, and H2 (99.999%, Linde) were used in the study.

2.2. Electrode Preparation. Cu GDEs with different morphol-
ogies (denoted here as Cu-GDE1, Cu-GDE2, Cu-GDE3, and Cu-
GDE4) were prepared via the electrodeposition of copper catalysts on
a carbon-based GDL (Sigracet 39BB, Fuel-Cell store). The electro-
deposition experiments were carried out in a three-electrode, one-
compartment cell using a Biologic SP-240 potentiostat. A platinum
foil and a Ag/AgCl (3 M KCl, BASi MF-2056) electrode served as a
counter electrode and a reference electrode, respectively. The distance
between the working and counter electrodes was controlled to 2.5 cm.
The GDLs were pretreated before the electrodeposition process to
enable Cu deposition. Along with evaluating the impact of the
pretreatment process on Cu electrodeposition, we studied one-step
and two-step deposition methods to control Cu morphology through
nucleation and growth rates. Cu was electrodeposited from a solution
of 0.1 M Cu(NO3)2, with a cutoff charge of 9 C cm−2 to control the
Cu loading. A VCM 600 -SP3 Vacuum Thermal Evaporator Metalizer
was employed to coat the GDL with a 40 nm copper film, operating at
a current density of 80 A and a deposition rate of 0.5 Å/s under a
vacuum (1.5·10−5 mbar). Further details on the preparation method
of Cu GDEs are provided in the discussion in Figure 1 and Table S1.
After Cu electrodeposition, carbon nanotubes (CNTs)

(MWCNTs, ACS materials) with a loading of 0.3 ± 0.1 mg cm−2

were spray-coated on Cu GDEs preheated on a hot plate at 85 °C
using a hand-held airbrush. The ink was prepared by dispersing CNTs
powder in a solvent mixture of 1:1 water and isopropanol at a
concentration of 5 mg mL−1, containing 15 m/m % alkaline ionomer,
Sustainion XA-9 (Dioxide Materials), based on the total mass of the
catalyst and the ionomer combined. The CNT dispersion was
homogenized in an ultrasonic bath for 20 min (the bath temperature
was below 20 °C).
To prepare the anode, IrO2 particles (Premion 99.99%, Alfa Aesar)

were dispersed in a 1:1 water-isopropanol solvent mixture at a
concentration of 20 mg mL−1, containing 15 m/m % ionomer (Nafion
5 wt %, Sigma-Aldrich) with respect to the total mass of the catalyst
and the ionomer. The dispersion was sonicated for 25 min in an
ultrasonic bath (the bath temperature was kept below 20 °C). Then,
the IrO2 dispersion was spray-coated on a titanium screen (Fuel-Cell
Store) preheated on a hot plate at 85 °C using a hand-held airbrush
(Figure S1). The anode catalyst loading was 1.2 ± 0.1 mg cm−2.

2.3. Electrolyzer Tests. All of the CO2R experiments were
performed in a hybrid electrolyzer cell. We modified the zero-gap

Figure 1. Preparation approach of Cu GDEs with different morphologies via electrodeposition. (WE: working electrode, CE: counter electrode,
and RE: reference electrode).
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configuration of a commercial membrane electrode assembly (MEA)
CO2 electrolyzer (Dioxide materials, T3 titanium anode current
collector with a serpentine anolyte flow pattern and a S3 stainless steel
cathode current collector with a serpentine flow pattern and an active
area of 5 cm2) by adding a catholyte flow field (Figure S2A,B)
between the cathode GDE and the ion exchange membrane, while the
anode catalyst was pressed directly to the membrane to assemble the
cell in a hybrid configuration (Figure S2C). A Teflon catholyte flow
field was designed with a thickness of 2.4 mm and sealed by two 0.3
mm Teflon gaskets, resulting in a 3 mm electrode spacing (Figure
S2D). A cation exchange membrane (CEM, Nafion N117, Ion
Power) was used to separate the cathode and anode compartments.
The advantages of the hybrid configuration are as follows: (i) the
flowing catholyte minimizes the direct effect of the membrane on the
reaction conditions, as it serves as a buffer layer, determining the local
chemical environment near the cathode catalyst layer (CCL) together
with the electrode processes; (ii) a cation exchange membrane can be
employed, as the conducted protons are shielded from the CCL by
the liquid catholyte (1 M KHCO3 was used in this work) and
consumed in the local CO2 regeneration via the conversion of
bicarbonate back to CO2 (Figure S3A); and (iii) a CEM blocks
crossover of reactants, (bi)carbonate, and anionic products.
Electrolysis experiments with the hybrid CO2 electrolyzer cell were

carried out using the setup shown in Figure S3B. The gas-phase CO2
feed rate was controlled by a mass flow controller (Bronkhorst F-
201CV), and the cathode gas outlet flow rate was measured by a
Bronkhorst F-101D-type mass flow meter. A 1 M KHCO3 was used as
the catholyte and anolyte and recirculated at a flow rate of 10 mL
min−1 using a peristaltic pump (Longer BT100-1L, Darwin micro-
fluidics). The cathode gas-phase product mixture was collected in the
headspace of the catholyte reservoir and then fed into the in-line
sampling loop of gas chromatography (GC) every 10 min for
quantification. The GC (Agilent 7890B) was equipped with a thermal
conductivity detector (TCD) and a flame ionization detector (FID).
A Molecular Sieve 3X column, SGE HT-8 0.25 μm capillary column,
HayeSep Q packing (length 2.44 m) column, and HayeSep Q packing
(length 0.5 m) column were used for the separation with argon as the
carrier gas. To determine the volume fraction of gas products in the
cathode outlet, we integrate the peaks and compare them to
calibration curves generated from known concentrations of standard
gases (Figures S4 and S5). The liquid samples from the catholyte and
anolyte were collected at the end of electrolysis and analyzed using
high-performance liquid chromatography (HPLC, Agilent 1260
Infinity). The liquid sample was injected onto two Aminex HPX-
87H columns (Bio-Rad) connected in series and heated to a
temperature of 60 °C. A 1 mM H2SO4 solution was used as the
eluent, and a refractive index detector (RID) was used for the
detection. Additionally, 1H NMR (Agilent DD2 400 spectrometer)
was employed to quantify the liquid products using a solvent

presaturation method to suppress the water signal. The liquid sample
was mixed with phenol and dimethyl sulfoxide (DMSO) as an internal
standard. Electrochemical measurements were performed using a
Biologic SP-240 potentiostat equipped with a 4 A booster and
electrochemical impedance spectroscopy. The measurements were
run in a two-electrode setup. No iR correction was applied to the cell
voltages reported throughout the manuscript.

2.4. Electrode Characterization. X-ray diffraction (XRD)
measurements were conducted on a Bruker D8 advance diffrac-
tometer Bragg−Brentano geometry with a graphite monochromator
and Vantec position sensitive detector, using Co kα radiation in the
2θ range of 10°−110°, with a step size of 0.041° 2θ and 1 s time per
step. The 2θ scale is converted to the Cu radiation scale. Scanning
electron microscopy (SEM) images were collected using a JEOL JSM-
6500F microscope operated at an accelerating voltage of 15 kV.
Cross-section SEM images and energy dispersive X-ray spectroscopy
(EDS) were employed using a JEOL IT800SHL field emission
microscope operated at an accelerating voltage of 10 kV. Contact
angle measurements were performed following GDL activation to
assess the wetting properties. A 2 μL water droplet landed on the
MPL. The droplet contour was analyzed from captured photographs
using a CCD camera of a goniometer (OCA25, Dataphysics).

3. RESULTS AND DISCUSSION
3.1. Preparation of Cu GDEs via Electrodeposition.

The fabrication of Cu GDEs in this study involved an
electrodeposition technique, as schematically illustrated in
Figure 1. Prior to electrodeposition, the MPL of the GDL
underwent a pretreatment to facilitate the subsequent
deposition of the copper catalyst. Two distinct pretreatment
methods were employed: (i) immersion in dilute NaOH
aqueous solutions for 24 h or (ii) sputtering of a thin Cu (40
nm for Cu-GDE1) onto the MPL via physical vapor deposition
(SEM images and EDS of bare GDL and Cu-sputtered GDL
are shown in Figures S6−S9). These pretreatment steps were
implemented to modify the surface properties of the
hydrophobic MPL, thereby enhancing the nucleation and
adhesion of the electrodeposited Cu catalyst. Following both
pretreatment methods, contact angle measurements were
performed on the GDLs. The results indicated that,
irrespective of the pretreatment, the contact angle remained
≥100°, confirming that the hydrophobic nature of the GDL
was preserved, which is crucial for preventing electrolyte
flooding during electrolysis. Then, the pretreated GDL was
used as a substrate for Cu electrodeposition from a 0.1 M
Cu(NO3)2 solution with a cutoff charge of 9 C cm−2.

Figure 2. SEM images of the electrodeposited Cu GDEs. (A) Cu-GDE1, (B) Cu-GDE2, (C) Cu-GDE3, and (D) Cu-GDE4. (E−H)
Corresponding high-magnification images.
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Additionally, one-step and two-step deposition methods were
employed to tune the nucleation and growth rates, thereby
controlling the morphology of the Cu structures. During
electrodeposition, the backside of the GDL, the carbon fiber
layer, was masked to keep its porous structure for the diffusion
of CO2 and gas-phase products and ensure Cu deposition only
on the MPL. Table S1 summarizes all information regarding
the preparation of each Cu-GDE, allowing for a direct
comparison of the experimental conditions. Briefly, for Cu-
GDE1, a GDL sputtered with 40 nm Cu was used as a
substrate, and an electrodeposition potential of −0.7 V vs Ag/
AgCl was applied. For Cu-GDE2 and Cu-GDE3, the
pretreatment step involved using a 0.2 M NaOH solution.
Subsequently, a one-step deposition at −0.7 V vs Ag/AgCl was
applied for Cu-GDE2, while the Cu-GDE3 electrode was
prepared using a two-step electrodeposition process. The first
step involved applying a potential of −1.0 V vs Ag/AgCl with a
cutoff charge of 0.2 C cm−2, followed immediately by a second
step at −0.7 V vs Ag/AgCl with a cutoff charge of 8.8 C cm−2,
resulting in a total deposited charge of 9 C cm−2. Cu-GDE4
was prepared by activating the GDL in 0.1 M NaOH, followed
by a two-step deposition: −1.0 V vs Ag/AgCl with a cutoff
charge of 1 C cm−2 and −0.7 V vs Ag/AgCl with a cutoff
charge of 8 C cm−2.
The XRD patterns of the electrodeposited Cu GDEs

exhibited similar orientations (Figure S10), with diffraction
peaks at 2θ = 43.3, 50.5, and 74.2°, corresponding to the
(111), (200), and (220) planes of the face-centered cubic (fcc)
phase of Cu. SEM images of the bare GDL and 40 nm Cu-
sputtered GDL are shown in Figure S6A,C. The sputtered Cu
layer displayed spherical particle deposition. The morphologies
of the prepared Cu GDEs are visualized using SEM (Figure 2).
Cu-GDE1, electrodeposited at −0.7 V on a Cu-sputtered GDL,
exhibited a flower-like structure composed of small flakes
(Figure 2A,E). Activation with 0.2 M NaOH, followed by the
same electrodeposition procedure, resulted in the formation of
clusters with spherical structures (Cu-GDE2) (Figure 2B,F).
Cu-GDE3, prepared via a two-step electrodeposition process
(−1.0 V and −0.7 V), displayed cauliflower-like particles
(Figure 2C,G), attributed to a nucleation step at −1.0 V
followed by a slow growth process. A different two-step
electrodeposition procedure was employed for the preparation
of Cu-GDE4 (Figure 2D,H), using 0.1 M NaOH for GDL
activation. The deposited catalyst exhibited interconnected
flake growth. These results highlight the significant influence of
the pretreatment step and the electrodeposition conditions on
the overall catalyst morphology.

3.2. Electrocatalytic Performance of Cu GDEs for
CO2R in a Hybrid Electrolyzer. A schematic representation
of the hybrid electrolyzer employed in this study is depicted in
Figure S11. To enhance the hydrophobic properties of the
electrodes, previous investigations have indicated that wrap-
ping Cu wires with graphene oxide and utilizing PTFE as a
surface modifier can effectively create hydrophobic electrodes
and control the wettability of the catalyst layer.29,53 In this
study, we spray-coated CNTs onto the electrodeposited Cu
GDEs to enhance the electrode hydrophobicity (Figure S12).
Initially, we investigated the activity of the Cu-sputtered GDL.
The Cu layer was added during the GDL pretreatment step,
prior to the main Cu electrodeposition (Figure S13). The cell
performance of this Cu-sputtered GDL was observed to be
unstable, exhibiting a rapid loss of the selectivity toward CO2R
products, accompanied by a subsequent increase in the rate of

HER. This suggests that the interface formed between the
sputtered Cu and the GDL might not have been robust enough
to sustain stable CO2R. Further preliminary investigations
involved evaluating the electrocatalytic performance of the
CNTs. Figure S14 shows the electrocatalytic performance of
the CNTs, which primarily generated CO and formate (2e−

reduction products). The combined FE for these products was
∼9%, while the majority of the remaining charge was attributed
to the HER. Therefore, CNTs do not possess significant
intrinsic catalytic activity or selectivity for CO2R and their
primary role is to enhance the hydrophobicity of the main
electrodes.
To determine the appropriate cell voltages for further

investigations, linear sweep voltammetry (LSV) experiments
were conducted on the different Cu GDEs. The purpose of
these experiments, as depicted in Figure S15A, was to identify
the cell voltages at which a current density of approximately
−150 mA/cm2 could be achieved. The voltammograms
recorded for the different Cu GDEs in a 1 M KHCO3
electrolyte revealed that there was no significant difference in
the onset potentials. However, variations in the current
responses became apparent at cell voltages of ≥3 V. These
differences in current density are attributed to interruptions at
the electrode−electrolyte interface caused by the evolution of
gas bubbles. Notably, all four samples exhibited distinct current
responses in this higher cell potential regime, indicating that
the morphological differences between the Cu GDEs had a
noticeable effect on their ability to handle higher reaction rates
and the associated gas evolution. Consequently, based on these
LSV results, three voltages (3.8, 4, and 4.2 V) were selected for
the subsequent chronoamperometric experiments to thor-
oughly evaluate the impact of the electrode morphology on
CO2R performance and product selectivity under more
controlled conditions.
The CO2 feed rate affects the selectivity toward C2+

products in CO2R by altering the local pH at the catalyst
layer.54 A high CO2 feed rate promotes a fast reaction with
electrogenerated hydroxide ions near the catalyst layer,
forming (bi)carbonate and consequently lowering the local
pH. This lower pH environment generally favors the HER.
Conversely, a low CO2 feed rate will lead to mass transfer
limitations, where the supply of CO2 to the catalyst surface
becomes insufficient, which can also enhance hydrogen
evolution. To optimize this trade-off, we tested four CO2
feed rates (20, 25, 30, and 35 sccm) at each of the three
selected cell voltages. The H2 FE reached a minimum of 19%
at a CO2 feed rate of 25 sccm and Ecell = 4 V (Figure S16).
Correspondingly, the FEs of the CO2R products exhibited an
opposite trend, suggesting that this feed rate provided a better
balance between CO2 availability and the local pH. A similar
trend was observed at the other tested cell voltages (3.8 and
4.2 V). Based on these findings, a CO2 feed rate of 25 sccm
was selected for all subsequent experiments in this study.
The CO2R performance of the electrodeposited Cu GDEs

was evaluated under chronoamperometric conditions for a
duration of 90 min. During these experiments, the FE of the
gaseous products was quantified every 10 min, while the liquid
products present in the catholyte were analyzed at the end of
the electrolysis. The analysis of the products revealed that the
four different Cu GDEs primarily generated carbon monoxide,
ethylene, formate, ethanol, and 1-propanol as major products,
whereas the remaining charge was mainly attributed to the
HER. Minor products such as methane, acetate, and ethylene
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glycol were also detected with an FE ≤ 3% for all Cu GDEs.
For the sake of simplicity and clarity, these minor products
were not added to the figures. Figure S17 provides a
comprehensive overview of all liquid products detected,
including both major and minor components.
Figures S18−S21 present the chronoamperometric curves

for the four Cu GDEs at the three tested cell voltages, along
with the corresponding FE values and partial current densities
for each product. Overall, the results demonstrate stable
current densities and product distributions over the 90 min
electrolysis at all tested voltages. The current density
fluctuations are attributed to gas bubble formation at the
electrode surface, which can block active sites, diffuse into the
catholyte, alter the location of the triple-phase boundary, and
potentially disturb local catholyte flow. The stable current

density and product distribution imply that the GDL pores
remained open for CO2 gas diffusion to the catalyst layer,
indicating no flooding.55 This highlights the effectiveness of
our system in mitigating the complex influence of pressure
dynamics on the performance of a hybrid electrolyzer.54 The
total current density (jtotal) at different voltages is shown in
Figure 3. The jtotal was comparable at 3.8 and 4 V, but a
significant increase was observed when the cell voltage was
increased to 4.2 V. For example, the jtotal for Cu-GDE4 (Figure
3D) increased from −137 mA cm−2 to −147 mA cm−2 and
−173 mA cm−2 with increasing cell voltages. Comparing the
performance of the different GDEs, we find that Cu-GDE2 and
Cu-GDE4 exhibited comparable jtotal values at each of the
applied voltages. Furthermore, both of these electrodes
reached current densities higher than those of Cu-GDE1 and

Figure 3. Electrochemical CO2 reduction performance of Cu GDEs with different morphologies. Faradaic efficiency of the generated products and
total current density as a function of a cell voltage, (A) Cu-GDE1, (B) Cu-GDE2, (C) Cu-GDE3, and (D) Cu-GDE4. Error bars represent the
standard deviation over three samples.

Figure 4. Electrochemical CO2 reduction performance of Cu GDEs with different morphologies. Partial current density of the generated products
at a cell voltage of (A) 3.8 V, (B) 4 V, and (C) 4.2 V. Error bars represent the standard deviation over three samples.
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Cu-GDE3. Specifically, at 4.2 V, the jtotal increased from −156
mA cm−2 for Cu-GDE3 to −168 mA cm−2 for Cu-GDE1,
reaching −173 mA cm−2 for both Cu-GDE2 and Cu-GDE4.
This suggests that the morphology of Cu-GDE2 and Cu-GDE4
was more effective in promoting overall CO2 reduction activity
compared to Cu-GDE1 and Cu-GDE3.
To elucidate the influence of Cu electrodeposition

conditions and the resulting morphology on catalytic activity
toward CO2R, we discuss the trends in FEs and partial current
densities of the generated products. For Cu-GDEs prepared
using alkaline pretreated GDLs (Cu-GDE2, Cu-GDE3, and
Cu-GDE4), the FEs of ethylene, ethanol, and 1-propanol
exhibited a clear dependence on the applied cell voltage. For
instance, Cu-GDE4 showed an increase in the FEC H2 4

from 9%
at 3.8 V to 24% at 4.2 V, whereas the FEH2 decreased from
19% to 8%, and the FEformate decreased from 30% to 21%.
Notably, the FECO remained relatively constant at approx-
imately 22%. This suggests that at 4.2 V, carbon monoxide
production became more favorable over formate production,
which can enhance C−C coupling when a sufficiently high
surface coverage of carbon monoxide, a key intermediate for
C2+ products, is present. The jH2 decreased from −25 mA cm−2

to −10 mA cm−2 for Cu-GDE3 and to −12 mA cm−2 for Cu-
GDE4 with increasing voltages, while Cu-GDE1 and Cu-
GDE2 had similar HER rates across all applied voltages
(Figure 4). This indicates that the two-step deposition process,
used for Cu-GDE3 and Cu-GDE4, results in Cu structures
with lower HER activity in comparison to the one-step Cu
deposition method used for Cu-GDE1 and Cu-GDE2. At Ecell
= 3.8 V, the effect of morphology was less pronounced among
Cu-GDE1, Cu-GDE2, and Cu-GDE4. These electrodes
generated ethylene, ethanol, and carbon monoxide with partial
current densities of about −10 mA cm−2, −9 mA cm−2, and
−25 mA cm−2, respectively (Figure 4A). However, Cu-GDE3,
which has a cauliflower-like structure, exhibited an increase in
the jC H2 4

to −23 mA cm−2 and jC H OH2 5
to −13 mA cm−2.

Figure 4B shows that the activity patterns at 4 V are
comparable to those at 3.8 V, with diminished HER activity. At
Ecell = 4.2 V, a clear morphology dependence was observed
(Figure 4C). Cu-GDE1, featuring a flower-like structure,
exhibited a jCO of −27 mA cm−2. The jCO of Cu-GDE2 and
Cu-GDE3 decreased to −21 mA cm−2, while Cu-GDE4
showed an increase to −34 mA cm−2. The jformate followed a
volcano-like trend, decreasing from −37 mA cm−2 to −27 mA
cm−2 and then increasing to −32 mA cm−2 over Cu-GDE4.
Cu-GDE4, characterized by an interconnected nanoflake
structure, exhibited the highest jC H2 4

of −44 mA cm−2. The
jC H OH2 5

peak of −29 mA cm−2 was achieved for Cu-GDE2,

which comprises structured clusters of spherical particles.
Overall, the Cu-GDEs prepared from alkaline-activated GDLs

demonstrated higher selectivity toward carbon monoxide,
ethylene, and ethanol compared to Cu GDEs prepared from
Cu-sputtered GDLs (method used for Cu-GDE1).
After electrolysis, the XRD patterns of the Cu-GDEs

revealed reflections at positions consistent with the fcc phase
of Cu, mirroring the as-prepared Cu-GDE (Figure S23).
However, the intensity of these peaks increased, and the peaks
broadened, indicating surface restructuring toward a rough
surface with more uncoordinated sites, such as steps and
kinks.31,56

Furthermore, reflections corresponding to the Cu2O phase
were also present. This is attributed to the spontaneous
oxidation of Cu catalysts after electrolysis, as the catalyst layer
was exposed to the catholyte, and the reduction potential was
no longer applied. Figure 5 illustrates the post-electrolysis
morphology of the electrodeposited Cu catalysts. We observe
morphological changes, while the morphology of the Cu-GDEs
remained distinctly different after electrolysis. This implies that
the initial morphology plays a role in how the catalyst
restructures during electrolysis. In Cu-GDE1, the initial flakes
partially restructured into needle-like structures. Larger
aggregates are formed in Cu-GDE2 and Cu-GDE3, consisting
of very small particles assembled into regular patterns,
preserving the shape of the initially electrodeposited Cu
catalysts. Cu-GDE4 exhibited coalescence of the nanoflakes
into larger entities (Figure 5D). The morphological changes
observed under reaction conditions reveal the tendency of Cu
for surface reconstruction.19 Furthermore, nanoclustering
followed by coalescence driven by the applied negative
potential has been proposed as the degradation pathway.57

The stability of the electrodeposited Cu-GDEs in a hybrid
electrolyzer with a cation exchange membrane was investigated
at a cell voltage of 4 V. The four different Cu-GDEs exhibited a
stable current density of approximately 130 mA/cm2 (see
Figure S24). After 3 h, Cu-GDE3 exhibited a shift in selectivity
from CO2R to HER, attributed to morphological changes and
the formation of nanoparticle clusters (see Figure 5C). This
observation aligns with a previous report indicating that
nanoclusters with a higher population of low-coordinated sites
favor HER and that nanoclustering (the first stage of the
degradation pathway) is primarily induced by the applied
potential.57 Cu-GDE2 and Cu-GDE4 maintained their
performance for 6 h. The formation of large aggregates (Figure
5B,D) resulted in a decrease in HER, likely due to a reduction
in the number of low-coordinated sites through nanoclustering
and coalescence. Besides the initial flakes, the formation of
needle-like clusters was observed on Cu-GDE1 after 8 h of
electrolysis (Figure S25). The H2 FE gradually increased from
18% to 30%, while the FEs of carbon monoxide, ethylene, and
ethanol decreased to 12%, 6%, and 6%, respectively. Catalyst
reduction and oxygen loss from the oxide lattice, along with

Figure 5. SEM images of the electrodeposited Cu-GDEs after electrolysis at 4.2 V for 90 min. (A) Cu-GDE1, (B) Cu-GDE2, (C) Cu-GDE3, and
(D) Cu-GDE4.
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detachment/redeposition of particles, affect the surface metal
loading, leading to different activities among the Cu-
GDEs.19,20,22 The evolution of large aggregates was associated
with greater CO production and improved the selectivity
toward ethanol on Cu-GDE2 and ethylene on Cu-GDE4.
Notably, Cu-GDE2 and Cu-GDE4 maintained their

performance, including selectivity toward CO2 reduction
products, representing a 5-fold improvement in operational
lifetime compared to GDEs prepared by sputtering in a hybrid
electrolyzer system utilizing the same electrolyte and electrode
area.54 Moreover, with this hybrid configuration, we achieved a
current density of −175 mA/cm2 at a cell voltage of 4.2 V,
significantly outperforming a previously reported system (∼5.5
V at 150 mA/cm2) with unstable performance. Electro-
deposition is a technique that can be readily scaled up for
the production of large-area electrodes with robust catalyst
attachment, which is crucial for industrial applications.

4. CONCLUSIONS
We report a straightforward electrodeposition strategy
successfully employed to synthesize four distinct Cu GDEs
(Cu-GDE1, Cu-GDE2, Cu-GDE3, and Cu-GDE4). This
method involved a two-step process: first, GDL activation via
either alkaline treatment or Cu sputtering; second, Cu
electrodeposition from a 0.1 M Cu(NO3)2 solution at a
controlled deposition potential. By carefully adjusting the GDL
pretreatment and the electrodeposition conditions, we
achieved a variety of Cu catalyst morphologies. The perform-
ance of these Cu GDEs in CO2R was evaluated in a hybrid
electrolyzer under chronoamperometric conditions at three
different cell voltages (3.8, 4, and 4.2 V) to determine the
impact of catalyst morphology on product selectivity and
partial current density. The primary products observed were
carbon monoxide, ethylene, formate, ethanol, and 1-propanol,
whereas the remaining charge was mainly attributed to the
HER. Notably, Cu-GDE4, characterized by an interconnected
flake structure, exhibited a jtotal of −173 mA cm−2 at 4.2 V. Cu-
GDE2 and Cu-GDE4 exhibited comparable and higher jtotal
values than Cu-GDE1 and Cu-GDE3. Morphological changes
were observed, and the morphology of the Cu-GDEs remained
distinctly different after electrolysis. This implies that the
starting morphology plays a role in how the catalyst
restructures during electrolysis. Cu-GDE3 exhibited a shift in
the selectivity from CO2R to HER, attributed to morphological
changes and the formation of nanoparticle clusters. The
formation of larger aggregates led to increased CO production
and, consequently, higher selectivity for ethanol with Cu-
GDE2 and for ethylene with Cu-GDE4. We observed the
development of needle-like clusters on the Cu-GDE1 electrode
after 8 h of electrolysis. During this time, the H2 FE
progressively increased from 18% to 30%, while the FEs of
carbon monoxide, ethylene, and ethanol declined to 12%, 6%,
and 6%, respectively.
Overall, our findings indicate that alkaline-activated GDLs

led to Cu GDEs with enhanced selectivity for CO, C2H4, and
C2H5OH compared to Cu GDE1, which was prepared from a
Cu-sputtered GDL. Furthermore, we observed that employing
a two-step deposition process effectively suppressed the HER.
X-ray diffraction (XRD) patterns confirmed that the
polycrystalline nature of the copper catalysts was maintained,
although with increased peak intensity and width, suggesting
surface restructuring under reaction conditions. During a 6 h
experiment at a cell voltage of 4 V, Cu-GDEs maintained a

stable current density of approximately 120 mA/cm2, with Cu-
GDE2 and Cu-GDE4 retaining their selectivity toward CO2
reduction products, demonstrating a 5-fold improvement in
operational lifetime compared to GDEs prepared by sputtering
in a similar hybrid system.54 The enhanced performance and
stability observed with specific electrodeposited copper
morphologies on alkaline-activated GDLs highlight the
potential of this approach for advancing the field of
electrochemical CO2 reduction toward practical industrial
applications.
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