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ABSTRACT

Water electrolysis is a promising route for large-scale hydrogen production, offering high-purity output, CO,-free emissions, and
compatibility with renewable energy integration. Among various fabrication techniques, electrodeposition provides a cost-
effective, tunable, and binder-free method for producing high-performance electrodes. However, achieving consistent catalyst
properties across large electrode areas remains a major challenge in scaling up electrochemical devices such as proton exchange
membrane water electrolyzers (PEMWES). This study presents a systematic electrodeposition approach for fabricating large-area
Cu-Ni-Mo alloy catalysts with homogeneous composition and electrochemical performance across the electrode surface, guided
by a previously optimized small-area reference. A custom-designed deposition cell enabled independent control of deposition
parameters, and the effects of each parameter on catalyst composition, morphology, and hydrogen evolution reaction (HER)
activity were thoroughly evaluated. As the electrode area increased, structural modifications to the deposition cell and electrode
configurations required adjusting the deposition potential to maintain equivalent deposition conditions. The working-reference
electrode distance was identified as a critical parameter that significantly influenced the actual deposition potential and resulting
catalyst properties, while the working—counter electrode distance affected deposition uniformity through changes in ion transport
dynamics. Under optimized conditions, a 10.2 cm? electrode was fabricated and evaluated through subdivided PEMWE tests,
yielding consistent performance (2.00 to 2.03 V¢ at 2 A cm™2) with only minor deviation from the reference catalyst. Scaling up
further to 50 cm? yielded an average HER overpotential of 18.3 mV at —10 mA cm™ > and maintained excellent uniformity across
the electrode. These findings offer a practical and adaptable methodology for fabricating large-area alloy electrodes with repro-
ducible performance, advancing the scalable deployment of multicomponent catalysts for PEMWE.

1 | Introduction demand has been growing for the large-scale production of vari-

To address critical sustainability challenges such as environmen- ous energy conversion and storage devices—including solar cells

tal pollution and climate change [1-4], renewable energy tech- 9> 10], water electrolyzers [11, 12], fuel cells [13, 14], and capa-
nologies that harness resources such as solar [5], wind [6, 7], and citors [15, 16]—that can efficiently convert and store these forms
hydrogen [8] have emerged as key alternatives [2]. Consequently, of energy [17]. Among these, water electrolysis is particularly
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attractive for large-scale hydrogen production, as it generates
high-purity hydrogen from water and electricity without CO,
emissions. It is also readily scalable and can be integrated with
intermittent renewable energy, making it well-suited for grid
balancing and energy storage [11, 18, 19].

Despite extensive research on high-efficiency, durable, and high-
performance electrodes for water electrolysis, most advance-
ments remain confined to the laboratory scale. For the practical
commercialization of eco-friendly energy conversion and storage
devices, both technological performance and cost-effectiveness
must be addressed. This creates an urgent need for scalable,
large-area fabrication processes for water electrolysis electrodes,
which are critical components of these systems [20-23].

Currently, the most widely used method for fabricating electro-
des in electrochemical energy conversion systems, such as fuel
cells and water electrolyzers, involves coating a conductive sub-
strate with a composite mixture of catalyst powders, binders, and
conductive additives. However, this approach presents several
structural and electrical drawbacks. First, weak adhesion
between the catalyst layer and substrate compromises the long-
term durability of the electrode [24]. Second, the presence of
binders and additives may negatively affect electrical contact
within the electrode, resulting in increased resistance and lower
electrochemical performance [25-27]. Third, binders often
occlude or deactivate active sites, thereby limiting their direct
participation in electrochemical reactions and reducing effi-
ciency [28]. Finally, the multistep nature of this fabrication pro-
cess is inherently disadvantageous in terms of manufacturing
time and cost [29].

By contrast, self-supported electrode fabrication methods—
where electroactive materials are directly grown onto conductive
substrates—offer significant benefits by eliminating the need for
binders and conductive additives, thereby lowering interfacial
resistance and manufacturing costs [25, 30, 31]. Representative
self-supported fabrication techniques include electrospinning
[32-35], chemical vapor deposition (CVD) [36, 37], and electro-
deposition [38, 39]. Electrospinning offers a facile and scalable
fabrication process, tunable fiber dimensions, high specific sur-
face area, and inherently porous nanofiber architectures. How-
ever, its practical scalability is limited by issues such as
nonuniform flow distribution across multiple jets, system com-
plexity, solvent volatility, and considerable economic and envi-
ronmental costs [32, 33]. Furthermore, CVD enables uniform
large-area coatings and strong adhesion between the substrate
and catalyst layer but is hindered by the use of complex and often
hazardous precursors, high operational costs, toxic byproduct
generation, and restrictions on substrate selection and mechani-
cal stability owing to high-temperature processing [40].

Among these techniques, electrodeposition stands out as a cost-
effective and energy-efficient method that enables rapid electrode
fabrication under ambient temperature and pressure [39, 41]. It
provides precise control over electrode morphology, ranging
from zero-dimensional (0D) nanoparticles to three-dimensional
(3D) architectures, and allows fine-tuning of chemical composi-
tion through the systematic adjustment of deposition parameters
such as deposition potential or current, electrolyte composition,
and additive selection. Despite these advantages, scaling electro-
deposition to large-area substrates presents challenges in

achieving uniform deposition quality. As electrode area
increases, nonuniform current density distribution can lead to
significant variations in coating thickness and compositional
homogeneity, which limit performance consistency and manu-
facturability [42, 43]. Electrodeposition has recently gained atten-
tion as a promising fabrication method for water electrolysis
electrodes, exhibiting excellent performance in both proton
exchange membrane water electrolyzers (PEMWESs) and anion
exchange membrane water electrolyzers (AEMWEs) [44-52].
However, most studies are limited to laboratory-scale demonstra-
tions, typically involving electrode areas of only a few square
centimeters [53-57]. Reports on the fabrication of large-area
electrodes—on the order of tens of square centimeters or more
—for membrane electrode assembly (MEA) applications using
electrodeposition remain scarce.

Although several studies have reported large-area electrode fab-
rication via electrodeposition, including the deposition of CIGS
thin films, a solar cell electrode material, over an area of 80 cm?
[58], and the fabrication of Ag gas diffusion electrodes (GDEs) for
CO, reduction systems with areas of 25.5 cm?® and 136 cm® [59],
research still lacks of comprehensive and systematic understand-
ing of the critical parameters needed to precisely control these
processes. As discussed earlier, despite numerous reports on
large-area electrode fabrication via electrodeposition, systematic
insights into the key process parameters remain limited. Scaling
high-performance and durable electrodes from laboratory-scale
demonstrations to commercially viable systems requires meticu-
lous optimization of critical material properties—including sur-
face morphology, crystallographic structure, electronic
configuration, and elemental composition—to preserve intrinsic
activity.

In this context, the current study aims to scale up a multicompo-
nent Cu-Ni-Mo catalyst, which previously demonstrated excel-
lent hydrogen evolution reaction (HER) activity and durability in
both half-cell and single-cell PEMWE systems [49], to an elec-
trode area of 10.2 cm?. This ternary catalyst exhibited a low over-
potential of 18 mV at —10 mA cm ™2 in half-cell testing and
delivered high performance of 1.62Acm™2 at 1.9 Vg in full-
cell operation under small-area (~1 cm?®) conditions, achieving
Pt-comparable HER performance and maintaining long-term
operational stability in acidic media.

However, translating this promising activity from small-scale
tests to larger electrode areas remains a formidable challenge,
as scaling demands simultaneous control of catalyst composition,
film uniformity, and electrochemical properties over an extended
surface. To address this, we designed a custom electrodeposition
cell with tunable interelectrode spacing and identified deposition
potential, the distance between the working and counter electro-
des (dwg_ck), and the distance between the working and refer-
ence electrodes (dwg_re) as key control parameters for the
scaling process. By systematically investigating the effects of
these variables on catalyst morphology and composition, this
study seeks to establish the optimal electrodeposition conditions
for fabricating large-area electrodes using previously validated
catalyst systems. Ultimately, this work aims to advance the fun-
damental understanding of scale-up strategies for nonprecious
metal catalysts and lays the groundwork for the practical deploy-
ment of high-performance electrodes in commercial water elec-
trolysis systems.
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2 | Materials and Methods
2.1 | Cell Design for Scale-Up Electrodeposition

To systematically analyze the electrochemical and physical fac-
tors influencing deposition uniformity, experiments varied three
parameters independently: (1) deposition potential, (2) dwg_ck»
and (3) dwg_re- A custom-designed polycarbonate electrodeposi-
tion cell was fabricated, as illustrated in Scheme 1a. The basic
configuration of the cell consisted of a carbon paper as the WE, Ti

H

Ti foil 0.5cm

HoH ke

0.5cm 0.5cm 1.0cm

foil placed behind the carbon paper as the electric lead, an end-
plate for cell assembly, and fixtures to secure the RE and CE.

To investigate the effect of interelectrode spacing on catalyst
deposition patterns, spacers with thicknesses of 0.5 (x2), 1.0,
and 1.5cm were fabricated for insertion between the WE and
CE. Additionally, a separate 0.5 cm spacer was produced for posi-
tioning between the WE and RE. As shown in Supporting Infor-
mation Scheme Sla,b, the reference electrode fixture contained

5.5cm

(b)

SCHEME1 | (a)Schematic of the electrodeposition cell for fabricating a scaled-up (10.2 cm?) electrocatalyst. Cell configuration with the (b) shortest

dWE—CE and (C) maximum dWE—CE'
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two 15 mm holes for securing the reference electrode and allow-
ing the adjustment of the dwg rg to 1.45 and 3.15 cm. Further-
more, by inserting a 0.5 cm spacer between the endplate and RE
fixture, the dwg_rg could be extended by 0.5cm beyond these
values, enabling comparison across four discrete distances:
1.45, 1.95, 3.15, and 3.65 cm.

As shown in Scheme 1b, the minimum dwrg_cg achievable in the
standard cell configuration was 5.5 cm, while the maximum,
shown in Scheme 1c, was 9 cm. For catalyst fabrication over an
enlarged 50 cm? area, an additional electrodeposition cell with a
similar design but larger scale was constructed, maintaining
dwg_re at 1.15cm and dwg_cg at 5.0 cm.

2.2 | Fabrication of Cu—-Ni-Mo Electrode

To enable the scale-up production of Cu-Ni-Mo ternary alloy
electrode catalysts, an electrodeposition method was employed
using a three-electrode configuration. A 10.2cm? carbon paper
(Ballard, Avcarb MGL280) served as the WE, a saturated calomel
electrode (SCE; CHI 150) served as the RE, and a rectangular
graphite plate with dimensions of 2.3x3.0x 0.3cm? served as
the CE. Although only one face of the CE directly faced the
WE, multiple surfaces of the graphite plate were exposed to the
electrolyte, providing a sufficient effective electrochemically
accessible surface area. The electrolyte composition, following
the optimized formulation from prior research [49], consisted
of 0.03M CuSO,-5H,0 (Daejung, 2588-4400), 0.25M
CsHsNa;0,-2H,0 (Na;Cit, Daejung, 7555-4405), 0.1M
Na,Mo0O,4-2H,0 (Daejung, 7598-4405), and 0.3M NiSO, - 6H,0
(Daejung, 5611-4400). Electrodeposition was performed using a
potentiostat (CS350, Wuhan CorrTest Instrument Corp., Ltd),
with deposition potential and interelectrode distances (dwg_cg
and dwg_rg) independently controlled, while deposition time
remained fixed at 600s. The electrodeposition was conducted
without stirring, and the applied potential during the deposition
process was not iR-compensated. Detailed electrodeposition
parameters are presented in Table 1.

The optimized electrodeposition protocol for the 10.2 cm? elec-
trode was applied to a similarly fabricated 50 cm?® electrode to
verify scalability. A 50 cm® carbon paper and a 5.0 X 5.0 cm graph-
ite plate served as WE and CE, respectively, and electrodeposi-
tion was performed at a deposition potential of —1.8 V¢ for
600s.

2.3 | Electrochemical Characterization

To evaluate the electrochemical uniformity of the fabricated cat-
alyst, small-area electrodes were cut from four different positions
within the 10.2 cm? electrode, as shown in Supporting Informa-
tion Scheme S2a. Electrochemical measurements were con-
ducted using a custom-made Teflon cell with an exposed area
of 1.43 cm?®. All experiments were conducted at ambient temper-
ature and pressure in a 0.5 M H,SO, electrolyte. A graphite rod
served as the CE.

The HER activity was evaluated using cyclic voltammetry (CV)
over a potential range from 0.02 to —0.23 Vg with a scan rate of
1mVs. All applied potentials were iR-compensated and con-
verted to the reversible hydrogen electrode (RHE) scale using the
following equation:

TABLE 1 | Electrodeposition conditions under varying deposition
potentials, dwg_cg, and dwg_rg.

Deposition
Variation case potential/Vscg WE-RE/cm  WE-CE/cm
Variation 1 -1.5 1.45 5.5
-1.8
-1.9
-1.95
-2
-2.3
2.5
Variation 2 -1.95 1.45 5.5
6
6.5
7
7.5
8
8.5
9
Variation 3 -1.95 1.45 5.5
1.95
3.15
3.65
Erug = Eexp + Erer +0.0592V x pH . (1)

Solution resistance (R;) as a function of interelectrode distance
was measured by electrochemical impedance spectroscopy (EIS)
using a potentiostat at a DC potential of 0.37 Viyg, with an AC
signal amplitude of 10mV over a frequency range of 10° to
107! Hz. The 50 cm? scaled-up electrode was also evaluated for
HER activity using CV measurements under identical conditions
at nine different locations, as shown in Supporting Information
Scheme S2b.

2.4 | Physicochemical Characterization

Surface morphology was characterized using field-emission scan-
ning electron microscopy (FE-SEM; Carl Zeiss, SIGMA), and the
elemental composition of the electrodeposited catalysts was ana-
lyzed using energy-dispersive X-ray spectroscopy (EDS; Thermo
Fisher, NORAN System 7). Morphological and compositional
analyses accompanied the electrochemical measurements at
four different positions to assess deposition uniformity across
the electrode surface. For catalysts prepared under optimized
conditions, crystallographic analysis was performed using X-ray
diffraction (XRD; Bruker-AXS, NEW D8-Advance). Diffraction
patterns were recorded over a 20 range of 30° to 80° at a scan
rate of 5°min ", and the resulting data were compared with those
of the reference catalyst to verify phase consistency. In addition,
to enable a direct comparison of diffraction peak positions as a
function of deposition potential, XRD patterns of catalysts depos-
ited across the entire potential range were measured at position 1
as defined in Supporting Information Scheme S2a using an iden-
tical 20 range but with a reduced scan rate of 1.7°min™". This
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improved angular resolution allowed subtle peak shifts associ-
ated with compositional variations to be more clearly resolved.

2.5 | Single-Cell Operation

A 50.8-pm-thick Nafion 212 membrane (DuPont) served as the
proton exchange membrane. The anode consisted of IrO, (load-
ing: 0.1 mgcm™2) deposited on carbon paper [60]. The cathode
consisted of the fabricated 10.2 cm? large-area catalyst-deposited
electrode (Supporting Information Scheme S2c) under the opti-
mized deposition condition, divided into four equal sections
(Supporting Information Scheme S2a), with each section evalu-
ated individually. The MEA area was 1 cm?, and the cell operat-
ing temperature was maintained at 90°C. Deionized water, used
as the reactant, was fed to the anode side at a 15mLmin™" flow
rate. Before performance testing, the cell underwent an initial
activation step involving the application of 2.3 V¢ for 30 min.
Electrochemical performance of the PEMWE system was then
evaluated by stepwise variation of the current density from 4 to
0.02Acm™? at 1 min intervals.

3 | Results and Discussion
3.1 | Effect of Deposition Potential

In constant-potential electrodeposition, the deposition potential
modulates the reduction current density and deposition rate,
thereby influencing ionic transport within the electrolyte as
well as nucleation and growth of catalyst particles [39, 61-64].
As such, it serves as a crucial parameter that directly governs key
catalyst properties, including alloy composition, surface mor-
phology, crystallinity, and electronic structure [39, 61, 65]. There-
fore, experiments varied the deposition potential as a variable to
elucidate its impact on the deposition process and identify the
optimal conditions for scale-up of the target catalyst. In these
experiments, dwg_cg Was fixed at 5.5 cm, while dwg_gg Was main-
tained at 1.45 cm. Deposition was conducted under seven differ-
ent deposition potentials, ranging from —1.5 Vscg, the value used
in our previous work [49], to —2.5 Vgcg, with different intervals
ranging from 0.05 Vgcg to 0.3 Vicg.

Supporting Information Figure S1a illustrates i—t curves showing
the deposition current density at different deposition potentials,
where increasingly negative deposition potentials produced
higher deposition current densities. The enhanced saw-tooth cur-
rent behavior at more negative potentials reflects the increasing
influence of concurrent hydrogen evolution during electrodepo-
sition. EDS analysis examined how changes in reduction current
density affected the composition. Figure 1 presents the plots with
average values obtained from four different positions, along with
standard deviations shown as error bars. When plotting the aver-
age elemental compositions of each NiMoCu component
obtained from four positions, as shown in Figure 1a, Mo content
varied little with changes in deposition potential, averaging
8.5%-10.8%. However, Ni and Cu exhibited greater composi-
tional changes influenced by deposition potential, ranging from
39.1% to 49.5% and 40.5% to 51%, respectively. Furthermore,
analysis of the compositional standard deviations at different
positions for catalysts electrodeposited under all deposition
potentials revealed maximum variations of 2.1%, 1.8%, and
0.4% for Cu, Ni, and Mo, respectively.

As seen in Figure 1a, at a deposition potential of —1.5 Vgcg, the
composition of the catalyst deposited over a 10.2cm?” area dif-
fered from that of the catalyst prepared on a 1.43 cm? area under
identical conditions in our previous study [49], namely,
Cuyy 4NiggMog ¢ (hereafter referred to as the reference sample).
For the large-area electrodeposited catalyst, the Cu content was
slightly higher, while the Ni content was somewhat lower com-
pared to the reference sample, and this trend persisted as the
deposition potential increased up to —1.9 Vscg. The differences
in alloy composition between the reference sample and the
10.2 cm? sample deposited at —1.5 Vg were likely due to varia-
tions in the electrodeposition cell design. Key differences include
the use of different counter electrode geometries (graphite rod vs.
graphite plate), distinct electrode arrangements (perpendicular
vs. parallel configuration), and variations in electrolyte volume
(~30 cm? vs. 73 cm?). These design differences could have affected
local current distribution, mass transport, and potential gradi-
ents, thereby influencing the relative deposition rates of Cu
and Ni.

However, as the deposition potential became more negative, the
amount of Ni deposited gradually increased. At potentials more
negative than —1.95 Vg, the Ni content exceeded the Cu con-
tent, and this difference progressively increased. When coelectro-
depositing Ni and Cu from a single electrolyte, the deposition
potential plays a critical role in determining the final alloy com-
position due to the significant difference in their standard reduc-
tion potentials (Cu**/Cu: +0.34V; Ni**/Ni: —0.25 Vgyg). At
relatively less negative potentials, such as —1.5 Vgcg, Cu, with a
more positive standard reduction potential, was preferentially
reduced and deposited, producing an alloy richer in Cu and lower
in Ni. As the deposition potential became more negative, the
overpotential increased more substantially for Ni** reduction
than for Cu®* reduction due to the larger relative thermodynamic
gap between the deposition potential and the standard reduction
potential of Ni. This led to a higher rate of Ni incorporation into
the deposit, raising the Ni content while decreasing the relative
Cu content. This compositional shift with increasing negative
potential is characteristic of kinetically controlled alloy electro-
deposition systems and reflects the interplay between thermody-
namic reduction tendencies and mass transport limitations in the
electrolyte [66]. Unlike Cu and Ni, Mo did not electrodeposit
through the direct reduction of its single metal ions but required
the formation of appropriate complexes with metal ions and cit-
rate for reduction [67]. Consequently, Mo electrodeposition
relied on an induced codeposition mechanism [68-70], making
its composition relatively less sensitive to changes in the deposi-
tion potential.

Notably, as shown in Figure 1b, which shows the average of
absolute values of the compositional differences for each element
with respect to the reference sample at various deposition poten-
tials, the catalyst electrodeposited at —1.95 Vgcg exhibited an
average composition (Cuyy3NigoMo01gg) closest to that of the
reference sample (Cuyy4NizgMog ). Figure 1c, which presents
the average overpotentials at —10 mA cm™> for the HER activity
of electrodes deposited under different deposition potentials, fur-
ther revealed that deposition at —1.95 V¢ yielded an overpo-
tential of 17.8 mV, nearly identical to that of the reference sample
(18 mV). The HER polarization curves for each deposition poten-
tial are provided in Supporting Information Figure S1b-h.
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up catalyst under different deposition potentials.

Deviations from —1.95 Vgcg produced larger compositional dif-
ferences, accompanied by corresponding changes in HER activ-
ity. This demonstrates that compositional control is critical for
achieving high performance when fabricating large-area
electrodes.

Figure 2a shows the FE-SEM micrograph of the reference sample
[49], while Figure 2b-h shows those of the catalysts electrode-
posited over a 10.2 cm? area at deposition potentials ranging from
—1.5 Vscg to —2.5 Vscg. The micrographs in Figure 2b-h, each
divided into four quadrants, were taken from the positions indi-
cated in Supporting Information Scheme S2a. The morphological
evolution with increasingly negative potential revealed distinct
trends in particle distribution, size, and surface coverage. Nota-
bly, the morphologies observed at —1.95 Vscg (Figure 2e) and
—2.0 Vscg (Figure 2f) most closely resembled that of the refer-
ence sample shown in Figure 2a. These samples exhibited similar
particle coverage across the fibrous surfaces, along with

comparable particle size and spacing. These similarities indicate
that deposition at —1.95 Vgcg——2.0 Vscg produced nucleation
and growth behavior closely matching those from the original
reference conditions in the smaller-scale Teflon cell. By contrast,
deposition at more positive (—1.5 Vscg; Figure 2b) or more nega-
tive potentials (—2.3 and —2.5 Vicg; Figure 2g-h) led to morpho-
logical deviations likely caused by differences in reduction
kinetics and mass transport conditions. Regardless of the deposi-
tion potential, the catalyst morphologies at different positions on
each sample remained relatively similar, indicating uniform elec-
trodeposition across the 10.2cm” electrode. Together with the
observed similarities in compositional and electrochemical
results, the morphological match at —1.95 Vg further confirms
that this condition best reproduced the characteristics of the ref-
erence catalyst under scaled-up conditions.

XRD analysis at four positions of the catalyst electrodeposited at
—1.95 Vg (Figure 3) revealed distinct CuNi alloy peaks, slightly
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broadened owing to Mo incorporation. Since the Mo content
remained below 10%, the catalysts retained relatively good crys-
tallinity with clearly visible peaks, consistent with our previous
findings [49]. Moreover, the similarity in peak positions across
different locations indicates uniform structural characteristics
across the entire electrode surface. Following the compositional
trends identified by EDS analysis (Figure 1a), the crystallographic
features of the catalysts deposited at different potentials were
further examined by XRD. As shown in Supporting Information
Figure S2, all samples exhibit characteristic diffraction peaks
corresponding to a CuNi solid solution, confirming successful
alloy formation over the entire deposition potential range. Con-
sistent with the EDS results, the Mo content remained below 10
at% for all samples, leading to only slight peak broadening with-
out the appearance of secondary Mo-related phases. At deposi-
tion potentials from —1.5 to —1.9 Vgcg, where EDS reveals Cu-
rich compositions, the alloy diffraction peaks are shifted toward
lower 20 values, closer to those of metallic Cu. In contrast, as the
deposition potential becomes more negative (—1.95 to —2.5 Vcg),
corresponding to Ni-rich compositions, the diffraction peaks shift
toward higher 26 values and become sharper. This peak shift
directly reflects composition-dependent changes in the lattice
parameter of the CuNi alloy, in good agreement with Vegard’s
law [62, 71], and further corroborates the compositional evolu-
tion inferred from EDS analysis.

3.2 | Effect of Distance Between Working and
Counter Electrodes

Variations in dwg_cg can influence the electrodeposition process
by modifying the local ionic environment. Such variations may
affect current distribution, concentration gradients, and electro-
lyte flow dynamics near the electrode surface, affecting the uni-
formity of ion supply and the resulting alloy composition, surface
morphology, and crystal growth behavior of the deposited cata-
lyst [72-75]. Accordingly, to investigate the effect of dwg_cg vari-
ation on the deposition process and catalyst properties, the
dwe_rg Was fixed at 1.45 cm, and the optimized deposition poten-
tial of —1.95 Vscg was applied. The dwr_cg Was adjusted incre-
mentally from 5.5 to 9 cm. The change in deposition charge with
varying dwg_cg Was analyzed by integrating the i~t curves (Sup-
porting Information Figure S3a), with the results shown in Sup-
porting Information Figure S3b. The total charge under each
dwe_ce condition remained comparable, ranging from 17 C to
16.2 C cm ™2 This consistency indicates that the parallel arrange-
ment of the WE and CE in the electrodeposition setup reduced
the impact of dwg_cg on the overall current flow.

Based on observations from FE-SEM images (Figure 2e and Sup-
porting Information Figure S4), at a short dwg_cg of 5.5cm
(Figure 2e), relatively large spherical particles were densely dis-
tributed, exhibiting an aggregated form with distinct boundaries
that were observed at all positions. Within 6-7 cm (Supporting
Information Figure S4a,b), the particle size and density remained

relatively uniform across positions, and the surface maintained a
dense and flat morphology. Beyond 8 cm (Supporting Informa-
tion Figure S4c,d), the surface density and flat morphology were
preserved, but noticeable differences in surface structure
appeared depending on the position.

Figure 4a shows the variation in average elemental composition,
measured from four different sample positions, with dwg_cg. The
error bars indicate the standard deviation from these four posi-
tions. As dwg _cg increased from 5.5 to 9 cm, Ni content slightly
increased from 44.9% to 47%. Conversely, the Cu content
increased modestly from 44.3% to 45% when the distance
increased from 5.5 to 6cm and then declined to 43.1% at 9 cm.
Compared to Niand Cu, the Mo content slightly varied from 8.7%
to 10.8% without a clear trend relative to interelectrode distance.

Variations in dwg_cg influence the electrochemical deposition
environment by altering the electric field distribution and ion
transport dynamics [73, 75]. Although ions can diffuse toward
the WE from multiple directions, changes in dwg cg affect the
dominant migration pathways and local ion concentrations near
the electrode surface [75]. This effect is particularly significant for
diffusion-limited species like Cu®*, whereas more abundant ions
such as Ni** are less affected [72, 76]. Consequently, the depos-
ited alloy composition can shift due to the combined effects of
electric field variation and species-specific mass transport [72, 74,
75]. Additionally, for all dwg_cg conditions, the composition
standard deviations across positions were limited to 1.8% for
Cu, 1.3% for Ni, and 0.8% for Mo, indicating high deposition
uniformity.

HER activity (Figure 4b) also varied with changes in dwg_cg. The
average overpotential at —10 mA cm™2, measured from four dif-
ferent positions of each electrode (Supporting Information Figure
S5), increased with dwg cg. Notably, the sample prepared at
5.5 cm, which had a composition closest to that of the reference
sample, exhibited the lowest overpotential. This result suggests
that increasing dwg_cg altered the alloy composition through
changes in ion transport conditions, thereby negatively impact-
ing catalytic performance by deviating from the optimal
composition.

In conclusion, although the total charges passed remained com-
parable with variations in dwg_cg, FE-SEM observations revealed
that particle size and distribution uniformity depended on the
interelectrode distance. At 5.5 cm, densely packed spherical par-
ticles were formed uniformly, whereas increasing the distance
produced more pronounced positional differences in surface
morphology. Compositional analysis showed minor variations
in Ni and Cu content with changing distance, whereas Mo con-
tent exhibited no clear trend. Furthermore, the overpotential for
the HER increased with dwg_cg, indicating that variations in
electrode spacing affect ion transport and compositional distribu-
tion, thereby impacting catalytic activity. These findings under-
score the critical importance of optimizing dwg cg to achieve
superior catalytic performance.

FIGURE 2 | (a) FE-SEM micrographs of the reference catalyst deposited at —1.5 Vscg, reproduced with permission from Ref. [49]. Copyright 2021

Elsevier. FE-SEM images of the scaled-up electrocatalysts at four positions under different deposition potentials: (b) —1.5, (c) —1.8, (d) —1.9, (e) —1.95, (f)

-2, (g) —2.3, and (h) —2.5 VscE.
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FIGURE 3 | XRD patterns of carbon paper and four positions of the
scaled-up catalyst deposited at —1.95 Vscg.

3.3 | Effect of Distance Between Working and
Reference Electrodes

In electrodeposition processes, dwr_rg S€rves as a critical param-
eter directly affecting the accuracy of the potential applied to the
WE. As dwg_grg increases, the solution resistance also increases,
thereby amplifying the discrepancy between the potential mea-
sured by the RE and the actual potential experienced at the WE
surface [77]. To investigate how variations in dwg_rg influence
the electrochemical and physicochemical properties of the elec-
trode during large-area deposition, a series of controlled experi-
ments was conducted. Based on prior results, the dwg_cg Was
fixed at 5.5cm, and the deposition potential was maintained at
—1.95 Vscg. Electrodeposition was then performed at dwg_re
values of 1.45, 1.95, 3.15, and 3.65 cm.

As illustrated in Supporting Information Figure Sé6a, the deposi-
tion current density decreased significantly with increasing
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dwg_rE, in contrast to the relatively small differences observed
when varying dwg_cr (Supporting Information Figure S3a). This
decline was closely linked to the rise in solution resistance,
which, as shown in Figure 5a, increased nearly linearly from
18.4 to 67.302cm? as dwg rg increased from 1.45 to 3.65cm.
The increased solution resistance induced a larger voltage drop
across the electrolyte, reducing the actual potential at the WE
surface compared to the set value, thereby suppressing the reduc-
tion kinetics of metal ions.

These electrochemical shifts were reflected in the surface mor-
phology and compositional evolution of the electrodeposited cat-
alyst, as confirmed by FE-SEM (Supporting Information Figure
S7) and EDS (Figure 5b). As shown in Figure 2e, the catalyst
deposited at a dwg_gg of 1.45 cm exhibited well-developed spher-
ical grains uniformly distributed over the surface, correlating
with the highest observed electrochemical performance. This is
attributed to the minimal ohmic drop, resulting in a sufficiently
negative actual deposition potential. However, as dwg_gre
increased, the higher solution resistance led to a noticeable
decrease in the actual deposition potential, even when the depo-
sition potential was fixed at —1.95 Vgcg. Consequently, the sur-
face morphology shifted toward less developed structures
(Supporting Information Figure S7a—c), similar to those obtained
at lower deposition potentials of —1.5 or —1.8 Vgcg (Figure 2b,c).
This indicates that dwg_re directly modulated the local electro-
chemical environment and nucleation and growth behaviors dur-
ing electrodeposition.

The EDS data in Figure 5b represent the average elemental com-
position obtained from four distinct positions on each sample to
ensure representative analysis. The error bars in Figure 5 indicate
the standard deviation calculated from measurements at these
locations, consistent with the method used in Figures 1 and 4. As
dwe_rg increased, the Cu content increased significantly from
44.3% (1.45cm) to 79.6% (3.65cm), while Ni content decreased
accordingly from 44.9% to 15.8%. The Mo content gradually
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FIGURE4 | Average (a) elemental % from FE-SEM EDS and (b) n (mV) at —10 mA cm™> measured at four positions of the scaled-up catalyst under

different dWEfCE-

International Journal of Energy Research, 2026

9 of 14

85U8017 SUOWWIOD 8AIR.D 3(gedldde ayy Aq pausenob afe sejole YO ‘8sn JO Sa|NJ 10} AIq1T 8UIUO A8]IA UO (SUONIPUOD-PUE-SWBI W00 A8 1M ARe.q U [UO//:Sdny) SUORIPUOD pue sue | 8Ly 88S *[9202/c0/r2] Uo ARiqiTauliuo Ajim * Aisealun Buy-Bunyd - NOIAH SIN Aq 2558975/48/SSTT 0T/I0p/W00" A8 1M AReiq iUl |uoy/sdny woy pepeojumod ‘T ‘920z el



80 . . : : . , : .
80 i
(* )
& 67.3 —~
G o60r IS
s ") S 60 i
> 55.1 =
g £
8 5
-~ 4 - . ()
g ’ & 40 ]
= “ ] 5
S 32.2 Z
3
G 20r (* ) 1 20 |
18.4
+ 1 >
+
0 L 1 1 L 1 1 L L
1.45 1.95 3.15 3.65 1.45 1.95 p 3.15 3.65
WE-RE distance (cm) WE-RE distance (cm)
—O— Ni Mo
-9 Cu
(a) (b)
T T T T
50 i
é47.25
/
/
40 - , i
- Q 36.5
7
7

Average
7 @ -10 mA cm™2 (mV)
w
<]
T

S}
(=}
T

7

° 17.75

-
-
T 24.75
7/

1.45 1.95

3.15 3.65

WE-RE distance (cm)

(©

FIGURE5 | (a)Solution resistance, (b) average elemental % from FE-SEM EDS, and (c) average 1 (mV) at —10 mA cm ™~ measured at four positions

of the scaled-up catalyst under different dwg_grg.

declined with increasing dwg_rg, With a relatively abrupt drop
observed at 3.65 cm. This compositional shift suggests that as the
effective overpotential for deposition decreased due to increased
solution resistance, the reduction of less noble metals such as Ni
became kinetically less favorable compared to that of more noble
metals like Cu, leading to preferential Cu deposition at larger
dwe_re- This observation is consistent with previous studies on
Ni-Cu and Cu-Ni-Mo alloy plating [62-64, 72], which reported
that reduced deposition current density due to increased dwg rr
promotes Cu deposition, while comparatively suppressing the
reduction of Ni and Mo. These findings underscore the critical
influence of dwg_grg On both the electrochemical behavior and
composition of the deposited catalyst, highlighting the need for
careful optimization of this parameter in scaled-up electrodepo-
sition systems. Notably, despite variations in dwg rg, the cata-
lysts exhibited excellent compositional uniformity across
different positions, with standard deviations of only 1.3%, 1.1%,
and 0.3% for Cu, Ni, and Mo, respectively.

Figure 5c shows the average HER overpotential measured at
—10mAcm ™2 as a function of dwg_ge. The plotted values are
the average of four measurements taken at different positions
on each sample to ensure reliability and account for local varia-
tion. The corresponding HER polarization curves are presented
in Supporting Information Figure S6b—d. A clear linear correla-
tion was observed: as dwg_gg increased from 1.45 to 3.65cm, the
overpotential increased from 17.75 to 47.25mV. This trend is
attributed to compositional and morphological changes in the
deposited catalyst layer caused by variations in the actual depo-
sition potential, as shown in Figure 5b.

In conclusion, dwg_rg proved to be a critical parameter influenc-
ing the electrodeposition process, affecting not only the catalyst
composition and surface morphology but also the HER perfor-
mance. As the distance increased, a greater discrepancy devel-
oped between the set potential and the actual potential
experienced at the WE, effectively modulating the true deposition
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potential [77, 78]. This shift led to pronounced changes in ele-
mental composition, surface morphology, and catalytic behavior.
Therefore, precise control of dwg_grg is essential under constant-
potential deposition conditions to ensure process reproducibility
and maximize HER catalytic activity.

Building on our understanding of the key scale-up parameters in
electrodeposition, we designed a custom cell for fabricating a
50 cm? electrode. The objective was to replicate the properties
of the reference sample by strictly following the established depo-
sition protocol. To assess uniformity, the fabricated 50 cm? cata-
lyst was divided into nine sections (Supporting Information
Scheme S2b), and the HER performance in each location was
evaluated (Supporting Information Figure S8). A photograph of
the deposited catalyst is provided in Supporting Information
Scheme S2d. The average overpotential at —10mA cm ™ across
positions 1-9 was 18.3mV, remarkably close to the 18 mV
recorded for the reference sample. Additionally, the minimal
standard deviation of 0.8 mV among the nine regions clearly
confirms the high uniformity and reproducibility of the large-
area electrode. These results establish a robust and scalable
methodology for fabricating highly uniform electrodes, which
is critical for industrial-scale electrochemical applications.

3.4 | Single-Cell Operation

The electrode was fabricated using a custom-designed cell for
10.2 cm? area deposition, under deposition conditions optimized
in this study (—1.95 Vscg, dwe_cg: 5.5cm, dwg rg: 1.45cm) to
produce a catalyst with physicochemical and electrochemical
properties closely matching those of the small-area reference
sample. As presented in Figure 6, the performance of the fabri-
cated large-area electrode was evaluated by dividing it into four
smaller electrodes, each tested as the cathode in a PEMWE sys-
tem. At a 1 Acm ™2 current density, the required cell voltages for
the four subdivided electrodes were 1.88, 1.87, 1.84, and 1.82 V.
At2Acm™2, the required voltages were 2.03, 2.01, 2.00, and 2.01

23

22 1

2.1

1.9

1.8

Cell voltage/V o

1.6

1.5

1.4

0 1 2 3 4
Current density (A cm™2)

—@— Position 3
—@— Position 4
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—@— Position 2

FIGURE 6 | PEMWE performances measured at different positions
on a 10.2 cm? cathode deposited under optimized conditions (—1.95 Vycp,
dwe_cg: 5.5cm, and dywg_gg: 1.45cm), with IrO, (0.1 mgcm™) anode.

Veen» respectively. The negligible variation in PEMWE perfor-
mance across these four regions strongly supports the successful
and uniform fabrication of the 10.2cm? catalyst. However, the
scaled-up catalyst exhibited slightly reduced performance com-
pared to the reference sample (1.79 and 1.95 V. at 1 and
2Acm 2 [49]). Although the PEMWE evaluation used an identi-
cal electrode area as the reference sample, the slight performance
reduction in the subdivided electrodes may be attributed to subtle
variations in microstructure or surface properties introduced dur-
ing large-area fabrication. These differences could have stemmed
from minor gradients in current density, temperature, or mass
transport during electrodeposition over the larger area, poten-
tially leading to less optimal local catalyst characteristics.

In conclusion, this study demonstrates the successful and uni-
form fabrication of a 10.2 cm? electrode with consistent PEMWE
performance across the expanded active area. Despite the minor
deviation from the target catalyst, these results represent a sig-
nificant advance toward the scalable and practical deployment of
high-performance PEMWE catalysts.

4 | Conclusions

This study presents a systematic approach for the uniform fabri-
cation of large-area, multicomponent Cu-Ni-Mo electrodepos-
ited catalysts for HER in PEMWE, developed from a reference
catalyst that exhibited excellent performance in small-area eva-
luations. To reproduce the superior performance of the small-
area catalyst in a larger format, key electrodeposition parameters,
including deposition potential and interelectrode distances, were
precisely optimized. As the electrode area increased, the deposi-
tion cell configuration and electrode arrangement were modified,
requiring adjustments in deposition potential to maintain similar
deposition conditions. In particular, dwg_rg directly influenced
the actual potential applied to the electrode, thereby significantly
affecting the catalyst composition and electrochemical activity.
Additionally, dwg_cg influenced the deposition current density
and deposition uniformity, underscoring the importance of care-
ful electrode configuration in large-area electrode fabrication.

Through optimization of these parameters, a uniform 10.2 cm?
electrode was successfully fabricated and subsequently divided
into four smaller sections to assess uniformity by evaluating per-
formance variations across different positions. Consequently, all
subelectrodes exhibited highly consistent performance, with cell
voltages ranging from 2.00 to 2.03 V¢ at a current density of 2 A
cm™2. Compared to the reference catalyst (1.95 Ve at 2Acm™?),
slightly lower performance was observed, likely due to subtle
variations in deposition conditions during scale-up. Further-
more, the same deposition strategy was applied to fabricate a
50 cm? electrode, which also demonstrated excellent uniformity.
The HER performance measured at nine different points yielded
an average overpotential of 18.3mV at —10mA cm ™2, with a
remarkably low standard deviation of 0.81 mV.

Overall, this study highlights that precise control of deposition
potential and interelectrode distance is critical when scaling up
the electrochemical fabrication of alloy electrodes. It also pro-
vides a practical and reproducible fabrication methodology for
extending high-performance lab-scale catalysts to industrial-
scale applications.
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Additional supporting information can be found online in the Supporting
Information section. (Supporting Information)

Scheme S1: Schematics of the reference electrode fixture used for fabri-
cating a scaled-up (10.2 cm?) electrocatalyst: (a) top view and (b) (cross-
sectional) side view. Scheme S2: Measurement positions for the (a) 10.2
and (b) 50 cm? electrocatalysts. Photographs of the (c) 10.2 and (d) 50 cm?
electrocatalysts electrodeposited onto carbon paper. Figure S1: (a) Depo-
sition current-time (i—f) and HER polarization curves measured at four
positions of the scaled-up catalyst under different deposition potentials:
(b) —1.5, (c) —1.8, (d) —1.9, (e) —1.95, (f) -2, (g) —2.3, and (h) —2.5 VscE.
Figure S2: XRD patterns of bare carbon paper and scaled-up catalysts
electrodeposited at various potentials (1.5, —1.8, —1.9, —1.95, —2.0,
—2.3, and —2.5 Vcg), measured at position 1. Figure S3: (a) Deposition
i~t curves and (b) comparison of integrated charges (C cm™?) obtained
from i—t curves measured at various dwg_cg. Figure S4: FE-SEM images of
the scaled-up electrocatalysts at four positions under different dwg_cg: (2)
6,(b) 7, (c) 8, and (d) 9 cm. Figure S5: HER polarization curves measured
at four positions of the scaled-up catalyst under different dwr_cg: (a) 6, (b)
6.5,(c) 7,(d) 7.5, (e) 8, (f) 8.5, and (g) 9 cm. Figure S6: (a) Deposition i—t
and HER polarization curves measured at four positions of the scaled-up
catalyst under different dwg_grg: (b) 1.95, (c) 3.15, and (d) 3.65 cm. Figure
S7: FE-SEM images of the scaled-up electrocatalysts at four positions
under different dwg rg (a) 1.95, (b) 3.15, and (c) 3.65cm. Figure S8:
HER polarization curves measured at nine positions of the scaled-up
50 cm? catalyst.

14 of 14

International Journal of Energy Research, 2026

85U8017 SUOWWIOD 8AIR.D 3(gedldde ayy Aq pausenob afe sejole YO ‘8sn JO Sa|NJ 10} AIq1T 8UIUO A8]IA UO (SUONIPUOD-PUE-SWBI W00 A8 1M ARe.q U [UO//:Sdny) SUORIPUOD pue sue | 8Ly 88S *[9202/c0/r2] Uo ARiqiTauliuo Ajim * Aisealun Buy-Bunyd - NOIAH SIN Aq 2558975/48/SSTT 0T/I0p/W00" A8 1M AReiq iUl |uoy/sdny woy pepeojumod ‘T ‘920z el


https://doi.org/10.1155/er/5468552

	Tailored Electrodeposition for Scalable Fabrication of Uniform and High-Efficiency Large-Area Electrodes for PEM Water Electrolysis
	1. Introduction
	2. Materials and Methods
	2.1. Cell Design for Scale-Up Electrodeposition
	2.2. Fabrication of Cu&x2013;Ni&x2013;Mo Electrode
	2.3. Electrochemical Characterization
	2.4. Physicochemical Characterization
	2.5. Single-Cell Operation

	3. Results and Discussion
	3.1. Effect of Deposition Potential
	3.2. Effect of Distance Between Working and Counter Electrodes
	3.3. Effect of Distance Between Working and Reference Electrodes
	3.4. Single-Cell Operation

	4. Conclusions




