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Proton-exchange membrane water electrolysis (PEMWE) powered by renewable energy sources is an eco-friendly technology for
the mass production of hydrogen. One of the major obstacles in the commercialization of PEMWE is the necessity of using
precious metal catalysts under corrosive operating conditions, which can be partially mitigated by using nonprecious metal
catalysts for the cathode, where the conditions are less harsh than those for the anode. However, the use of nonprecious transition
metal catalysts limits both performance and durability. To overcome this limitation, a wide range of NiMoMn ternary alloy catalyst
compositions were fabricated by electrodeposition, and their performances were evaluated. The best-performing Nig, ;Mo;; sMng 3
alloy catalyst exhibited an outstanding hydrogen evolution performance with an overpotential of 16 mV at —10 mA cm ™2, and with
an increase of only 8 mV after 10,000 potential cycles for durability testing. The application of this material in a PEMWE single
cell gave a favorable performance of 1.936 Acm™ > at 2.0 Vu;, and an excellent degradation rate of 22mVh™" in a durability
test performed at 1 Acm™. This high performance and excellent durability of the Nig, ;Mo;; ¢Mng 5 catalyst was attributed to
the modulation of its electronic structure, in addition to a large electrochemical surface area, and stable Mn oxide formation on
the surface. These results indicate the potential of this catalyst for use in lowering the hydrogen production costs associated
with PEMWE.

Keywords: electrocatalyst; electrodeposition; hydrogen evolution reaction; NiMoMn; proton-exchange membrane

water electrolysis

1. Introduction

The intermittent nature of electricity generated by renewable
energy sources is known to place a load on the grid upon the
production of excess electricity. This problem can be solved
using an energy storage system (ESS) to store excess power
by converting it to another energy type. Hydrogen has gained
attention as an ESS due to its high energy density, stable
storage, and zero carbon emissions during conversion. In
addition, the electrolysis of water using renewable energy
has been considered a promising eco-friendly method for
hydrogen production due to the fact that it does not emit
any pollutants [1, 2]. In this context, proton-exchange mem-
brane water electrolysis (PEMWE) can offset the disadvan-
tages of alkaline water electrolysis (AWE) and achieve low

ohmic losses, low gas crossovers, a compact design, high-
purity hydrogen production, and a fast load fluctuation
response [3]. However, since the PEMWE requires an acidic
operating environment, the catalyst is limited to precious
metals such as Pt, which exhibits a near-optimal hydrogen
adsorption energy (AG};) [4] in addition to good corrosion
resistance. Furthermore, it has been reported that linking
PEMWE to renewable energy sources leads to a fluctuating
operating potential, thereby necessitating a material that
exhibits sufficient durability under such conditions [5]. In
particular, catalysts for the oxygen evolution reaction (OER)
are inevitably limited to precious metals because of their
operating potentials exceeding >1.23 Vyygi. Consequently,
the high cost of precious metals is a major barrier to the
commercialization of PEMWE systems.
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However, in the case of the hydrogen evolution reaction
(HER), a negative overpotential is applied with respect to 0
Vrug thereby partially eliminating the necessity of using
precious metals. Although there are some opportunities to
use nonprecious HER catalysts in PEMWE, these materials
remain vulnerable to high potentials and acidic environ-
ments, resulting in chemical and structural changes, such
as delamination of the catalyst layer from the substrate, and
changes in its composition due to dissolution, ultimately lead-
ing to a reduced catalytic activity [6]. To address these chal-
lenges, various strategies have been developed to enhance the
activity and durability of nonprecious HER catalysts, includ-
ing compound selection, alloying, and structural engineering.
For example, the incorporation of additional compounds and
alloys can optimize the (AG};) value on the catalyst surface by
altering its electronic structure, thereby enhancing the intrin-
sic activity of the catalyst [4, 7]. Representative examples of
these compounds include the phosphides, sulfides, and car-
bides of transition metals [8, 9]. Differences in electronegativ-
ity between phosphorus/sulfur and transition metals modify
the catalyst’s electronic structure, optimizing hydrogen
adsorption, enhancing acidic HER activity, and improving
durability at optimal contents [10]. Example compounds
include NiP [11], CoP [12], MoP [13], and FeP [14]. In addi-
tion, Xie et al. [15]. prepared an FeP/Ti catalyst by the depo-
sition of a FeOOH film on Ti foil using electrodeposition
followed by phosphorization. The as-prepared FeP/Ti catalyst
demonstrated a good performance with overpotentials of 79
and 95mV at —10mA cm ™2 in 0.5 M H,SO, and 1 M KOH
solutions, respectively. A stability test confirmed the durabil-
ity of this catalyst over a period of 8—10 h. Among the sulfide-
based nonprecious-metal catalysts, MoS, is generally the most
studied, exhibiting a high activity with an almost optimal
(AGYF;) value of 0.08eV for the edge sites [16, 17]. Subse-
quently, it was found that increasing the exposure of the
edge sites through nanowall formation [18] led to an over-
potential of 95mV at —10mA cm™> and a Tafel slope of
78 mV dec™" in acidic solutions. In addition, Nguyen et al.
[19] synthesized a nanoflower heterostructure composed of
MoS,and WS,, attributing its remarkable HER performance
to the unique interfacial properties between the two materials.
Carbide-based nonprecious metal catalysts have also been
reported to exhibit surface properties and performances com-
parable to those of Pt [8]. For example, Xiao et al. [20] pre-
pared a bimetallic carbide nanostructure consisting of Mo,C
and WC catalysts, resulting in an overpotential of 184 mV at
—10 mA cm ™2, along with no significant change in activity
after 3,000 cycles.

In terms of the alloy catalysts, Ni- and Cu-based bime-
tallic alloys have been widely studied owing to their relatively
high intrinsic activities in the acidic HER, and their superior
durability, which can be attributed to their more positive
standard reduction potentials compared to those of other
transition metals [21-25]. For example, Deng et al. [23] pre-
pared a CoNi@NC catalyst via a bottom-up approach using
ethylenediaminetetraacetate anions, and the prepared cata-
lyst demonstrated an overpotential of 142mV at —10mA
cm ™ with a Tafel slope of 104 mV dec™". In another study,
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Kim et al. [24] used the electrodeposition technique to fabri-
cate a Cos9Cuy; catalyst, leading to an overpotential of 342 mV
at —10 mA cm ™2 and a Tafel slope of 103 mV dec™" ina 0.5 M
H,SO, solution. They also prepared a Cugg,Mogg catalyst
[25] with a mass activity of 233.4 mA mgc,po  and a Tafel
slope of 94mV dec™" in an acidic solution. In addition to
Ni and Cu, Mn-based catalysts have also been subjected to
modification using single atoms, alloys, doping, and morpho-
logical changes, generating efficient catalysts for application
in the HER [26]. For instance, Liu et al. [27] prepared
MnCoP/Ti catalysts by electrodeposition and heat treatment,
which exhibited an overpotential of 49 mV at —10 mA cm™>
in a 0.5 M H,SOj solution. Furthermore, Guo et al. [28] pre-
pared a NiMnS/Ti by electrodeposition on Ti paper. Com-
pared to the corresponding NiS/Ti catalyst, the hollow
structure of the NiMnS/Ti catalyst led to a 37 mV reduction
in the overpotential.

Among the binary alloy catalysts with moderate durabil-
ity, NiMo is known to possess an extremely high acidic HER
activity [29-33]. For instance, McKone et al. [33] reported
that a NiMo catalyst with a composition ratio of 6.4:3.6
exhibited an HER overpotential of 80 mV at —20 mA cm™2,
along with a decay rate of 2.8 mV h™" over 10 h. This study,
therefore, aims to further enhance the activity and durability
of NiMo by the addition of Mn as a third component. More
specifically, a ternary alloy catalyst composed of Ni, Mo, and
Mn is fabricated via electrodeposition, and subsequently, its
applicability is verified on both the half-cell and PEMWE
single-cell levels. Various combinations of these three com-
ponents are investigated to determine the optimal composi-
tion for maximizing the HER performance. Physicochemical
and electrochemical analyses are also performed to determine
the factors responsible for enhanced HER activity and dura-
bility. Notably, the electrodeposition approach, which is con-
sidered to be one of the best methods for fabricating catalyst-
coated porous transport electrodes [34, 35], is used through-
out to deposit the NiMoMn catalysts on carbon paper, due to
its ability to rapidly produce metal nanostructures under
atmospheric conditions, with strong bonding between the
catalyst and the porous transport layer.

2. Materials and Methods

2.1. Catalyst Preparation. The NiMoMn catalysts were pre-
pared using a one-step electrodeposition method. All cata-
lysts were electrodeposited in a homemade three-electrode
Teflon cell at ambient pressure and room temperature. A
saturated calomel electrode ([SCE], CHI 150) and a graphite
rod were used as reference and counter electrodes, respec-
tively. Carbon paper (Ballard, Avcarb MGL280) with an
exposed area of 1.43 cm” was used as the substrate for elec-
trodeposition. The solution for electrodeposition was pre-
pared by mixing CsHsNa;0,-2H,0 (7555-4405, Daejung),
MnCl,-4H,O (1928550301, Junsei), Na,MoO,-2H,O (7598-
4405, Daejung), and NiClL,-6H,0 (141-01045, Waco) in
deionized water (18.2 M€ cm) with stirring for 20 min to
prepare a solution with a total volume of 40 mL. Details
regarding the quantities of all reagents employed for
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FiGure 1: FE-SEM images of the (a) Nijgo, (b) NigysMos 4, and (c) Nigy 1Mo;1 ¢Mng 3 species. The insets show the corresponding FE-SEM

images at higher magnifications.

fabrication of the various NiMoMn catalysts are summarized
in Table S1. The solution was then purged with N, for 30 min
to eliminate any dissolved oxygen. Subsequently, electrode-
position was performed by applying a constant potential of
—2 Vgcg for 10 min (CS350, Wuhan CorrTest Instrument
Corp., Ltd.). The resulting catalysts deposited on the carbon
paper were rinsed using deionized water for 20 s and dried
under a flow of N, gas. For the best performing sample, a
heat treatment was conducted at 200°C for 2 h in a 4% H,/Ar
atmosphere to investigate its effects on the performance and
durability of the catalyst.

2.2. Material Characterization. Field emission scanning elec-
tron microscopy ([FE-SEM], Zeiss Sigma) was performed to
observe the morphologies of the catalysts. The bulk compo-
sitions of the catalysts were evaluated using energy dispersive
X-ray spectroscopy (EDS, Noran System 7, Thermo Fisher).
X-ray diffractometry ([XRD], NEW D8-Advance, Bruker-
AXS) was conducted to collect information regarding the
crystal structures of catalysts. XRD was performed between
26 values of 20-80° at a scan rate of 1° min~". The electronic
structure, oxidation state, and composition of the catalyst
surface were investigated using X-ray photoelectron spec-
troscopy ([XPS], K-alpha+, Thermo Fisher Scientific) with
calibration based on the binding energy (284.6 eV) of the C
1s C-C peak.

2.3. Electrochemical Characterization. The HER performance
was measured by cyclic voltammetry (CV) between —0.23 and
0.07 Vpyg at a scan rate of 1 mVs™'. HER polarization curves
were obtained after iR-compensation using the ohmic resistance
obtained by electrochemical impedance spectroscopy (EIS). The
electrochemical double-layer capacitances were measured by
linear sweep voltammetry (LSV) in the nonfaradaic potential
region at scan rates ranging from 10 to 100mVs ™" in a 1M
NaOH solution. An accelerated degradation test (ADT) was
performed for the catalyst over 10,000 CV cycles between
—0.2 and 0.05 Vyyg at a scan rate of 100mV s . A constant
current durability test was also carried out at —10 mA cm™> for
24 h. All electrochemical measurements were performed using a
three-electrode system in an acidic solution (0.5 M H,SO,).

2.4. PEMWE Performance Measurements. To prepare a mem-
brane electrode assembly (MEA) with an active area of 1 cm?,
the best-performing NiMoMn catalyst deposited on carbon
paper was used as the cathode. The anode was fabricated by

spray coating commercial iridium oxide (043396, Alfa Aesar)
on carbon paper with a loading of 2.0 mg cm ™. The prepared
electrodes were placed on both sides of a Nafion 212 mem-
brane (DuPont, 50.8 pm thickness) without hot-ressing. In
our study, hot pressing was not used in MEA fabrication
because electrodeposition provides strong catalyst adhesion,
uniform distribution, and optimal performance without the
need for thermal or mechanical stress, preserving membrane
integrity and simplifying the manufacturing process. The result-
ing PEMWE was operated at 90°C, and a flow of preheated
deionized water was introduced into the anode line at a rate of
15mLmin~". The PEMWE performance was measured by
performing 30min of activation at 2.2 V. followed by a
backward scan from 2.2 to 1.35 Vo at 0.05V intervals,
holding for 1 min at each interval. These steps were repeated
three times prior to carrying out the performance evaluation.
Additionally, a constant-current durability test was performed
at 1Acm ™ for 24 h. The catalyst loading amounts before and
after the single-cell durability test were quantitatively analyzed
using inductively coupled plasma mass spectrometry ([ICP-MS],
7900, Agilent). To assess the extent of metal leaching, the effluent
discharged from the single cell over a 24-h period was collected
and subjected to ICP-MS analysis.

3. Results and Discussion

3.1. Catalyst Characterization. FE-SEM and EDS analyses
were performed on the deposited catalysts to observe the
effects of the precursor ratio on the catalyst morphology
and composition. Figure 1 shows SEM images of representa-
tive Nijgg, Nigy MO0s 4, and Nig, 1Mo, ¢Mng 3 specimens. For
the Ni, o catalyst, spherical particles with diameters of 0.5-2
pm were observed to densely cover the carbon paper
(Figure la). Upon the addition of a small amount of Mo,
larger Nig, sMos 4 catalyst particles were evident on the car-
bon paper surface (Figure 1b), and upon the incorporation of
Mn, the Nigy Mo 6Mngs catalyst produced smoother
deposits on the support surface (Figure 1c), exhibiting almost
no separated aggregates. These changes in the surface mor-
phology in the presence of Mn are consistent with the obser-
vations of previous studies [36-38]. Notably, all three
catalysts showed complete coverage of the carbon fibers
and very uniform distribution over the entire carbon sub-
strates (Figure SI).
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FiGure 2: XRD pattems of the NilOO> Ni94A6M05A4) and NinglMolLsMna?,
species.

Subsequently, the crystal structures of the three catalysts
were examined using XRD, as presented in Figure 2. The
carbon paper used as the substrate exhibited sharp peaks at
42.46°, 43.02°, 44.67°, 47.37°, and 54.8° (JCPDS# 26-1080).
For the Ni;go catalyst, Ni peaks corresponding to the face-
centered cubic (111) and (200) planes were clearly observed
at 44.5° and 51.8°, respectively (JCPDS# 04-0850). When
comparing the Ni (111) peaks of the Ni; and Nigy sMos 4
catalyst, it was found that the peak intensity decreased and
the peak shifted to a lower angle with the addition of Mo,
which was likely caused by lattice expansion due to the larger
radius of Mo (0.145 nm) compared to that of Ni (0.135 nm),
confirming a less developed alloy structure [29, 39-41].
Notably, no peaks corresponding to Mo were observed. In
the case of Nig, ;Mo;1 6Mng 3, when comparing the Ni (111)
and Ni (200) peaks, it was found that the peak intensity was
further reduced while the peak position was maintained,
thereby indicating the presence of a ternary alloy with a
reduced crystallinity.

The surface elemental compositions, electronic struc-
tures, and oxidation states of the catalysts were then investi-
gated by XPS (Figure 3). As can be seen from the Ni 2p;/,
spectra presented in Figure 3a, in the case of the Ni;oo cata-
lyst, peaks corresponding to Ni metal and Ni (OH), were
observed at 852.1 and 855.6¢V, respectively, wherein the
latter arose due to the fact that electrodeposition was per-
formed in a water-based electrolyte. For the Nig, sMos 4 cat-
alyst, peaks corresponding to Ni metal (852.15eV), NiO
(853.25¢eV), and Ni (OH), (855.65¢eV) were observed, with
the intensity of the Ni metal peak being significantly enhanced
compared to that of Ni;oo. This was attributed to the alloying
of Ni with Mo, which has a lower electronegativity than Ni
(i.e, 1.88 vs. 1.47 on the Allen electronegativity scale [42]).
Notably, this leads to an increased electron density on the
Ni d orbital, which lowers the hydrogen adsorption strength
on the Ni surface and leads to faster HER kinetics [33]. Upon
the addition of small amounts of Mn (i.e., Nig, ;Mo0;; éMng 3),
the intensities of both the NiO and Ni (OH), peaks decreased,
whereas the relative ratio of the metallic Ni peak slightly
increased compared to that observed for Nigy sMos 4. This is
likely due to the higher bulk Mo at% of 11.6 and the inclusion
of Mn, which has a lower electronegativity (1.75 [42]) than Ni.
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Similarly, the dominance of MoO, peaks (228.9-232.05 and
229.05-232.2eV) and MoO; peaks (232.1-235.25 and
232.35-235.5eV) in Mo 3ds), spectrum of the NigysMos 4
catalyst (upper panel, Figure 3b), which was attributed to
the electron transfer from Mo to Ni, has been relieved for
the Nig, ;Mo;; ¢Mng 3 composition (lower panel, Figure 3b).
In addition, the relative portion of metallic Mo (227.45-230.6
and 227.45-230.9 eV) increased slightly from 36.3% to 47.1%
at this composition. However, the incorporation of Mn and
electron transfer from the Mn species to Ni are evident by the
observation of strong Mn’" (640.6eV) and Mn** (642.3 V)
peaks in the Mn 2p5, spectrum of Nig, ;Moy; §Mny 3 (Figure 3c).
Furthermore, Figure 3d shows the O 1s spectra of the Nijqp,
Nigy ¢Mos 4, and Nig, ;Mo11 ¢Mng ;3 catalysts, which can be
divided into M—O, M—OH, oxygen vacancy, and H,O peaks.
The proportion of M—O bonds appeared to be decreased in
the order of Nijgy > Nigy ¢Mos 4> Nig, 1Mo, ¢Mng 3, whereas
the proportion of oxygen vacancies increased from 2.4 to
15.7% and 23.4%, respectively. Notably, an increase in the num-
ber of oxygen vacancies can enhance the catalyst activity by
increasing the number of defect sites on the surface [43]. Based
on the XPS analysis, it was therefore expected that the three
different catalysts would exhibit different catalytic activities for
the HER, as discussed in the following sections.

3.2. Electrochemical Characterization of the Catalysts: HER
Performance. The HER activities of the prepared catalysts
were evaluated, and their related electrochemical character-
izations were performed, as outlined in Figure 4. More spe-
cifically, the HER performances of the Ni; o, Nig4 ¢Mo0s 4, and
Nig, 1Mo1; sMng 53 catalysts were evaluated by CV using a
three-electrode system at a scan rate of 1 mV s~ in an acidic
solution (0.5M H,SO,). Based on the iR-corrected HER
polarization curves presented in Figure 4a, the slight reduc-
tion currents observed at approximately 0 Vgpgg for the
Nigy4 ¢Mos 4 and Nig, 1Mo;; 6Mng 5 catalysts were potentially
caused by the reduction of surface MoO, species, which were
generated during the electrodeposition process [25, 44]. The
overpotential of Nijo reached 153 mV at —10mA cm ™2, indi-
cating that this species exhibited a low catalytic activity. In
contrast, Nigy ¢Mos 4 demonstrated low overpotentials of 21
and 499mV at —10 and —50 mA cm >, respectively, while
Nig, ;Mo1; sMng 3 exhibited dramatically reduced overpo-
tentials of 16 and 28 mV at —10 and —50 mA cm ™. Notably,
these values are close to or superior to those of recently
reported Pt-based HER catalysts [45—47]. To ensure a more
accurate comparison with Pt catalyst, we evaluated the HER
performance of Pt prepared by electrodeposition, and the results
are presented in Figure S2. As clearly shown in the figure, the
overpotential at —10 mA cm2is 11 mV for the Pt catalyst, dem-
onstrating approximately 5mV better performance. However,
this performance difference is reversed at around —20mA
cm 2, where the Nig,;Mo;; ¢Mng s catalyst exhibits superior
performance in the high-current region. The HER activities of
the other catalysts fabricated using a wider range of precursor
concentrations are presented in Table S1, indicating that the
Nig, 1Moy, gMng; catalyst exhibited the best performance of
all catalysts evaluated herein. Subsequently, Tafel plots were
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Nijgg

Nigy sMos 4 Nigy §Mos 4

Intensity (a.u.)

Nigy 1Moy ¢Mng 3

Intensity (a.u.)

875 870 865 860 855 850 845 240 238 236 234 232 230 228 226

Binding energy (eV) Binding energy (eV)
—— Ni metal —— Ni(OH), —— Mo metal —— MoO;
—— NiO —— Satellite —— MoO,

() (b)

Nijgg

Intensity (a.u.)
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Binding energy (eV) Binding energy (eV)
—— Mnmetal T Mn‘“‘ - NiO —— Oxygen vacancy
——— Mn? —— Satellite Ni-OH H,0

(c) (d)

FiGURE 3: XPS spectra of the (a) Ni 2p3/,, (b) Mo 3ds/,, (¢) Mn 2p;/,, and (d) O 1s components of the Nij g, Nigy sM0s5 4, and Nig, ;M0;1 ¢Mng 3
species. The raw intensities are represented using dotted gray lines, while the obtained fittings are represented using dashed black lines.
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FIGURE 4: (a) HER polarization curves measured at a scan rate of 1 mV s~ with iR-compensation. (b) HER Tafel plots derived from the curves
presented in panel (a). (c) Comparison with reported nonprecious catalysts. (d) Measurement of the electrochemical double-layer capaci-
tance (Cg) in a 1 M NaOH solution. (e) Specific activity. (f) HER polarization results for the 1st and 10,000th curves obtained for the
Nig4 ¢Mos 4 and Nig, ;Mo1; sMng 5 species. (g) Chronopotentiometry results obtained over 24h at —10 mA cm™ for the Nigy ¢Mos 4 and

NigZ.lMOILSMnsj Species.

obtained for the Ni; g, Nigy sMO0s 4, and Nig, ;Mo;; ¢Mng 3 cata-
lysts based on the HER polarization curves presented in
Figure 4a. As can be seen from the corresponding results
(Figure 4b), Nijg, possesses a Tafel slope of 101 mV dec™’,
implying that the Volmer (discharge) reaction is the rate-
determining step. However, Nigy §Mos 4 and Nig, ;Mo;; Mng 3
exhibit Tafel slopes of 36 and 32 mV dec™!, respectively, suggest-
ing that their HER processes follow the Volmer—Heyrovsky
mechanism, although Nig,;Mo;; ¢Mng; tended toward the
Volmer-Tafel mechanism. Figure 4c shows a comparison
between Nig, 1 Mo;;6Mng; and other reported nonprecious
metal catalysts at the half-cell level, while a more detailed com-
parison with previously reported nonprecious metal HER cata-
lysts is presented in Table S2. As can be seen from the figure,
Nig, 1Mo, ; ¢Mng 3 demonstrates an overwhelmingly small over-
potential and fast reaction kinetics compared to previously
reported nonprecious-metal acidic HER catalysts. Furthermore,
the surface areas of the electrochemical reactions were compared
by measuring the electrochemical charge double-layer capaci-
tance (Cy; obtained from the differences between the anodic and
cathodic currents during LSV at various scan rates within
the nonfaradaic region in a 1 M NaOH solution (Figure S3).
As shown in Figure 4d, the Cq of Nig,;Mo;;sMngs was
0.946 mF cm ™, which represents the largest electrochemically
active surface of the three catalysts (i.e., Nijpp = 0.432 mF cm™?,
Nigy 6Mos 4 = 0.461 mF cm™2). The roughness factor (RF) was
further calculated by dividing the Cy by the average reported
capacitance value for Ni-containing metallic electrodes mea-
sured in a 1M NaOH solution (ie, C,=0.04 mFcm™>) [48].
The calculated RF values for the Nijgp, NigyeMo0sy, and
Nig, 1Moy 6Mng; catalysts were determined to be 10.8, 11.5,
and 23.6, respectively. These values are consistent with the activ-
ity trend of the HER polarization curves shown in Figure 4a,
indicating that the enlarged electrochemical surface area contri-
butes to the superior HER activity of Nig, ;Mo;; ¢Mng;. The
HER activities normalized to the RF values (specific activities)
were also compared to identify the intrinsic activities of the
catalysts. As shown in Figure 4e, Nig,;Mo;;Mng3 demon-
strated the highest performance in terms of both its geometric
and specific activities, especially in the high-current range.

3.3. Evaluation of the Catalyst Durability. The durability of a
nonprecious-metal catalyst in an acidic environment is cru-
cial due to its vulnerability to corrosive environments. Thus,
to evaluate the practical feasibility of the developed catalysts
for application in commercial PEMWE systems, an ADT and
a constant-current durability test were performed, as presented
in Figure 4f and g, respectively. The ADT test was conducted by
carrying out 10,000 CV cycles over a potential range of —0.2 to
0.05 Vg As shown in Figure 4f, the overpotential of the as-
prepared Nig, sMos 4 increased from 21 to 49 mV after 10,000
CV cycles at —10mA cm ™2, indicating a stark deterioration of
the catalyst activity. The deterioration of the catalyst is clearly
evident, as shown in Figure S4a, where it progressively occurs
after 3,000, 5,000, and 10,000 cycles. However, only an 8 mV
increase in the overpotential was observed at —10 mA cm™ in
the case of the catalyst Nig, ;Mo;; ¢Mng 3 after 10,000 CV cycles
(ie, from 16 to 24mV), thereby confirming its remarkable
electrochemical durability. Notably, in contrast to NigsMos 4,
degradation of Nig, ;1 Mo;; sMng 3 ceases after 3,000 cycles with
performance remaining relatively stable up to 10,000 cycles
(Figure S4b). To further evaluate the potential for durability
enhancement, the Nig, ;Mo;; ¢Mng; catalyst underwent heat
treatment at 200°C for 2h in a 4% H,/Ar atmosphere,
followed by the same ADT evaluation. The results, presented
in Figure S5, reveal a slight performance degradation, as
evidenced by an increase in overpotential at —10 mA cm
from 16 mV to 39 mV. In terms of durability, a 9 mV increase
in overpotential was observed after 10,000 cycles. These findings
suggest that heat treatment has a minimal and ineffective impact
on both catalyst performance and durability. Secondly, the
constant-current durability was assessed at a current density of
—10mA cm % As shown in Figure 4g, Nig, Mos 4 demonstrated
a rapid increase in overpotential during the initial 8 h, reaching
40mV at the end of the test. In contrast, Nig, ;Mo;; ¢Mng 3
showed no sharp overpotential increase during the initial
stages of the test, instead demonstrating a slight initial
decrease followed by a gentle increase, leading to a final
overpotential of 20mV. The corresponding degradation rates
were determined to be 0.75mVh™! for Nigy 4Mos 4 and
0.125mV h™" for Nig, Moy, {Mng s, indicating the excellent
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FiGure 5: Characterization results after 10,000 CV cycles. FE-SEM images of the (a) NigysMos 4, (b) Nig, ;Mo;; 6Mng 3 species, (¢) XRD

patterns, (d) Cq measurements, and (e) XPS Mn 2p;,, spectra.

durability of Nig, ;Mo;; sMng 3 in an acidic electrolyte. The
durability of the Nig, ;Mo;; ¢Mng 3 catalyst was further
compared with those of previously reported nonprecious
metal HER catalysts (Table S2).

Following the durability test, and particularly after
the harsher ADT, the physicochemical changes in the
Nig, 1Mo; sMng 3 catalyst were investigated. Compared
with the SEM images presented in Figure 1b, it can be seen
that the morphology of Nigy §Mos 4 after the ADT (Figure 5a)
was significantly changed, with substantial parts of the depos-
its being peeled from the carbon fiber surface, indicating dis-
solution of the deposits. Similarly, the Nig, ;Mo;; (Mng 3
catalyst also demonstrated a slight degree of dissolution after
the ADT (Figure 5b), generating spherical particles rather
than a smooth surface (see Figure 1c), while maintaining its
overall coverage on the carbon fiber. Catalyst dissolution was
confirmed by XRD analysis, as shown in Figure 5c. More

specifically, for both the NigysMos 4 and Nig, ;Mo1; ¢Mng 3
catalysts, the intensities of the main Ni (111) and Ni (200)
peaks decreased, indicating dissolution and flaking of the bulk
catalyst layer during ADT. As shown in Figure 5d, catalyst
dissolution significantly affected the electrochemical surface
area, with a more pronounced effect being observed for the
Nig, 1Mo;; 6Mng 5 catalyst. In this case, the Cy value of the
Nigy ¢Mos 4 catalyst increased from 0.461 to 1.03 mF cm™?
following the ADT, while that of the Nig, ;Mo;; §Mng 5 cata-
lyst increased significantly from 0.946 to 37.56 mF cm ™2, indi-
cating approximately 40-fold increase in the surface area. This
compensates for active site dissolution to maintain excellent
catalytic performance.

To identify changes in the surface elemental composition
during the ADT, XPS analysis was conducted, and the results are
outlined in Table S3. The surface composition of Nig, sMos 4, was
defined as Niz oMoy, prior to the ADT, and this changed to
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FiGure 6: (a) Single-cell polarization curves recorded using the Nig, ;Mo;; ¢Mng 3 cathode. (b) Performance comparison with reported
nonprecious cathodes in terms of cell current density at 2.0 V. (¢) Long-term stability measurements performed at a current density of

1Acm™? for 24 h.

Ni,g Mo, 4 after the ADT. The difference between the bulk
composition (NigyeMos,4) and the surface composition
(Niye oMoy, ) before the ADT implied that the catalyst surface
was Mo-rich [49]. This surface-enriched Mo underwent disso-
lution during the ADT, reducing the Mo surface content from
24.0% to 20.4%, leading to an increase in the Ni surface content
from 76.0% to 79.6%. During the potential range used for the
ADT, Mo can exist as Mo>*, MoO,, and MoO,*~ ions depend-
ing on the pH [50]. Considering that the local pH near the
cathode can exceed 7 even under acidic HER conditions [51],
all three oxidation states are possible in this potential range.
The larger Ni content and smaller Mo content after ADT may
therefore alter the electronic structure of Ni and have a detri-
mental effect on the HER. However, a recent study [52] pre-
dicted that some nonstoichiometric Mn oxide phases, such as
spinel Mn;0, and cubic Mn,03, are stable in large regions of
the potential-pH diagram. Indeed, this was confirmed by XPS
analysis of the Nig, ;Mo1; ¢Mng 3 catalyst (Table S3), wherein it
was found that the as-prepared catalyst had a surface composi-
tion of Ni;g,;Mo0,7 gMn; 5, which changed to Nig, sMo;3 ;Mny¢
after the ADT. Thus, during the ADT, significant dissolution of
both Ni and Mo was observed, as in the case of the Nigy ¢Mo05 4
catalyst, while the surface content of Mn increased from 1.5%
to 4.6%. This enriched Mn content after ADT compensated for
the loss of Mo and provided electrons to Ni to maintain an

optimal level of hydrogen adsorption on the Ni species. This
was verified from XPS analysis of the Mn species before and
after the ADT (Figure 5e). More specifically, after the ADT, the
intensities of the peaks corresponding to metallic Mn and
Mn’" decreased significantly (i.e., from 46.93% to 8.55% and
from 19.02% to 10.06%, respectively). However, the proportion
of Mn*" increased (i.e., from 10.51% to 33.16%), indicating a
higher oxidation state than those of the stable nonstoichio-
metric Mn;O,4 and Mn,Oj5 species. This implies that electron
transfer occurred from Mn (in the Mn oxide) to Ni to com-
pensate for the loss of Mo. Thus, in combination with the
enlarged surface area, stable Mn oxide formation on the surface
during ADT was responsible for the enhanced durability of the
Nig, 1Mo;; ¢Mng 5 catalyst.

3.4. Evaluation of the Catalyst PEMWE Performance and
Durability. Considering the excellent activity and durability
demonstrated in the half-cell test of the Nig, ;Mo;; ¢Mng 3
catalyst, this material was employed as the cathode in a
PEMWE single cell. The MEA was fabricated by sandwiching
the sprayed IrO,/CP anode and the Nig,;Mo;; ¢Mngs/CP
cathode on opposite sides of a Nafion 212 proton-exchange
membrane. As shown in Figure 6a, the Nig,;Moj;sMng 3
cathode-embedded PEMWE exhibited a performance of
1.936 Acm ™ at 2.0 V. This performance is relatively high
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compared to those of previously reported nonprecious metal
HER catalysts applied to the PEMWE, as summarized in
Figure 6b and Table S4. To confirm the catalyst durability
obtained from the half-cell experiments, a constant-current
PEMWE operation was performed at 1 Acm ™. As presented
in Figure 6¢, following the initial increase after 1 h of operation, a
stable cell voltage of approximately 1.883 V. was maintained,
thereby confirming excellent durability. To assess catalyst
leaching from the electrode during the durability test, ICP-MS
analysis was performed, and the results are summarized in
Table S5. The leached metal content was quantified by
collecting the effluent discharged from the single cell over
24h and analyzing it via ICP-MS. As shown in Table S5,
the total metal leaching over 24 h was approximately 1.6 mg
cm™?, corresponding to a normalized rate of approximately
0.068 mgcm™>h™'. These results indicate that metal
dissolution during operation is minimal, and even this
minimal dissolution can be further reduced, as supported
by recent research findings, such as the acid treatment of
carbon paper [53]. Overall, these results confirm the
feasibility of Nig, ;Mo;; ¢Mng; for use as a nonprecious
metal cathode material for commercialization.

4. Conclusions

A wide range of NiMoMn ternary alloy catalysts consisting
of different component ratios were investigated for applica-
tion as nonprecious metal HER catalysts for PEMWE. For
this purpose, a one-step electrodeposition approach was
employed to enable rapid screening by regulating the precur-
sor content of the electrolyte. The half-cell performance of
the optimal Nig, ;Mo;; ¢Mng 5 catalyst was evaluated, giving
an overpotential of 16 mV at —10 mA cm ™, and a Tafel slope
of 32mV dec™ in a 0.5 M H,SO, solution. It was found that
the incorporation of Mn modulated the electronic structure
of the original NiMo catalyst, in addition to increasing the
electrochemical surface area and number of oxygen vacan-
cies, which simultaneously contributed to an excellent HER
activity. Notably, the Nig, Mo, ¢Mng; catalyst demon-
strated excellent durability in an ADT over 10,000 CV cycles,
with an overpotential increase of only 8 mV being recorded
while maintaining a good overall coverage on the carbon fiber
substrate. The enhanced durability of the Nig, ;Mo1; ¢Mng 3
catalyst was attributed to two key factors, namely its enlarged
surface area and the formation of stable Mn oxides, which can
compensate for the loss of Mo on the surface during the ADT.
Upon the application of Nig, ;Mo;; ¢Mng 3 as a cathode mate-
rial in PEMWE, a performance of 1.936 A cm™~2 was achieved
at 2.0 Vi, along with a decay rate of 2.2 mV h™" duringa 24 h
durability test at 1 Acm™>. The superior performance and
stability of Nig, 1Mo1; ¢Mng 3 suggest its potential for applica-
tion as a nonprecious metal HER electrode to reduce the cost
of hydrogen production by PEMWE.
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