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Designing highly efficient and durable electrocatalysts remains a key challenge for practical alkaline water
electrolysis. Here, rationally designed carbide/alloy heterostructured catalysts, Mo,C/NiMo for the
hydrogen evolution reaction (HER) and Mo,C/FeNiMo for the oxygen evolution reaction (OER), were
developed for activity enhancement driven by interfacial electron transfer to enable anion exchange
membrane water electrolysis (AEMWE) with extraordinary performances. Mo,C/NiMo and Mo,C/FeNiMo
achieved ultralow overpotentials of 169 and 303 mV, respectively at 500 mA cm™2. The Mo,C//
NiMo@NF//PiperlON//Mo,C//FeNiMo@NF based AEMWE delivered an exceptionally high current density
of 2645 A cm™ at 2.0 V, along with an insignificant 2.0% decay after 50 h of operation at
a commercially relevant current density of 0.5 A cm™2, underscoring its outstanding catalytic efficiency
and durability. In the two carbide/alloy heterostructured catalysts, electrons flow from the alloy domain
to the carbide domain, triggering interfacial synergy. The interfacial synergy promotes efficient coupling

of water dissociation and H, desorption along the Volmer—Heyrovsky route to boost the HER activities
Received 6th April 2026

Accepted 12th May 2026 of Mo,C/NiMo, and creates more electropositive Fe and Ni sites for favorable formation of active high-

valent intermediates to realize high OER activities of Mo,C/FeNiMo. This work highlights the great
DOI: 10.1039/d6ta02888h promise of carbide/alloy heterostructures as advanced electrocatalysts for scalable and efficient alkaline

rsc.li/materials-a water electrolysis.

1. Introduction AEMWE integrates the advantages of both proton exchange
membrane water electrolysis (PEMWE) and alkaline water
With the rise in global environmental awareness, achieving net-  electrolysis (AWE), enabling the use of non-precious transition
zero carbon emissions has become a core objective in global metal catalysts for cost-effective, efficient, and stable water
energy development. And the development of clean energy electrolysis operations.”” Membrane electrode assembly (MEA),
alternatives to fossil fuels has become a critical issue.! the core working unit of an AEMWE, is composed of two catalyst
Hydrogen has emerged as a key enabler of the on-going energy loaded electrodes, the cathode and anode, and an anion
transition because of its high energy density and carbon-free ~exchange membrane (AEM).® The catalysts loaded at the
nature. Beyond serving as a clean fuel, hydrogen also plays cathode and anode catalyze the hydrogen evolution reaction
a critical role in power generation and industrial energy supply, (HER) and oxygen evolution reaction (OER), respectively, play-
and as a high-value chemical feedstock.? Therefore, the devel- ing a decisive role in governing the overall efficiency of an
opment of sustainable and scalable hydrogen production AEMWE. Rational design of electrocatalysts specifically tailored
technologies is of paramount importance for advancing green for the two fundamental reactions of water electrolysis, HER
energy infrastructure. In this regard, electrocatalytic water and OER, in alkaline media is thus critical for the prevalence of
splitting stands out as a promising green hydrogen production the AEMWE technology for green hydrogen production.

technology,® and in particular anion exchange membrane water A wide variety of strategies for advancing catalyst perfor-
electrolysis (AEMWE) emerges as a favorable water-splitting mances have been proposed and explored, including nano-
technology.*® structure control, defect engineering, heteroatom doping,

alloying, construction of heterostructures, etc. Heterostructured
Department of Chemical Engineering, National Tsing Hua University, Hsinchu 300044, materials, in partlcu@_r’ have drawn increasing 'attentlon n
Taiwan. E-mail: sylu@mx.nthu.edu.tw recent years as promising electrocatalysts for a wide range of
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electrochemical reactions, including HER, OER, oxygen reduc-
tion reaction, etc.** A heterostructure is generally defined as
a composite material composed of two or more distinct solid-
state phases that form well-defined heterointerfaces. Compared
with their single-phase counterparts, heterostructured catalysts
typically exhibit superior catalytic activities, which can be
attributed to several advantages. First, the creation of hetero-
structures can substantially increase the density of accessible
active sites. In addition, rationally designed nanostructured
morphologies within heterostructures can further enhance
structural robustness and durability during electrochemical
operations.” In addition, the electronegativity difference
between distinct components within a heterostructure often
drives electron transfer across the interface. This interfacial
electron redistribution can modulate the local electronic struc-
ture or even the overall band structure, thereby optimizing the
adsorption energies of key intermediates and ultimately
enhancing the catalytic activity.” Finally, the synergistic effect
plays a pivotal role in the design of heterostructured catalysts. By
integrating complementary functionalities at the heterointerface,
such effects not only introduce additional active sites for
adsorption/desorption but also optimize the reaction pathways,
thereby markedly enhancing the overall catalytic performance.*®

Transition metal carbides (TMCs) have garnered significant
attention as promising electrocatalysts because of their unique
electronic structures, high electrical conductivities, and noble-
metal-like catalytic properties." The strong orbital hybridiza-
tion between transition metals and carbon atoms can induce
a downshift of the d-band center, thereby optimizing the metal-
hydrogen binding energy. Such optimization promotes more
favorable hydrogen adsorption-desorption kinetics, ultimately
enhancing the catalytic performance toward HER.">'® Further-
more, metal carbides can also function as an integral compo-
nent of heterostructured materials, thereby imparting
outstanding catalytic activities. For instance, Diao et al
employed a simple solid-state synthesis strategy to construct
W,N/WC heterostructured catalysts. Benefiting from the abun-
dant heterointerfaces, W,N/WC exhibited excellent electro-
catalytic performances.”” Zhao et al. reported a synergistic
integration of Mo,C and MoS,, forming a hybrid nanostructure
of vertically aligned MoS,/Mo,C nanosheets. In this architec-
ture, the edges of the two-dimensional MoS, provided a favor-
able environment for the uniform dispersion of Mo,C, thereby
maximizing the exposure of active sites and consequently
enhancing the overall catalytic performance.™ Xu et al. manip-
ulated the Mo-H binding energy by incorporating transition
metals (Ni, Co, or Fe) into Mo,C. This modulation originates
from the interfacial interactions between the transition metals
and Mo,C." In addition to assessing catalytic activities through
electrochemical performance measurements, further insights
into the intrinsic properties of the catalysts can be obtained by
density functional theory (DFT) calculations. Yuan et al
designed an electrode composed of Mo-Mo,C on a Mo plate,
and DFT results revealed that the incorporation of metallic Mo
into the heterostructure optimizes the electronic structure of
Mo,C. This modification not only lowers the energy barrier for
water dissociation but also tunes the hydrogen adsorption free
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energy, thereby contributing to the enhanced catalytic
performance.*

Based on the aforementioned studies, it is evident that
transition metals can interact with metal carbides to enhance
catalytic activities through the formation of heterointerfaces
and interfacial electron transfer. Building on this insight, we
developed two distinct heterostructured electrocatalysts
tailored for HER and OER, respectively. These catalysts,
composed of Mo,C and transition metal alloys, leverage the
synergy between the metal carbide and alloy phases to achieve
superior water splitting performances. In this work, a simple
and fast dip-roast-reduction process was developed to
uniformly load carbide/alloy heterostructured catalysts onto
nickel foam (NF) substrates. In terms of material design, Mo,C/
NiMo was prepared for HER, whereas Mo,C/FeNiMo was
designed for OER. For HER, Mo,C/NiMo required over-
potentials of only 37 and 169 mV to reach current densities of 10
and 500 mA cm >, respectively whereas Mo,C/FeNiMo delivered
the same current densities at overpotentials of only 218 and
303 mvV, respectively. When integrated as the cathode and
anode in an AEMWE, these catalysts enabled a remarkably high
current density of 2.645 A cm™? at 2.0 V, demonstrating excep-
tional catalytic efficiency. Furthermore, in situ X-ray absorption
spectroscopy (XAS) and in situ Raman spectroscopy were con-
ducted to probe the reaction mechanisms, offering mechanistic
insights into the origin of the enhanced activity. Overall, the
rational design of carbide/alloy heterostructured catalysts pre-
sented here demonstrates significant potentials for commercial
scale AEMWE, providing a promising pathway toward sustain-
able green hydrogen production to help reach the net-zero
carbon emission goal.

2. Experimental section

2.1. Chemicals

Iron(u) chloride tetrahydrate (FeCl,-4H,O, 98.0%), platinum
(20 wt% on carbon black), and iridium(iv) oxide (IrO,, >99.99%)
were purchased from Thermo Fisher Scientific. Molybdenum(v)
chloride (MoCls, >99.6%) and Nafion D-521 dispersion (5% w/w
in water and 1-propanol) were purchased from Alfa Aesar.
Nickel(n) chloride hexahydrate (NiCl,-6H,0, 96.0%) was ob-
tained from Showa Chemical Industry Co., Ltd. Carboxylic acid-
modified carbon nanotubes (MCNT, AMC-C tube-010, >98.0%)
were provided by Golden Innovation Business Co., Ltd. Anhy-
drous ethanol (99.5%) was obtained from Echo Chemical Co.,
Ltd. Potassium hydroxide (KOH, 85%) was purchased from
Honeywell Research Chemicals. Nickel foam substrates (NF, 90
PPI with 1.7 mm in thickness and 95 PPI with 0.3 mm in
thickness) were obtained from May Chun Co., Ltd. An anion
exchange membrane (Versogen PiperION, 40 pm) was supplied
by Fuel Cell Store.

2.2. Fabrication of Mo,C/NiMo, Mo,C/FeNiMo, Mo,C, NiMo,
and FeNiMo

NiCl,-6H,0 (68.7 mM) and MoCl; (68.7 mM) were dissolved,
together with 10.0 mg of dispersed MCNT, in 10 mL of EtOH

This journal is © The Royal Society of Chemistry 2026
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under ultrasonication for at least 10 minutes to form the
precursor dispersion, into which a piece of NF was dipped to be
coated with a layer of the precursor dispersion for a subsequent
roasting process. The precursor dispersion enveloped NF
(1.0 cm x 2.0 cm) (90 PPI, 1.7 mm in thickness) was placed
0.5 cm above the nozzle of a butane firing gas torch (Diarex Co.,
Ltd) to combust the solvent, EtOH, triggering the oxidation of
NiCl,-6H,0 and MoCls to form intermediate precursors for Ni
and Mo. The dip-and-roast process was repeated 30 times. The
intermediate precursor coated NF was then calcined in an
atmosphere of 5% H,/Ar at 600 °C for 2 hours to afford the
Mo,C/NiMo heterostructured catalyst loaded NF, termed Mo,C/
NiMo@NF. The Mo,C/NiMo loaded NF was cut into pieces of
0.5 cm X 0.5 cm for materials and electrochemical character-
ization. The catalyst mass loading on NF was estimated from
the weight difference between the pristine NF and the catalyst
loaded NF, to be about 30 mg cm 2. The preparation procedures
for Mo,C/FeNiMo, Mo,C, NiMo, and FeNiMo were the same
with those of Mo,C/NiMo, except for the formulae of the
precursor dispersions. For Mo,C/FeNiMo, the precursor
dispersion was composed of FeCl,-4H,0 (17.2 mM), NiCl,-
-6H,0 (68.7 mM), MoCls (68.7 mM), and 10.0 mg of MCNT. For
Mo,C, the precursor dispersion was composed of MoCls (51.5
mM) and 20.0 mg of MCNT. For NiMo, the precursor solution
was composed of NiCl,-6H,0 (68.7 mM) and MoCl; (10.3 mM)
without the presence of MCNT. For FeNiMo, the precursor
solution contained FeCl,-4H,0 (17.2 mM), NiCl,-6H,0 (68.7
mM), and MoCl; (12.9 mM), without the presence of MCNT. For
electrochemical characterization of the AEMWE, thin NF
substrates (2.3 cm x 2.3 cm, 95 PPI, 0.3 mm in thickness) were
used for loading of the catalyst to reduce the overall resistance
of the device. Furthermore, the catalyst mass loading was
reduced to 15 mg cm 2> for optimal electrochemical perfor-
mances of the AEMWE. The catalyst loaded NF was cut into
pieces of 2.0 cm x 2.0 cm for assembly of the AEMWE.

2.3. Fabrication of Pt/C and IrO, electrodes

Benchmark noble metal based cathode and anode materials, Pt/
C for HER and IrO, for OER, respectively were fabricated with
a drop-casting method. Commercial IrO, (or Pt/C) powder (10.0
mg) was dispersed in a 2.0 mL mixed solution containing
ethanol (1.9 mL) and Nafion solution (0.1 mL), with the Nafion
solution serving as a binder. The resulting suspension under-
went ultrasonication for at least 1 hour to achieve a homoge-
neous catalyst ink. Subsequently, 20 pL of the IrO, (or Pt/C)
catalyst ink was drop-cast onto a 0.5 cm X 0.5 cm piece of NF
(90 PPI, 1.7 mm in thickness), followed by drying in an oven at
60 °C for 10 minutes. This procedure was repeated 20 times to

attain a catalyst loading of 30.0 mg cm 2.

2.4. Pre-treatment of anion exchange membranes

An anion exchange membrane was cut into pieces of 3.5 cm x
3.5 cm and immersed in 1.0 M KOH at room temperature for at
least 24 hours to achieve complete conversion from the
carbonate to hydroxide form in the AEM.

This journal is © The Royal Society of Chemistry 2026
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2.5. Assembly of anion exchange membrane water
electrolyzer

The anion exchange membrane water electrolyzer (AEMWE) was
composed of two stainless steel end plates, two gold-plated
copper bipolar plates, two stainless steel flow fields, two PTFE
gaskets, one Mo,C/NiMo cathode (2 cm x 2 c¢m), one Mo,C/
FeNiMo anode (2 cm X 2 cm), and one activated AEM. The
membrane electrode assembly (MEA) was fabricated by sand-
wiching the AEM between the Mo,C/NiMo cathode and Mo,C/
FeNiMo anode, followed by pressing together the rest of the
components from the inside out in the following order: gaskets,
flow fields, bipolar plates, and end plates. The AEMWE was
tightened using a digital torque wrench set at 1.2 Nm. A 1.0 M
KOH electrolyte was fed to the anode side at a flow rate of 30
mL min~" for at least 10 hours to ensure complete membrane
wetting prior to the measurements. The system temperature
was controlled at 60 °C during operation.

2.6. Materials characterization

X-ray diffraction (XRD) patterns were recorded using a Bruker
D8A25 diffractometer with Cu Ko radiation as the X-ray source.
Elemental composition was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Thermo
Scientific iCAP 7200 Duo). Raman spectra were recorded using
a Micro Raman Identify Dual system (PTT, MRID) with a 532 nm
green laser as the light source. Sample morphology was exam-
ined with field-emission scanning electron microscopy (FE-
SEM, HITACHI SU8010). Atomic structure and elemental
distribution were characterized with high-resolution trans-
mission electron microscopy (HRTEM, JEOL JEM-ARM200FTH),
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), and energy dispersive X-ray spec-
troscopy (EDS). Surface oxidation states of the samples were
probed with high-resolution X-ray photoelectron spectroscopy
(HRXPS, ULVAC-PHI Quantera II) equipped with an Al X-ray
source. X-ray absorption spectroscopy (XAS) measurements
were conducted at the National Synchrotron Radiation Research
Center (NSRRC), Taiwan. Ex situ and in situ XAS spectra of Fe,
Ni, and Mo K-edges were collected at beamline TPS 44A1 in
transmission mode under operation in a quick-scanning
transmission mode.

2.7. Electrochemical characterization

Electrochemical characterization was conducted with
a CHI6273E electrochemical workstation. The catalyst loaded
NF serves as the working electrode (0.5 cm x 0.5 cm) with
a blank NF (1 cm x 2 cm) and Hg/HgO (BAS Inc., RE-61AP) used
as the counter and reference electrodes, respectively. The Hg/
HgO reference electrode was pre-calibrated in 1.0 M KOH
before use. Cyclic voltammetry (CV) was conducted for 30 cycles
at 100 mV s~ within potential windows of 0 to —0.4 V (vs. RHE)
and 1.0 to 1.5 V (vs. RHE) for HER and OER, respectively to
stabilize the catalysts. Linear sweep voltammetry (LSV) was
conducted at 1 mV s~ within the same potential windows, with
90% iR-compensation applied. Electrochemical impedance
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spectroscopy (EIS) was conducted at —0.2 V (vs. RHE) and 1.58 V
(vs. RHE) for HER and OER, respectively over the frequency
range of 10 kHz to 0.01 Hz. Double-layer capacitance (Cyq;) was
estimated from CVs recorded within a non-faradaic potential
window of 50 mV width at increasing scan rates of 10 to 50 mV

s~ ! at an interval of 10 mv s~ .

2.8. AEMWE measurements

Electrochemical performances of AEMWESs were measured with
a BioLogic HCP-803 potentiostat. CV was conducted within
a voltage window of 1.2 to 1.8 V at 100 mV s~ * for 10 cycles prior
to LSV measurements. The LSV was conducted at 1 mV s~ from
1.2 to 2.0 V without application of iR-compensation. EIS was
recorded at 1.8 V over a frequency range of 10 kHz to 0.1 Hz.
Long-term stability was assessed at 0.5 A ecm > for 50 hours.

3. Results and discussion

3.1. Materials characterization

The catalysts were prepared with a simple dip-roast-reduction
method. Briefly, precursors, including metal salts and MCNTs,
were first loaded onto a NF substrate through a dip-and-roast
process, followed by a thermal reduction treatment to afford
the product catalysts (Scheme S1). In addition to the carbide/
alloy heterostructured catalysts, Mo,C/NiMo for HER and
Mo,C/FeNiMo for OER, corresponding single component
control catalysts, including Mo,C, NiMo, and FeNiMo, were also
prepared for comparison. Fig. 1a shows the XRD patterns of the
five sample catalysts. Two characteristic sets of diffraction
peaks are observed for the two heterostructured catalysts, one
set (260 of 34.6°, 38.2°, 39.6°, 52.4°, 61.8°, 69.7°, 74.9°, and 75.6°)
corresponding to Mo,C (COD-5910009)** and the other set (26 of
around 44°, 51°, and 76°) contributed by the respective face-
centered cubic (FCC) alloy components, confirming the
successful formation of Mo,C/alloy heterostructured catalysts.
Notably, no diffraction peaks associated with iron/nickel
carbides are observed. This can be attributed to the much
stronger binding affinity of Mo toward carbon as compared to
those of Ni and Fe, making Mo the most favorable element
among the three for carbide formation.”” The intermediate
precursors were reduced to form corresponding metals upon
thermal reduction at 600 °C and part of the Mo reacts with
carbon of the carbon source, here MCNT, for the formation of
Mo, C, whereas the rest of the Mo dissolves into the FCC Ni/Ni—
Fe matrices to form NiMo/FeNiMo alloys. Note that the pres-
ence of Ni stabilizes the FCC structure even though the ther-
modynamically stable phases of Mo and Fe at low temperatures
are both body-centered cubic (BCC). The phase fractions of
Mo,C and FCC-alloy in the two heterostructured catalysts were
estimated by Rietveld refinement of the XRD spectra to be 36%
Mo,C and 64% FCC-NiMo for Mo,C/NiMo and 29% Mo,C and
71% FCC-FeNiMo for Mo,C/FeNiMo. As for NiMo and FeNiMo,
typical diffraction peaks of the FCC phase are observed, with no
impurity peaks present, indicating the pure FCC nature of the
two alloys. For Mo,C, in addition to the characteristic diffrac-
tion peaks of Mo,C, extra diffraction peaks associated with
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graphitic carbon and FCC Ni are also observed. The diffraction
peak of graphitic carbon at 26 of around 26° comes from the
residual carbon source, MCNT, and those of Ni at 26 of around
45°, 52°, and 77° is contributed by Ni contamination from the
NF substrate when scraping Mo,C from the NF substrate during
the sample preparation step. The metallic compositions of the
five sample catalysts, determined with ICP-OES, are summa-
rized in Table S1 for comparison. Evidently, all alloy compo-
nents are Ni based, ensuring their FCC crystalline phases.

Fig. 1b and ¢ show the morphologies of Mo,C/NiMo and
Mo, C/FeNiMo, respectively, with locally enlarged images shown
in the insets for close examination. The morphologies of the
control samples, Mo,C, NiMo, and FeNiMo are displayed in Fig.
S1 for comparison. Notably, the characteristic dimension of
Mo,C/FeNiMo (inset of Fig. 1c) is appreciably smaller than that
of Mo,C/NiMo (inset of Fig. 1b). Under similar synthetic
conditions, FeNiMo alloys typically exhibit smaller product
sizes than NiMo alloys because of enhanced lattice distortion
and suppressed grain growth in the presence of an extra
element, here Fe. Compared with the control samples, the two
alloy control samples, NiMo (Fig. S1f) and FeNiMo (Fig. S1i),
exhibit even larger characteristic dimensions than the two
heterostructured catalysts. In the presence of Mo,C, a material
with an extremely high melting point (~2690 °C), the sintering
of the alloys is obstructed, leading to smaller product sizes. The
two heterostructured catalysts thus possess porous structures
with finer structural features, resulting in higher surface areas
that expose abundant accessible active sites for catalysis of the
involved electrochemical reactions and consequently enhance
electrocatalytic performances.

In addition to SEM imaging, HRTEM and STEM-EDS were
conducted to investigate the detailed crystalline structure and
elemental distributions of the sample catalysts. Fig. 1d-f
present the HRTEM images and elemental distributions of
Mo,C/NiMo. As shown in Fig. 1e, the Mo,C domain is identified
from the (112) and (101) planes, showing interlayer distances of
0.13 and 0.23 nm, respectively. The angle contained between
the two planes is measured to be 31.5°, in reasonable agreement
with the theoretical value of 30°. As for the NiMo alloy domain,
the interlayer distances of 0.21 and 0.18 nm are determined for
the (211) and (130) planes, respectively, which contain an angle
of 52°, in reasonable agreement with the theoretical value of
50°. Furthermore, STEM-EDS elemental mapping confirms that
Ni, Mo, and C are uniformly distributed in the catalyst.
Formation of the Mo,C/NiMo heterostructure is thus
confirmed. Fig. 1g-i show the HRTEM images and STEM-EDS
elemental mapping of Mo,C/FeNiMo. As shown in Fig. 1h, the
Mo,C domain exhibits the same lattice planes as observed in
Mo,C/NiMo, namely (112) and (101). For the FeNiMo alloy
domain, the (130) and (420) planes are identified with the
interlayer distances of 0.18 and 0.13 nm, respectively. The angle
contained by the (130) and (420) planes is measured to be 46.7°,
in reasonable agreement with the theoretical value of 45°. In
addition, STEM-EDS elemental mapping (Fig. 1i) reveals
uniform distributions of Fe, Ni, Mo, and C in the catalyst. These
results confirm that Mo,C/FeNiMo contains both Mo,C and

This journal is © The Royal Society of Chemistry 2026
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(a) XRD patterns of Mo,C/NiMo, Mo,C/FeNiMo, NiMo, FeNiMo, and Mo,C. (b and c) SEM images of Mo,C/NiMo and Mo,C/FeNiMo,

respectively, with insets showing locally enlarged images. HR-TEM images, locally enlarged images showing lattice fringes, and corresponding
STEM-EDS elemental mapping for (d—f) Mo,C/NiMo and (g—i) Mo,C/FeNiMo.

FeNiMo, thereby verifying the successful formation of the
heterostructured catalyst.

The five sample catalysts were further characterized with XAS
to examine the local structures and chemical states of their
constituent elements. They were compared in two groups, the
HER group containing Mo,C/NiMo and its control samples,
Mo,C and NiMo, and the OER group containing Mo,C/FeNiMo
and its control samples, Mo,C and FeNiMo. For the HER group,
the X-ray absorption near-edge structure (XANES) spectra of the
Ni K-edge and Mo K-edge are shown in Fig. 2a and b, respec-
tively for comparison. Evidently, the absorption edge of the Ni
K-edge of Mo,C/NiMo shifts to a higher energy as compared
with that of the control sample NiMo. This positive shift indi-
cates a decrease in electron density around Ni, suggesting that

This journal is © The Royal Society of Chemistry 2026

Ni becomes more electron-deficient in the presence of Mo,C.
This can be attributed to the strong electronic interactions at
the Mo,C/NiMo interface, where charge transfer from Ni to the
electron-withdrawing Mo,C occurs. Note that carbon in Mo,C
polarizes the Mo-C bonds, rendering the Mo centers electron-
ically deficient, thereby promoting electron donation from Ni.
Fig. 2b shows the XANES spectra of the Mo K-edge of Mo,C/
NiMo, NiMo, and Mo,C. Here, Mo exists in a metallic state in
NiMo and in a low-valent, electron-deficient state in Mo,C.
Consequently, Mo,C/NiMo, which contains Mo in both chem-
ical states, exhibits an absorption edge positioned between
those of NiMo and Mo,C.

Fig. 2c and d show the corresponding Fourier-transformed
extended X-ray absorption fine structure (FT-EXAFS) spectra of
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Ni and Mo K-edges, respectively. The first coordination shell of
the Ni K-edge is located at around 2.2 A, accounting for the
coordination of Ni with its nearest neighboring metal atoms, Ni
and Mo, denoted as Ni-M,**?* for both Mo,C/NiMo and NiMo.
As for the Mo K-edge, the FT-EXAFS spectrum of NiMo is
distinctly different from those of Mo,C/NiMo and Mo,C. For
NiMo, the first coordination shell is located at around 2.2 A,
accounting for the coordination of Mo with its nearest neigh-
boring metal atoms, Mo and Ni, denoted as Mo-M.**** As for
Mo,C/NiMo and Mo,C, the first coordination shell is located at
around 1.7 and 1.6 A, respectively, accounting for the Mo-C
bonds in Mo,C. Note that the Mo-C bond in Mo,C/NiMo is
slightly longer than that in Mo,C. For Mo,C/NiMo, it is inferred
from Fig. 2a that electrons flow from Ni to Mo,C in Mo,C/NiMo,
rendering Mo in Mo,C of Mo,C/NiMo more electron-rich as
compared with Mo in plain Mo,C. The enhanced electron-
electron repulsion between electron-rich Mo and electron-rich C
thus lengthens the Mo-C bond. The second coordination shell
is located at around 2.7 A, attributable mainly to the Mo-Mo
bond in Mo,C,*?® with a low-intensity shoulder located at 2.2 A
accounting for the Mo-M (M = Ni, Mo) bond in NiMo.

For the OER group, the characteristic features of the XANES
and FT-EXAFS spectra are similar to those of the HER group.
The XANES spectra of Fe and Ni K-edges are displayed in Fig. 2e
and f, respectively. The absorption edges of Fe and Ni K-edges of
Mo,C/FeNiMo both shift to higher energies as compared with
those of FeNiMo, indicating electron transfer from Fe and Ni to
Mo,C. As for the Mo K-edge (Fig. 2g), the absorption edge of
Mo,C/FeNiMo also positions between those of FeNiMo and
Mo,C because of the mixed chemical states of Mo in the
composite. For the corresponding FT-EXAFS spectra, the first
coordination shells of Fe and Ni K-edges (Fig. 2h and i) are both
located at around 2.2 A, accounting for the coordination of Fe
and Ni with their nearest neighboring metal atoms, Fe, Ni, and
Mo, denoted as Fe-M and Ni-M,**** for both Mo,C/FeNiMo and
FeNiMo. As for the Mo K-edge (Fig. 2j), the FT-EXAFS spectrum
of FeNiMo is distinctly different from those of Mo,C/FeNiMo
and Mo,C. For FeNiMo, the first coordination shell is located
at around 2.2 A, accounting for the coordination of Mo with its
nearest neighboring metal atoms, Mo, Fe, and Ni, denoted as
Mo-M.*?** As for Mo,C/FeNiMo and Mo,C, the first coordina-
tion shell is located at around 1.7 and 1.6 A, respectively, similar
to the situation observed for Mo,C/NiMo (Fig. 2d), accounting
for the Mo-C bonds in Mo,C. The second coordination shell is
located at around 2.7 A, attributable mainly to the Mo-Mo bond
in Mo,C,*** with a low-intensity shoulder located at 2.2 A
accounting for the Mo-Fe/Ni bond in FeNiMo.>*?*® Overall, the
XAS measurements indicate that both Mo,C/NiMo and Mo,C/
FeNiMo possess the characteristic features of the carbide/alloy
heterostructure, thereby further confirming the successful
formation of the carbide/alloy heterostructured catalysts.

3.2. Surface characterization

High-resolution X-ray photoelectron spectroscopy (HRXPS) was
conducted to further investigate the surface chemical states and
electronic structure of the sample catalysts. Fig. 3a—c display the

This journal is © The Royal Society of Chemistry 2026
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HRXPS spectra of Ni 2p, C 1s, and Mo 3d, respectively for Mo,C/
NiMo, along with those of the two control samples, Mo,C and
NiMo. These spectra provide insights into the electronic inter-
actions between Mo,C and NiMo within the Mo,C/NiMo
heterostructure. The Ni 2p spectra (Fig. 3a) show the charac-
teristic spin-orbit doublets of Ni 2p;/, and Ni 2p,,, along with
their associated satellite features. The Ni 2p spectra can be
deconvoluted into three main constituent peaks: Ni° Ni**, and
the satellite.?”?® The presence of Ni° indicates the existence of
metallic nickel in the samples, whereas the Ni** signal origi-
nates from surface oxidation of the samples upon exposure to
an ambient atmosphere. The detailed characteristic binding
energies of Ni 2p are summarized in Table S2 for comparison.
By comparison, the Ni 2p peaks of Mo,C/NiMo exhibit a slight
positive shift in binding energies as compared with those of
NiMo, consistent with the relevant finding derived from the
XANES spectra of the Ni K-edge (Fig. 2a), confirming electron
transfer from Ni to Mo,C in Mo,C/NiMo. In the C 1s spectra
(Fig. 3b), four characteristic peaks can be identified from the
broad envelop spanning from 283 to 291 eV through deconvo-
lution. The four peaks are contributed by the Mo-C, C-C/C-H,
C-0, and C=0 bonds*~*" in order of increasing binding ener-
gies (Table S3). The presence of the carbidic carbon bond, Mo-
C, confirms the formation of Mo,C, whereas the C-C/C-H, C-O,
and C=O peaks are from the organic surface contaminants
deposited upon exposure of the sample to an ambient atmo-
sphere. The binding energies of the Mo-C peaks of Mo,C/NiMo
and Mo,C are the same (Table S3), suggesting that the chemical
environment and electronic state of the carbidic carbon remain
essentially unchanged upon integration of Mo,C with NiMo
alloy for the formation of the Mo,C/NiMo heterostructure. This
outcome can be attributed to the covalent nature of the Mo-C
bonding, in which electrons are more localized compared to
metallic bonding, thus limiting their susceptibilities to neigh-
boring electronic perturbations. Moreover, the alloy phase does
not directly bond with the carbon in Mo,C of Mo,C/NiMo,
making it less likely to induce significant changes in the elec-
tron density of the carbon. Fig. 3c shows the HRXPS spectra of
Mo 3d, which can be deconvoluted into four constituent
components, including Mo°, Mo**, Mo*", and Mo®" in
increasing binding energies®*** (Table S4). Besides the domi-
nant Mo?" from Mo,C and metallic Mo from NiMo, because of
the high susceptibility (low reduction potential) of Mo to
oxidation, higher valence species, Mo*" and Mo®", formed from
the surface oxidation of the sample upon exposure to an
ambient atmosphere, are also observed. It is evident from Table
S4 that the Mo 3d peaks in Mo,C/NiMo exhibit a slight negative
shift as compared with those of Mo,C and NiMo, suggesting
that Mo in Mo,C of Mo,C/NiMo gains electrons from Ni in
NiMo of Mo,C/NiMo. Based on the above XPS analyses, it can be
concluded that electron transfer occurs from the NiMo domain
toward the Mo,C domain within the Mo,C/NiMo hetero-
structure. Such electron transfer highlights the electronic
synergy between Mo,C and NiMo, by which the binding
strength between the catalyst surface and adsorbed hydrogen
(Hags) is modulated to facilitate hydrogen desorption and thus
H, evolution, thereby enhancing the HER catalytic activity.****
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Fig. 3d-g show the HRXPS spectra of Fe 2p, Ni 2p, C 1s, and
Mo 3d for Mo,C/FeNiMo, together with those of the two control
samples, Mo,C and FeNiMo. The HRXPS spectra of Fe 2p
(Fig. 3d) reveal the presence of three chemical states of Fe,
namely metallic Fe (Fe°), Fe*", and Fe*", along with the satellite
peaks®**” in order of increasing binding energies (Table S5) for
both Mo,C/FeNiMo and FeNiMo. The presence of Fe*>" and Fe**
is again attributed to the surface oxidation of the samples. The
Fe 2p peaks of Mo,C/FeNiMo exhibit a slight positive shift in
binding energies as compared with those of FeNiMo, consistent
with the relevant finding derived from the XANES spectra of the
Fe K-edge (Fig. 1e), confirming electron transfer from Fe to
Mo,C in Mo,C/FeNiMo. The Ni 2p spectra (Fig. 3e) exhibit
characteristic signals of Ni’ and Ni**, along with the satellite
peaks,*”*® in order of increasing binding energies (Table S6) for
both Mo,C/FeNiMo and FeNiMo. Similarly, the Ni 2p peaks of
Mo,C/FeNiMo exhibit a slight positive shift in binding energies
as compared with those of FeNiMo, consistent with the relevant
finding derived from the XANES spectra of the Ni K-edge
(Fig. 2f), confirming electron transfer from Ni to Mo,C in
Mo,C/FeNiMo. The C 1s spectrum (Fig. 3f) can be deconvoluted
into four main peaks, corresponding to Mo-C, C-C, C-0O, and
C=0 bonds, in order of increasing binding energies (Table S7).
Similar to the case of Mo,C/NiMo, no peak position shifts are
observed for the Mo-C bond of Mo,C/FeNiMo, indicating that
the electronic environment of the carbidic carbon remains

J. Mater. Chem. A

unchanged in Mo,C/FeNiMo as compared to that in Mo,C. This
observation suggests that the covalent nature of the Mo-C
bonding restricts electron redistribution, and that the integra-
tion of Mo,C with FeNiMo does not alter the electronic states of
the carbon in Mo,C. Fig. 3g shows the HRXPS spectra of Mo 3d,
which are composed of four characteristic peaks, namely
metallic Mo (Mo°), Mo*>*, Mo**, and Mo®, in order of increasing
binding energies (Table S8). The Mo 3d peaks in Mo,C/FeNiMo
exhibit a slight negative shift as compared with those of Mo,C
and FeNiMo, suggesting that Mo in Mo,C of Mo,C/FeNiMo
gains electrons from Fe and Ni in FeNiMo of Mo,C/FeNiMo.
Based on the above analyses, a finding similar to that
observed in Mo,C/NiMo is obtained. Within the Mo,C/FeNiMo
heterostructure, Fe and Ni in FeNiMo transfer electrons to
Mo,C, resulting in positive shifts of the characteristic binding
energies of Fe and Ni, whereas the characteristic binding
energies of Mo decrease accordingly. The presence of abundant
Mo,C/FeNiMo heterointerfaces facilitates such electron trans-
fer, which modulates the adsorption/desorption energies of
oxygen-containing species and optimizes the energy difference
of the thermodynamic limiting steps of OER to enhance the
OER performance of Mo,C/FeNiMo.

3.3. Electrochemical characterization

The electrochemical performances of the five sample catalysts
toward both HER and OER were characterized with a three-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta02888h

Open Access Article. Published on 13 May 2026. Downloaded on 6/3/2026 11:07:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

electrode system in 1.0 M KOH. To ensure the accuracy of
potential measurements, the Hg/HgO reference electrode was
calibrated before use, as illustrated in Fig. S2. Linear sweep
voltammetry and electrochemical impedance spectroscopy were
conducted for all sample catalysts, with commercial noble
metal based catalysts as benchmarks for comparison, Pt/C for
HER and IrO, for OER.

Evident from the LSV polarization curves (Fig. 4a), the cata-
lytic efficiency of the sample catalysts toward HER follows the
trend: Mo,C/NiMo > Mo,C > Mo,C/FeNiMo > NiMo > FeNiMo.
Among the five sample catalysts, the Mo,C/NiMo hetero-
structure exhibits the best catalytic performance toward HER,
achieving current densities of 10 and 500 mA cm >
potentials of 37 (n10) and 169 mV (n500), respectively and a mass
activity of 0.63 A g " at n of 50 mV. As a comparison, the cor-
responding single component catalysts, Mo,C and NiMo,
exhibit lower HER catalytic efficiency as compared to that of

at over-

View Article Online
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between Mo,C and NiMo to boost the HER catalytic efficiency of
Mo,C/NiMo. Interestingly, inclusion of Fe in Mo,C/NiMo leads
to reduction in HER activities of Mo,C/NiMo, even inferior to
that of plain Mo,C. This phenomenon can be attributed to the
strong oxophilicity of Fe, leading to excessive OH adsorption
and thus impeding H adsorption/desorption. Mo,C/NiMo also
shows the lowest Tafel slope of 74.6 mV dec ' (Fig. 4b), indi-
cating its relatively fast HER kinetics among the three sample
catalysts. With a Tafel slope falling in between 120 and 40 mV
dec™, it implies comparable Volmer (120 mV dec ', electro-
chemical hydrogen adsorption: * + H,O +e~ — H*+ OH ) and
Heyrovsky steps (40 mV dec ', electrochemical hydrogen
desorption: H* + H,O + e- — H, + OH™ + *), both involving
water dissociation, as the thermodynamic rate-determining
step of the HER process.*® As for the catalytic performances
toward catalysis of OER, the OER catalytic efficiency follows the
trend: Mo,C/FeNiMo > FeNiMo > Mo,C/NiMo = Mo,C > NiMo

Mo,C/NiMo, clearly demonstrating the positive synergy (Fig. 4b). Again, the results clearly demonstrate the positive
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Fig.4 Electrochemical characterization of Mo,C/NiMo, Mo,C/FeNiMo, Mo,C, NiMo, and FeNiMo in 1.0 M KOH: (a) HER LSV curves, (b) HER Tafel
plot, (c) Nyquist plot for HER recorded at —0.2 V (vs. RHE), (d) OER LSV curves, (e) OER Tafel plot, (f) Nyquist plot for OER recorded at 1.53 V (vs.
RHE), and (g) summary of 19 and ns9q of HER and OER. The Nyquist plot was fitted using an equivalent circuit model consisting of a series system
resistance (R,) and two parallel R—CPE branches: one with a porosity related constant phase element (CPE,) and resistance (R), and the other
with a double layer capacitance related constant phase element (CPEy) and charge transfer resistance (R).
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synergy between Mo,C and FeNiMo to boost the OER catalytic
efficiency of Mo,C/FeNiMo. The Mo,C/FeNiMo heterostructure
exhibits the best OER performance, achieving current densities
of 10 and 500 mA cm 2 at overpotentials of 218 (11,0) and 303 mV
(ns00), respectively (Fig. 4d) and a mass activity of 15.9 Ag™ " at
of 300 mV. Here, inclusion of Fe to Mo,/NiMo boosts the OER
activities of Mo,C/NiMo, even superior to that of plain FeNiMo.
This phenomenon can again be attributed to the strong oxo-
philicity of Fe, stabilizing the OER-active oxygenated interme-
diates and accelerating the high-valence redox transitions
required for high OER activities. Mo,C/FeNiMo also shows the
lowest Tafel slope of 32.7 mV dec™ ' (Fig. 4e), highlighting its
fast OER kinetics. The overpotentials and Tafel slopes of all
characterized samples toward HER and OER are summarized in
Fig. 4g for comparison. Evidently, for overall water electrolysis,
the coupling of Mo,C/NiMo and Mo,C/FeNiMo as the cathode
and anode catalysts, respectively gives the lowest total over-
potential of 472 mV at 500 mA cm™ >, a commercially relevant
operating current density, largely outperforming 610 mV ach-
ieved by the Pt/C//IrO, couple. One concludes from the above
observations that the positive synergy between the single
component catalysts, Mo,C and NiMo/FeNiMo, enhances the
catalytic efficiency of the resulting heterostructured catalysts
toward both HER and OER.

EIS measurements were conducted at —0.2 and 1.53 V (vs.
RHE) (Fig. 4c and f) to further examine the reaction kinetics
toward HER and OER, respectively. Nyquist plots were fitted
with an equivalent circuit model (insets of Fig. 4c and f for HER
and OER, respectively)® to determine the values of charge
transfer resistances (R.). The fitting results are summarized in
Tables S9 and S10 for HER and OER, respectively for compar-
ison. The lowest R values for HER and OER are achieved by
Mo,C/NiMo and Mo,C/FeNiMo, respectively, in line with the
outcomes of overpotentials and Tafel slopes. This highlights
that heterostructured catalysts, relative to their single compo-
nent counterparts, offer superior electron transfer efficiency at
the catalyst-electrolyte interface and thus higher catalytic
efficiency.

Double-layer capacitances (Cgq;s), in direct proportionality to
electrochemical active surface areas (ECSAs), were determined
from cyclic voltammograms recorded within non-faradaic
potential windows at increasing scan rates to serve as a quanti-
tative measure of the quantity of exposed active sites for
assessment of the intrinsic catalytic efficiency of the sample
catalysts. The Cgq;s of the sample catalysts are shown in Fig. S3a,
with the corresponding plots of scan rates versus current density
differences presented in Fig. S3b-f. The magnitudes of the Cq;s
follow the decreasing order of Mo,C/FeNiMo (161.7 mF em ™) >
Mo,C (155.6) > Mo,C/NiMo (140.2) > FeNiMo (9.9) > NiMo (8.2).
It is evident that the carbide containing samples exhibit
significantly higher Cy;s as compared with those achieved by the
alloy samples without the presence of carbides. Carbonaceous
materials are known to possess good electrical conductivities
and large specific surface areas, which facilitate ion adsorption/
desorption for high Cq;s. From the comparison of the Cqs of the
five sample catalysts, it is evident that Mo,C is the major
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contributor to the Cys of the two heterostructured catalysts,
with the alloys contributing only very limited Cy;s.

The catalytic efficiency of a catalyst is mainly determined by
the quantity and quality of the active sites of the catalyst. The
effect of the quantity of the active sites may be excluded through
normalization of the LSV curve with Cy to give a qualitative
measure of the intrinsic activity of the active sites of the catalyst,
provided that the main contributor to the Cq, of the catalyst is
also the main contributor of the catalytic efficiency of the
catalyst. For HER, the catalytic efficiency of Mo,C is close to that
of Mo,C/NiMo (Fig. 4a), indicating that Mo,C is the main
contributor to the catalytic efficiency of Mo,C/NiMo. Neverthe-
less, for OER, the catalytic efficiency of FeNiMo, instead of
Mo,C, is close to that of Mo,C/FeNiMo (Fig. 4d), indicating that
FeNiMo, instead of Mo,C, is the main contributor to the cata-
Iytic efficiency of Mo,C/FeNiMo. Recall that Mo,C is the main
contributor to the Cgs of both Mo,C/NiMo and Mo,C/FeNiMo.
Consequently, the approach of Cy-normalization for intrinsic
activity assessment would give reliable results for HER catalyzed
by Mo,C/NiMo, but may not work properly for OER catalyzed by
Mo,C/FeNiMo. The Cqi-normalized LSV curves are presented in
Fig. S4a and b for HER and OER, respectively for comparison.
From Fig. S4a, it is evident that Mo,C/NiMo exhibits the best
intrinsic activity, outperforming its single component counter-
parts, Mo,C and NiMo. As for OER, Fig. S4b shows that FeNiMo
possesses the highest intrinsic activity, even higher than that of
Mo,C/FeNiMo. Here, Mo,C, the main contributor to the Cq; of
Mo,C/FeNiMo, does not exhibit high OER activities, thereby
rendering the Cy; of Mo,C/FeNiMo an inappropriate parameter
to account for the ECSA of Mo,C/FeNiMo and Cg-normalization
an inappropriate approach for assessment of the intrinsic OER
activity of Mo,C/FeNiMo.

The best performing catalysts for HER, Mo,C/NiMo, and
OER, Mo,C/FeNiMo, were coupled as the cathode and anode
catalysts for overall water splitting in 1 M KOH. For comparison
purposes, cathode//anode couples of Mo,C/NiMo//FeNiMo,
Mo,C/NiMo//Mo,C, NiMo//Mo,C/FeNiMo, and Mo,C//Mo,C/
FeNiMo were also characterized. Fig. 5a shows the polariza-
tion curves recorded for all sample couples for overall water
splitting. Evidently, the Mo,C/NiMo//Mo,C/FeNiMo couple is
the champion couple, requiring voltages of only 1.482 (ie.,
overpotential of 252 mV) and 1.709 V (i.e., overpotential of 479
mV) to reach current densities of 10 and 500 mA cm 2,
respectively, outperforming all other couples. Overall, the
catalytic efficiency of the five couples for overall water splitting
is consistent with that of the combined -corresponding
hydrogen evolution and oxygen evolution half reactions.

The electrochemical performance of the sample catalysts
was further characterized in an anion exchange membrane
water electrolysis (AEMWE) system. The Mo,C/NiMo@NF and
Mo,C/FeNiMo@NTF electrodes were used as the cathode and
anode, respectively, sandwiching a PiperION anion exchange
membrane, to form an AEMWE cell, denoted as Mo,C/
NiMo@NF//PiperION//Mo,C/FeNiMo@NF. For comparison
purposes, AEMWE cells of Mo,C/NiMo//PiperION//FeNiMo,
Mo,C/NiMo//PiperION//Mo,C, NiMo//PiperION//Mo,C/
FeNiMo, and Mo,C//Piper]ION//Mo,C/FeNiMo were also

This journal is © The Royal Society of Chemistry 2026
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(a) LSV curves recorded for overall water splitting of five HER catalyst//OER catalyst couples in 1 M KOH. (b) Polarization curves recorded

for five AEMWEs with cathode//PiperlON//anode membrane electrode assembly. (c) Nyquist plots recorded at a cell voltage of 1.8 V for five
AEMWEs. (d) Chronopotentiometric stability test at 0.5 A cm™2 for 100 hours for the Mo,C/NiMo@NF//PiperlON//Mo,C/FeNiMo@NF based
AEMWE. For Nyquist plots, all experimental data are plotted in symbols, with fitting results drawn as solid lines. The equivalent circuit model in
panel (c) comprises a high frequency resistance (Ro), two charge transfer resistances (R; and R»), and two constant-phase element capacitors

(CPEl and CPEz)

assembled and characterized. All electrochemical characteriza-
tion studies were conducted at 60 °C with a 1.0 M KOH solution
circulated through the anode side. The performance of the
AEMWEs is shown in Fig. 5b. Evidently, the Mo,C/NiMo@NF//
PiperION//Mo,C/FeNiMo@NF based AEMWE exhibits the best
water electrolysis performance, delivering a current density as
high as 2.645 A cm? at a cell voltage of 2.0 V without iR
compensation. Overall, the performance trend of the five
AEMWESs is consistent with that observed from the corre-
sponding overall water splitting characterization in aqueous
media (Fig. 5a), confirming that the overall water splitting
performance observed in aqueous media is faithfully reflected
in the corresponding AEMWE system. Table S11 summarizes
electrochemical performances of the Mo,C/NiMo//PiperION//
Mo,C/FeNiMo based AEMWE as compared with those of state-
of-the-art non-precious transition metal catalysts based
AEMWESs reported in recent years. Evidently, the Mo,C/NiMo//
PiperION//Mo,C/FeNiMo based AEMWE stands out strongly.

This journal is © The Royal Society of Chemistry 2026

EIS measurements were conducted on the five AEMWEs at
a cell voltage of 1.8 V (Fig. 5¢) to examine internal resistances
involved in operation of the AEMWE's. The recorded Nyquist
plots are fitted with an equivalent circuit model (inset of Fig. 5¢)
to determine the values of high frequency resistance (HFR) and
charge transfer resistances (R; for HER and R, for OER), as
summarized in Table S12 for comparison. For the HFR, which
mainly accounts for ionic resistance of the electrolyte, elec-
tronic resistances of the cathode and anode, and contact
resistances between components, all five AEMWEs exhibit
similar values around 0.021 Q, implying consistency in cell
assembly. As for the two charge transfer resistances, one for the
HER at the cathode and the other for the OER at the anode, the
values correlate well with the HER/OER catalytic efficiency of
the catalysts characterized in 1 M KOH (Fig. 4a and d): the lower
charge transfer resistance corresponds to higher catalytic effi-
ciency. Consequently, the Mo,C/NiMo//PiperION//Mo,C/
FeNiMo based AEMWE exhibits the lowest R, of 0.0110 Q and
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R, 0f 0.0145 Q. And together with its lowest HFR of 0.019 Q, the
Mo,C/NiMo//PiperION//Mo,C/FeNiMo based AEMWE delivers
the highest current density of 2.645 A cm™> at 2.0 V, with the
Mo,C//PiperlON//Mo,C/FeNiMo based AEMWE coming next,
followed by the Mo,C/NiMo//PiperION//FeNiMo based AEMWE,
Mo,C/NiMo//PiperION//Mo,C based AEMWE, and NiMo//
PiperION//FeNiMo based AEMWE in decreasing order.

Fig. 5d shows the long-term durability of the Mo,C/
NiMo@NF//PiperION//Mo,C/FeNiMo@NF based AEMWE,
characterized in a chronopotentiometric mode at a commer-
cially relevant constant current density of 0.5 A cm > for 100 h.
The cell exhibits a 6.9% performance decay, demonstrating its
good operational stability and promising potential for green
hydrogen production.

To further examine the electrochemical stability of the HER
catalyst, Mo,C/NiMo, and the OER catalyst, Mo,C/FeNiMo,
chronopotentiometric stability tests were conducted at 0.5 A
cm ™2 for 50 hours in 1 M KOH (Fig. S5a and b). Evidently, both
Mo,C/NiMo and Mo,C/FeNiMo outperform their noble metal
based benchmark catalysts, Pt/C for HER (0.7 vs. 4.2% decay)
and IrO, for OER (2.4 vs. 4.5% decay). The catalysts after the
stability tests were collected for XPS (Fig. S6 and S7) charac-
terization to examine the material stability of the catalysts. The
combined surface contents of alloy and Mo,C on the catalyst are
estimated as the ratio of signal peak areas of (Ni® + Mo° + Mo?")
versus (Ni° + Ni2" + Mo® + Mo?" + Mo*" + Mo®") for Mo,C/NiMo
(Table S13) and (Fe’ + Ni° + Mo” + Mo?") versus (Fe’ + Fe** + Fe*
+ Ni® + Ni*" + Mo® + Mo*" + Mo"" + Mo°®") for Mo,C/FeNiMo
(Table S14). Comparison of this ratio before and after the
stability test reveals the stability of the surface composition of
the catalyst against HER and OER operations in corrosive
alkaline media. Evidently, even under cathodic bias, corrosive
leaching of surface Ni and Mo occurs after prolonged HER
operation in alkaline media. As for the prolonged OER opera-
tion, surface oxidation for formation of OER-active intermedi-
ates, together with corrosive leaching, results in complete
removal of zero/low valent species of Fe, Ni, and Mo under
anodic bias in alkaline media.

3.4. In situ analyses

In situ characterization studies, including X-ray absorption
spectroscopy and Raman spectroscopy, were conducted to gain
insights into the electronic and structural changes of the
sample catalysts during HER and OER for mechanistic under-
standing. In the case of in situ XAS, variations in XANES and FT-
EXAFS spectra are recorded as the applied potential is altered,
thereby revealing changes in valence states and local coordi-
nation environments of the constituent elements of the sample
catalysts. In parallel, in situ Raman spectroscopy monitors the
evolution of vibrational and rotational features under varying
applied potentials, offering information on the formation of
surface active intermediates during HER and OER.

In situ XAS measurements were conducted on the two best
performing catalysts, Mo,C/NiMo for HER and Mo,C/FeNiMo
for OER. Fig. 6a and b show the in situ XANES spectra of Ni
and Mo K-edges of Mo,C/NiMo under HER conditions. When
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the applied potential is reduced from the open circuit potential
(OCP) to —0.2 V, the absorption edge of the Ni K-edge exhibits
no noticeable shifts, whereas that of the Mo K-edge shifts
toward lower energies. This indicates that the average oxidation
state of Ni remains essentially unchanged during the HER and
the Mo species become more electron-rich under the cathodic
bias. When the applied potential returns to OCP, the absorption
edge of the Mo K-edge shifts back to its original position,
indicating the reversibility of the cathodic bias induced electron
flow. Fig. S8a displays the FT-EXAFS spectra of the Ni K-edge,
showing a prominent first coordination shell located at
around 2.2 A, corresponding to Ni-M coordination (M = Ni or
Mo).* Upon application of a reduction potential at —0.2 V, the
shell intensity drops slightly as shown in the inset of Fig. S8a,
indicating increased local disorder and thus decreased coordi-
nation of Ni. As inferred from the value of the Tafel slope of
Mo,C/NiMo toward HER catalysis (Fig. 4b), the HER proceeds
via the Volmer-Heyrovsky route, in which water dissociation is
critically involved. Ni is active toward water dissociation catal-
ysis,** in which dynamic adsorption of H,O and subsequent
formation of Ni*-H and Ni*-OH transiently perturb the local
coordination environment of Ni, increasing local disorder and
thus reducing the coordination shell intensity. Upon returning
the applied potential back to OCP, the shell intensity returns to
its initial state, resulting from cessation of the participation of
Ni in water dissociation catalysis. Fig. S8b shows the FT-EXAFS
spectra of the Mo K-edge of Mo,C/NiMo. The pronounced
coordination shell located at 1.7 A corresponds to the Mo-C
bond of the Mo,C phase. Under HER conditions at —0.2 V, the
coordination shell intensity is slightly increased. At —0.2 V, Mo
becomes electron-rich (Fig. 6b), which stabilizes and increases
ordering of the Mo,C phase to strengthen Mo-C coordination
for the coordination shell intensity increase observed. When the
applied potential is returned to OCP, the coordination shell
intensity returns to the initial state, resulting from the revers-
ible cathodic bias induced electron flow. In the Mo,C/NiMo
heterostructured catalyst, H* generated on Ni sites during the
Volmer step can migrate to nearby Mo,C sites via a spillover
process. Hydrogen spillover mainly proceeds from sites of
stronger hydrogen adsorption, advantageous for H* generation
from water dissociation, to sites of weaker hydrogen adsorp-
tion.*” Here, the hydrogen adsorption energies of Ni, around
—2.6 eV,** are much lower than that of Mo in Mo,C, around
—0.8 eV,*>* facilitating hydrogen spillover from the NiMo phase
to the Mo,C phase. The Mo,C lattice, being electron-rich and
ordered under cathodic bias, stabilizes and accommodates
these H* intermediates, preventing excessive surface coverage
on Ni. Electron-rich Mo, with increased d-band occupancy,
forms moderate Mo-H bonds that retain H* without hindering
its eventual combination into H, for hydrogen desorption, thus
facilitating the Heyrovsky step. As an example, the hydrogen
adsorption strength on Mo,C was weakened to give a hydrogen
adsorption energy of 0.037 eV, close to optimal thermoneutral
hydrogen adsorption, upon coupling Mo,C with Ni that donates
electrons to Mo,C to make Mo electron-rich, with which the
HER activity of Mo,C was much improved.*” This interfacial
synergy ensures efficient coupling of water dissociation and H,

This journal is © The Royal Society of Chemistry 2026
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Fig. 6

In situ XANES spectra of Mo,C/NiMo under cathodic conditions at the (a) Ni K-edge and (b) Mo K-edge. In situ XANES spectra of Mo,C/

FeNiMo under anodic conditions at the (c) Fe K-edge, (d) Ni K-edge, and (e) Mo K-edge. Cathodic conditions: OCP, —0.20 V, and back to OCP.
Anodic conditions: OCP, 1.43 V, and back to OCP. Insets show the corresponding locally enlarged overlaid curves.

desorption during the alkaline HER to realize enhanced HER
activities of Mo,C/NiMo.

Fig. 6¢c-e show the in situ XANES spectra of Fe, Ni, and Mo K-
edges of Mo,C/FeNiMo, respectively under OER conditions. As
the applied potential increases from OCP to 1.43 V, the
absorption edges of Fe, Ni, and Mo K-edges shift to higher
energies, signifying raised valence states of Fe, Ni, and Mo
under anodic bias. In alkaline media, the OER proceeds via
consecutive attack of hydroxide ions on metallic active sites for
sequential formation of *OH, *O, and *OOH, followed by
desorption of O, and recovery of the active sites. The
adsorption/formation of these oxygen-containing intermediates
leads to electron withdrawal from the metallic sites because of
the high electronegativity of oxygen. This results in decreases in

This journal is © The Royal Society of Chemistry 2026

electron densities around the metal sites, thereby causing
upshifts in valence states and thus absorption edges to higher
energies. Fig. S9a-c present the corresponding FT-EXAFS
spectra of Fe, Ni, and Mo K-edges. Under OER conditions, the
Fe-M and Ni-M coordination intensities drop, which can be
attributed to the adsorption/formation of the oxygen-containing
intermediates. The adsorption/formation of these oxygen-
containing intermediates is dynamic and the structure of the
formed oxygen-containing intermediates is amorphous, both
leading to increased disorder of the local structure around Fe
and Ni and subsequent drops in coordination intensities of the
two elements. As for the Mo K-edge spectrum, under OER
conditions, the Mo-C coordination shell intensity increases,
which can be attributed to partial surface oxidation of Mo,C,
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converting surface Mo-C bonds to Mo-O bonds. The Mo-C
bond is less ordered for electron-deficient Mo under anodic
potentials (Fig. 6e) as compared with the Mo-O bond, which is
ordered in the MoO, structure. In addition, O is a heavier atom
than C, and offers stronger backscattering strength to the Mo-O
coordination, which overlaps with the Mo-C coordination. The
two factors lead to enhanced Mo-C coordination shell intensity.
In the Mo,C/FeNiMo heterostructured catalyst, electrons flow
from the FeNiMo domain to the Mo,C domain (Fig. 3g), leading
to more electropositive Fe and Ni for favorable formation of
active high-valent intermediates, *OOH, and consequent
enhancements in OER activities.

In situ Raman spectroscopy was conducted to monitor the
structural evolution of Mo,C/NiMo and Mo,C/FeNiMo under
cathodic and anodic potentials, respectively. Fig. S10a shows
the in situ Raman spectra of Mo,C/NiMo under HER conditions.
Evidently, no significant spectral features emerge during the
whole potential course, decreasing from OCP to —0.4 V and
back to OCP. In the HER process, no Raman-active intermedi-
ates were formed. In contrast, under OER conditions, Mo,C/
FeNiMo exhibits distinct spectral features upon application of
increasing potentials from OCP up to 1.63 V, as shown in Fig.
S10b. Two broad Raman peaks emerge centered around 480 and
560 cm™ ", attributable to formation of (Ni/Fe)*~OOH interme-
diates.*® It has been demonstrated with DFT calculations that
Fe-doped NiOOH is thermodynamically favorable, with Fe
existing in a low spin state.*” The low spin state of Fe renders the
surface Fe sites highly active for OER. The thermodynamic OER
overpotentials computed for Fe-doped and pure NiOOH were
0.42 and 0.77 V, respectively, demonstrating Fe-doping induced
activity enhancement.* These two characteristic Raman peaks
first emerge at 1.43 V and continuously intensify with increasing
anodic potentials. The formation of (Ni/Fe)-OOH intermediates
reveals that Ni and Fe are the active sites for OER catalysis. The
Mo,C in Mo,C/FeNiMo withdraw electrons from FeNiMo,
making Ni and Fe more electropositive for more favorable
formation of the active oxyhydroxide intermediates and thus
enhanced OER activities (Fig. 4d).

4. Conclusion

In this study, a simple and fast dip-roast-reduction process was
successfully developed to uniformly load carbide/alloy hetero-
structured catalysts onto Ni foam substrates. For HER and OER,
Mo,C/NiMo and Mo,C/FeNiMo heterostructures were specifi-
cally designed, respectively, both exhibiting outstanding
electrocatalytic efficiency. For HER, Mo,C/NiMo required over-
potentials of only 37 and 169 mV to reach current densities of 10
and 500 mA cm 2, respectively, with a Tafel slope of 74.6 mV
dec™?, suggesting a Volmer-Heyrovsky mechanism. For OER,
Mo,C/FeNiMo achieved low overpotentials of 218 and 303 mV to
deliver current densities of 10 and 500 mA cm >, respectively,
with a Tafel slope of only 32.7 mV dec’, indicating fast OER
kinetics. XRD, TEM, and XPS analyses confirmed the hetero-
structure features of the catalysts, whereas electrochemical
measurements confirmed the positive synergy between the
carbide and alloy phases for much enhanced activities derived
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from the heterostructures. When applied in an AEMWE, the
MEA constructed with Mo,C/NiMo@NF//PiperION//Mo,C/
FeNiMo@NF exhibited remarkable water electrolysis perfor-
mances, delivering an ultrahigh current density of 2.645 A cm >
at 2.0 V. Moreover, a long-term durability test at 0.5 A cm > over
50 h showed only a 2.0% decay, confirming the excellent
chemical and mechanical stability and practical applicability of
these catalysts under alkaline conditions. The Mo,C/NiMo and
Mo,C/FeNiMo heterostructured catalysts, constructed from the
combination of carbides and alloys, exhibited excellent catalytic
activities by leveraging electronic modulations, optimized
adsorption of hydrogen and oxygenated intermediates, and
positive synergy between the constituent phases. These results
highlight the great potential of carbide/alloy heterostructured
catalysts for practical alkaline water electrolysis applications.
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