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The electrocatalytic oxygen evolution reaction (OER) is the bottleneck for sustainable water electrolysis to
access green hydrogen as a carbon-neutral energy carrier. Here, we report the modular design of a noble
metal-free composite OER electrocatalyst, which features high electrical conductivity, high OER reactivity
and high durability. To this end, we present a new synthetic strategy where the Keggin-type
polyoxomolybdate NilHPMoY3O.0] is used as the sole molecular precursor in a scalable top-down
fabrication approach. This provides access to a high-performance OER composite electrocatalyst (n1o =
320 mV) where Ni metal clusters are deposited on m-MoC/MoO, nanocomposites anchored on

electrically conductive N, P-doped mesoporous carbon. The composite catalyst shows sustained OER
Received 27th March 2026 tivity in 1 M KOH soluti longed periods (t > 20 h) at a | tential (n = 360
Accepted 15th July 2026 activity in aqueous solutions over prolonged periods at a low overpotential (n =

mV) and high faradaic efficiency (>95%). This new synthetic concept will enable the development of

DOI: 10.1038/d6sc02532c multifunctional (mixed) metal carbide/oxide composites as high-performance electrocatalysts for
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Introduction

Water electrolysis into oxygen and hydrogen is a central pillar of
sustainable carbon-neutral energy conversion technology. For
efficient operation, water electrolysis requires the catalytic
hydrogen evolution reaction (HER) at the cathode and the
catalytic oxygen evolution reaction (OER) at the anode.
Currently, the development of viable OER catalysts is a major
bottleneck, as the OER is a challenging proton-coupled four-
electron process, which often requires high overpotentials
(compared to the thermodynamic electrochemical potential of
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challenging energy conversion and storage reactions.

1.23 V vs. the reversible hydrogen electrode (RHE)).! The use of
noble metal-based OER catalysts such as IrO, or RuO, is a major
limitation for large-scale industrial water electrolysis. In this
context, earth-abundant transition-metal based catalysts, such
as oxides,”” hydroxides,*® carbides,”*" nitrides,"»** and phos-
phides'*** have been explored as technologically viable alter-
natives. Recently, molybdenum carbides, in particular Mo,C
and MoC, have attracted widespread attention as promising
HER catalysts in both acidic and alkaline electrolytes, since the
d-band electronic structure of Mo is similar to that of the
benchmark Pt catalyst.'** However, the use of Mo-carbides for
the OER is far less explored. This is partially due to stability
challenges, as these materials can be oxidized under OER
conditions, leading to aggregation and corrosion together with
significant loss of catalytic activity. One attractive solution to
this end is the deposition of Mo-carbides with an early transi-
tion metal (e.g. Co, Ni, etc.) or metal oxide on molybdenum
carbides,”?* leading to heterogeneous composites with
enhanced activity and stability. For instance, Dong et al. re-
ported nitrogen-doped carbon encapsulating y-MoC/Ni hetero-
structures (y-MoC/Ni@NC) as efficient OER electrocatalysts due
to the synergistic effect between y-MoC and Ni, leading to
significantly improved OER activity with a low overpotential of
310 mV to afford a current density of 10 mA cm™ 2.2

The straightforward method for preparing early transition
metal hybridized molybdenum carbides is the one-pot calcina-
tion of mixtures of early transition metal containing salts and

Chem. Sci.


http://crossmark.crossref.org/dialog/?doi=10.1039/d6sc02532c&domain=pdf&date_stamp=2026-07-25
http://orcid.org/0000-0003-1520-2978
http://orcid.org/0000-0003-0966-3145
http://orcid.org/0000-0002-2035-8769
http://orcid.org/0000-0002-5478-9639
http://orcid.org/0000-0002-9197-4526
http://orcid.org/0000-0002-1234-4252
http://orcid.org/0000-0002-5846-1905
https://creativecommons.org/licenses/by/4.0/

Chemical Science

C
Ni{PMo,,} tbb

Silica nanospheres

i = ’

Impregnation

<

“AA DCD

v Sucrose

Intermediate-1

Edge Article

Ni clusters <}

< . .
‘(‘:;l Carbonization
'

H
» HF (aq.)-Etching

Ni /n-MoC/MoO,/NPC

Scheme 1 Schematic fabrication approach leading to 2D mesoporous Ni clusters/n-MoC/MoO,/NPC.

Mo precursors. However, most traditional syntheses of these
materials involve high-temperature pyrolysis, giving little
molecular control over the resulting structure of the compos-
ites. As a result, the composites often exhibit component
agglomeration and non-ideal morphologies. In contrast, for
high electrocatalytic performance, the ideal scenario is the
maximum dispersion of accessible reactive sites on the elec-
trode surface. To this end, molecular metal oxides or poly-
oxometalates (POMs) are ideal Mo-carbide precursor candidates
as their structure, composition and reactivity can be tuned at
the molecular level.>***” POMs have been successfully used as
molecular catalysts in electrochemical energy conversion and
storage like water electrolysis***** and batteries.***° In addi-
tion, POMs have been employed as molecular precursors for
nanostructured metal oxides and carbides as highly efficient
electrocatalysts for the water-oxygen redox cycle.*** However,
challenges still remain including the poor mechanical and
electrical linkage between POM and the electrode support,
resulting in leakage under operation and high electrical resis-
tance, i.e. poor catalytic performance.

Herein, we present a novel in situ method for depositing
highly dispersed Ni metal clusters hybridized with molyb-
denum carbides/oxides onto high-porosity carbon electrodes.
This method utilizes the solution-stable cation-substituted
Keggin type polyoxometalate Ni[HPMo0y;040] (=Ni{PMo,}),
which combines Brensted acidity, redox activity, and catalytic
reactivity.* Ni{PMo,,} serves as the single-source molecular
precursor for depositing reactive Ni clusters and molybdenum
carbides/oxides onto a high surface-area conductive meso-
porous carbon electrode.***° To the best of our knowledge, this
is the first example where both the cation and anion of a POM
salt contribute to the formation of nanocomposites. The
synthetic procedure of the composites is illustrated in Scheme
1. Briefly, the composites were synthesized via a hard-
templating route, where a commercial mesoporous silica
template was impregnated with aqueous solutions containing
sucrose as the main carbon precursor and Ni{PMo,,} as
a Brgnsted-acidic carbonization catalyst and bimetallic NiMo
source.”® Dicyandiamide (DCD) served as both the carbon
source for the formation of molybdenum carbides and the
nitrogen source for N-doping of the carbon matrix. Also, this
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study shows that the reaction of DCD with Ni{PMo,,} results in
the formation of sheet-like supramolecular structures of inter-
mediate-1 (see Fig. S1).°*** Subsequent carbonization of the
intermediate-1 at elevated temperature in an argon atmosphere
results in the one-step formation of composites 1 (650 °C), 2
(750 °C) and 3 (850 °C). Notably, composite 2, synthesized at the
optimized temperature of 750 ©°C, is composed of sub-
nanometer Ni clusters combined with crystalline n-MoC and
MoO, nanoparticles deposited on the N, P-doped mesoporous
carbon (Ni clusters/n-MoC/MoO,/NPC). Composite 2 showed
outstanding electrocatalytic OER activity with a low over-
potential at a current density of 10 mA cm™? (;, = 320 mV)
under alkaline conditions, approaching that of commercial
IrO,. Mechanistic analyses attribute the enhanced performance
to synergistic effects between n-MoC and MoO,, with additional
benefits from the highly dispersed Ni clusters and N, P co-
doping in the carbon matrix. Thus, this work introduces new
scalable materials fabrication routes, offering access to high-
performance transition metal/metal-oxo clusters embedded in
metal carbides/oxides for robust multi-electron electrocatalysis.

Results and discussion

Powder X-ray diffraction (pXRD) analysis (Fig. 1a) shows the
different crystalline structures of composites 1-3. Briefly, 1
contains a-MoC; _, (JCPDS # 89-2868), 2 contains n-MoC (JCPDS
# 89-4305) and MoO, (JCPDS # 86-0135), and 3 contains n-MoC.
Note that we do not observe crystalline Ni metal species in any
of the samples. We also synthesized three reference samples for
comparison: Ref.1 contains a-MoC; _,, Ref. 2 contains a mixture
of MoO, and MoQO;, and Ref.3 contains a mixture of «-MoC;_,,
Mo,C (JCPDS # 72-1683), and Na;NiO, (JCPDS # 70-0734) (see
details in Fig. S2 and Table S1). The references were synthesized
at identical pyrolysis temperatures to 2; significant differences
between Ref.1 and Ref.2 were observed. We note that the
chemical composition of the samples was dependent on the
presence of a carbonization catalyst Ni{PMo,,}, the presence of
DCD and the pyrolysis temperature. Specifically, under our
conditions, we note that DCD is critically important for the
formation of molybdenum carbide (for details see Table S1). It
should be noted that Ref.3 was synthesized using a mixture of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) PXRD analysis of composites 1-3. The PDF cards of different chemical phases have been added as indexes: a-MoC;_, (JCPDS # 89-2868),

n-MoC (JCPDS # 89-4305) and MoO, (JCPDS # 86-0135). (b) AC-TEM and (c) AC-HRTEM images of 2. (d) HAADF-STEM and corresponding EDS
mapping of 2, showing the homogeneous dispersion of Mo, Ni, N and P on the mesoporous carbon. (e) and (f) High resolution deconvoluted XPS

spectra of Mo 3d and N 1s for 2.

NiCl, and Na,MoO, in a molar ratio of 1:12 rather than the
single precursor Ni{PMo;,}. The pXRD analysis reveals
distinctly different results: a large crystalline agglomeration of
Na;NiO, was observed in the resulting composite. The N,
sorption isotherm curves for all samples (1, 2 and 3) displayed
a similar type IV isotherm characteristic of micro/mesoporous
materials (see Fig. S3a) with the mesoporosity introduced by
the silica template. The Brunauer-Emmett-Teller (BET) surface
areas for all samples were comparable (between 80 and 110 m>
g, for details see Table S2). The pore size distributions (2-22
nm) of all samples indicated the presence of mesoporous
structures (see Fig. S3b).

Next, aberration-corrected high resolution transmission
electron microscopy (AC-HRTEM) was performed to examine
the morphology of the composites. Fig. 1b and S4 (see the SI)
show the large-scale 2D spongy mesoporous carbon structures
for 2, indicating the templating effect of both POM and silica.
Fig. 1c shows the HRTEM image of 2. Small crystalline nano-
particles with a size of 2-3 nm were embedded into the meso-
porous carbon structure. The lattice space of 0.21 nm
corresponds to the (104) plane of n-MoC, while that of 0.24 nm
corresponds to the (006) plane of n-MoC and/or (200) plane of
MoO,, which is in agreement with the pXRD analysis. Mean-
while, the carbon shell coated on the nanoparticle can be also
observed, illustrating the synthesis of carbon coated metal
carbides/oxides. We observe homogeneously distributed parti-
cles with diameters of 0.1-0.6 nm doped into the carbon
structures, which are attributable to Ni clusters (Ni,, n = 1-5).

© 2026 The Author(s). Published by the Royal Society of Chemistry

High angle annular dark-field scanning TEM (HAADF-STEM)
imaging together with energy dispersive X-ray spectroscopy
(EDS) mapping analysis showed the homogeneous distribution
of the elements Mo, Ni, P, and N within the carbon matrix
(Fig. 1d), which is in line with the presence of sub-nanometer Ni
clusters within the catalyst. Similar morphologies can be also
observed for 1 and 3; see details in the SI (Fig. S5-S7). Induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
analyses were performed and revealed Ni loadings of about
1.52 wt% (1), 1.48 wt% (2), and 0.92 wt% (3), respectively
(see details in Table S3).

X-ray photoelectron spectroscopy (XPS) was used to assess
the elemental composition and chemical species of the cata-
lysts. Survey spectra show the presence of Mo, O, C, and N, while
signals for P and Ni were difficult to observe due to their low
respective concentration. Composites 1-3 show comparable
general XPS features: the Mo 3d spectrum can be deconvoluted
into peaks corresponding to Mo*"* (attributed to MoC species),
Mo*" (attributed to the possible interactions between Mo
composites and N), Mo*" (attributed to MoO,), and Mo®"
(attributed to MoOs-based species). MoOs is observed as the
predominant species which could be formed by surface oxida-
tion of carbide materials upon exposure of the sample to
air.'”'®*** The integrated C 1s, N 1s, P 2p, and O 1s analyses
confirm the successful doping of N and P into the carbon
matrix. For detailed XPS analyses, see Tables S3 and S4 and
Fig. S8-510. Note that previous studies have revealed that
catalyst nanoparticles encapsulated in N, P-doped carbon
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materials can lead to enhanced catalytic activity and high
stability in electrocatalysis.®* Here, we note that 2 features the
highest percentages of Mo*" and Mo®" species, which are
attributed to the presence of MoO, in the composite (Fig. 1e and
S8-S10, SI). Moreover, pyridinic N is the dominant C-N
contribution in all composites, reaching contributions above
69% in 2 (Fig. 1f and S8-S10, SI). The high amount of
pyridinic N in 2 might be an important contribution to the
electrochemical performance of the composite as high
concentrations of pyridinic N improve electrical conductivity
and surface wettability of carbon and can facilitate the
adsorption of water-oxidation intermediates (OH* and OOH¥).>®

To gain further insights into the metal oxidation states and
coordination environments in 1-3, we performed X-ray
absorption spectroscopy (XAS) analyses at the SuperXAS beam-
line of the Swiss Light Source (SLS). Ex situ XAS experiments
were performed at the Mo and Ni K-edges of 1-3, Ref.1, and
Ref.2. Furthermore, we used reference materials to probe the
oxidation state and local coordination geometry of Mo (using
Mo,C, MoO,, and MoO;) and Ni (using Ni foil, NiO, and
NiMoO,). A stacked plot of the X-ray absorption near edge
structure (XANES) data along with fitting to the R-space of
extended X-ray absorption fine structure (EXAFS) spectroscopy
for 1-3 is shown in Fig. 2 and S11-S13. Based on Mo K-edge
XANES results, it is evident that the composites 1-3 are very
similar in chemical composition with only subtle differences,
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and represent a linear combination of Mo,C, M0O,, and MoOj3;
species (Fig. 2a), see Table S5 for the results of XANES linear
combination fitting. Note that 2 shows the highest content of
Mo-oxides (MoO, and MoOj3;) amongst the catalysts studied,
which is in agreement with XPS analyses. Also, Ref.1 shows
similar features to those of the composites 1-3, while Ref.2 does
not show any contribution from Mo,C and is fitted as a linear
combination of MoO, and MoOj; (Fig. S11a). This agrees with
the XRD analysis. The FT of the Mo K-edge EXAFS shows that 1-
3 and Ref.1 are dominated by nanocrystalline Mo,C species
(Fig. 2b and S12, SI), which is in line with the XANES analysis. A
full EXAFS analysis was performed to establish the coordination
numbers (CN) for the first shell (Mo-C/O) and the second shell
(Mo-Mo) interactions and is given in Table S6. Analysis further
confirms nanocrystalline molybdenum carbide as the dominant
species in these composites.>®

In Ni K-edge XANES, the three composites 1-3 are also very
similar in nature with only subtle differences (Fig. 2c). From
visual inspection, these samples appear to be a linear combi-
nation of an oxidized and a metallic phase. The samples show
an increased intensity as compared to either the NiO or Ni
standards between 8360 eV and 8370 eV. Previously, this
difference has been attributed to isolated octahedrally coordi-
nated Ni"" species during the incorporation of Ni into perov-
skite structures.”’”* This may suggest that Ni forms small
metallic clusters on the outer surface, with a proportion of Ni
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Fig. 2 Mo and Ni K-edge XAS data. Stacked plot of the (a) Mo and (c) Ni K-edge XANES data comparing 1-3 with some reference materials.
Fitting to the R-space of the (b) Mo and (d) Ni K-edge EXAFS data for 2 showing the magnitude (black) and real components of R (red).
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Fig. 3 OER study for different catalysts in 1 M KOH. (a) LSV curves. The inset shows the enlarged area shown in the orange box (tillj = 10 mA cm™).
(b) Tafel slopes from LSV curves. (c) Chronoamperometry of 2 at n = 360 mV in 1 M aqueous KOH. (d) Evidence of O, generated from 2 using RRDE
measurements. The O, gas generated from 2 on the disk (OER current given as /4 is reduced at the Pt ring (ORR current given as ling, Ering = 0.4V
vs. RHE, 1600 rpm). The inset is the corresponding faradaic efficiency of 2 for the OER.

being incorporated into an octahedral coordination similar to
a NiMoO, local structure, which may suggest close interaction
between a portion of the metallic Ni clusters and the molyb-
denum carbide/oxide species. Note that linear combination
analysis of the Ni K-edge data is not possible due to the lack of
a reference compound for the octahedrally coordinated
oxidized component observed. However, XANES analysis using
the edge position at the 0.2 edge step suggests that the samples
contain approximately 40% metallic Ni° and 60% oxidized Ni"*
species. Note that the Ni K-edge XANES spectrum of Ref.2 (in
which no DCD was added during synthesis) closely resembles
that of the NiMoO, reference (Fig. S11b, SI), which exhibits
a higher Ni oxidation state compared to samples 1-3. This
suggests that DCD plays a crucial role in promoting the
formation of small Ni clusters during the calcination process. A
full Ni K-edge EXAFS analysis of 1-3 and the reference samples
is given in Fig. 2d and S13, SI. Table S6 in the SI shows the
fitting results. The above results, in agreement with the XANES
data, reveal a structural motif characterized by minimal
metallic coordination and partial oxygen coordination.

The electrocatalytic OER activity of the as-prepared
composites 1-3, and other contrast samples was investigated
in alkaline solution (1 M KOH) using a standard three-electrode
system. The pre-treated carbon paper (CP; see the pre-treatment
in the SI) modified with the samples was used as the working

© 2026 The Author(s). Published by the Royal Society of Chemistry

electrode (see details in the SI for the procedures of depositing
the catalysts on CP). A graphite rod was used as the counter
electrode and a Hg/HgO electrode was used as the reference
electrode (see details in the Experimental section in the SI).
Fig. 3a shows the linear sweep voltammetry (LSV) curves of
different samples, while commercial IrO, was studied as the
reference catalyst. For composites 1-3, a pre-catalytic oxidation
peak was observed at ~1.4 V, which is attributed to the oxida-
tion of Ni** to Ni**, a process that has been observed for most
Ni-based electrocatalysts.>>* The overpotential at a current
density of 10 mA cm 2 (1,,) was used to compare reactivity
between the catalysts tested. Here, we note that 2 shows the
highest electrocatalytic OER activity with the lowest n;, amongst
all the as-prepared catalysts (320 mV, for details see the inset in
Fig. 3a and Table 1), which can compete well with commercial
IrO, (710 = 320 mV). Notably, we observe that the overpotential
differences between 2 and others increase with the current
density increasing from 10 mA cm ™~ (Fig. 3a). Compared with 3,
we observe significantly better performance by 2, indicating that
the presence of both n-MoC and MoO, is critical for the OER
activity of 2. The results indicate that the catalytic activity is
governed by the distinct chemical species present in composites
1-3, which were synthesized at different pyrolysis temperatures.

Based on LSV data, we performed Tafel slope analysis to
quantitatively compare reaction kinetics for the catalysts. As

Chem. Sci.
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Table 1 Comparison of the electrocatalytic OER performance of different catalysts

Composite 7 (mV) @ 10 mA cm 2 Tafel slopes (mV dec ") ECSA (cm?) R, (Ohm)
1 410 87.0 £ 1.1 217.3 £0.8 2.4
2 320 68.8 £ 2.0 254.3 £ 1.5 1.2
3 330 72.6 £ 1.1 201.8 £ 1.0 3.2
Ref.1 450 — — —
Ref.2 430 — — —
Ref.3 400 — — —
0, 320 57.8 + 0.3 — —

shown in Fig. 3b, in the low overpotential range, 2 exhibited the
lowest Tafel slope (68.8 + 2.0 mV dec ') amongst all the as-
prepared catalysts, which (under the given conditions) is
approaching the Tafel slope of IrO, (for details see Table 1).
Note that 2 also compares favourably with related literature-
known molybdenum carbide-based catalysts (see Table S7). In
addition to reactivity, high stability under OER conditions is
a second critical parameter for technological deployment.
Chronoamperometric (CA) tests (Fig. 3c) show that 2 exhibits
excellent durability in alkaline electrolyte. After an initial drop
(which is common for this type of material),* the current
gradually increases and stabilizes at ~105% of its initial value
after 20 h, suggesting a mild activation of the catalyst.

To investigate the potential chemical change during catal-
ysis, we performed ex situ XAS measurements for 2 at different
CA operation times. Linear combination fitting of Ni K-edge
XANES using Ni and NiO shows the increasing amount of NiO
and the decreasing amount of metallic Ni during this study (see
Fig. S14). Based on the literature, the in situ partial oxidation of
Ni species could be linked to increasing OER activity.®>*
Furthermore, post-catalytic analyses of 2 were performed after
the CA test. TEM and EDS mapping data show that the
morphology of the catalyst and distribution of the elements do
not change during electrocatalysis (see Fig. S15). Nevertheless,
we observe the formation of MoO; after OER catalysis, indi-
cating the partial oxidation of n-MoC and M00O,.** Furthermore,
the Mo 3d XPS spectrum (see Fig. S16) also shows partial
oxidation of the low-valent Mo®" and Mo®" species. Although the
composites can undergo partial oxidation during the OER
process, this does not compromise their OER activity under the
given reaction conditions.

The high activity of 2 was linked to the following consider-
ations: (i) the presence of sub-nanometer Ni clusters is essential
for the OER;*** (ii) the combined presence of n-MoC and MoO,
seems to result in synergistic OER activity. Note that MoO,
nanostructures have previously been reported as promising OER
catalysts.”* Furthermore, Mo oxides have also been reported as
promoters, which enhance the catalytic activity of the host cata-
lyst. For example, Xie et al.®® reported that adding Mo oxides to
the NiFe alloy results in improved electrical conductivity and,
consequently, enhanced OER performance. (iii) Co-doping of the
carbon matrix with N and P atoms has been reported to enhance
the electrical conductivity and OER performance.”’

To confirm that the observed current in Fig. 3a originates
from the OER, we performed a rotating ring-disk electrode
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(RRDE) measurement for 2 with a ring potential of 0.40 V to
reduce the generated O, from the disk electrode, showing
a continuous OER (disk electrode) to oxygen reduction reaction
(ORR, ring electrode) process. As shown in Fig. 3d, with the disk
current held constant at 140 pA (black curve), O, molecules
generated from the disk electrode sweep across the surrounding
Pt ring electrode and are rapidly reduced at an ORR potential.
Consequently, a ring current of =20 pA is detected (red curve),
verifying that the oxidation current observed in the disk elec-
trode can be fully attributed to the OER with a faradaic effi-
ciency higher than 95%.

The electrochemically active surface area (ECSA) of the
composites and the charge transfer resistance (R.) at the
electrode/electrolyte interface are two main parameters for the
reactivity of heterogeneous electrocatalysts, which provide
initial mechanistic insights into the superior electrocatalytic
performance. Thus, we first performed an electrochemical
double-layer capacitance (Cq, Fig. S17) test to obtain the ECSA
values of 1-3.°*%° As summarized in Table 1, we observe
a moderately increased ECSA for 2 compared with the other
composites. Also, electrochemical impedance spectroscopy
(EIS) analysis shows that 2 features the lowest R, (Fig. S18 and
Table 1), which facilitates electron transfer at the solid-
electrolyte interface.

Conclusions

In conclusion, we report a novel POM/silica-templated 2D meso-
porous N, P-doped carbon supported Ni clusters/n-MoC/MoO,
composite electrocatalyst for water oxidation in alkaline medium.
Low overpotentials, high faradaic efficiencies and long opera-
tional times without loss of reactivity are observed. By considering
the structural and compositional diversity of POMs, we propose
that this new materials design concept enables the targeted
development of complex multicomponent composite catalysts
and their simultaneous electrical wiring to mesoporous carbon
structures. The study could therefore provide a protocol for the
development of novel (mixed)metal carbides/oxides as (electro-)
catalysts for challenging multielectron transfer reactions.
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