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Electrosynthesis of H,O, has gained tremendous attention as a highly promising alternative strategy to the
traditional anthraquinone technique. Nevertheless, there is still a lack of highly efficient, robust, and low-
cost electrocatalysts to propel the industrialization of electrosynthesis of H,O,. Herein, we constructed
carboxyl functionalized CNTs decorated with V-doped MoO, nanoclusters (MoVO, NCs/CNTs) with
uniform subnanometer size (~0.7 nm). The incorporation of V significantly modified the electronic
structure of MoO,, enabling an impressive H,O, electrosynthesis selectivity of up to 98% at 0.4 V,

Received 13th September 2025 surpassing that of the undoped MoO, NCs/CNTs. The MoVO, NCs/CNTs catalyst retained 93% H,O,
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Introduction

Since its first discovery by Thenard in 1818, hydrogen peroxide
(H20,) has been regarded as one of the 100 most important
chemicals and found wide application in various areas, including
paper bleaching, pharmaceutical synthesis, and wastewater
degradation.’® Impressively, it was estimated that the global
quantity demand of H,0, would reach 6.0 million metric tons in
2024.>' Currently, over 95% of H,0, stock solutions (~30-
70 wt%) strongly rely on the well-established anthraquinone
oxidation process.” It is an energy-intensive technique,
involving sequential hydrogenation/autoxidation of 2-alkyl-9/10-
anthraquinone under high pressure with the aid of expensive
Pd/Ni catalysts, followed by complicated purification
procedures.>**™** Consequently, the tremendous industrial waste
generated and the high risk of storage/transportation remarkably
deviate from our pursuit of green chemistry.'” Moreover, most
applications typically require low concentrations of H,O,.
Recently, with the rapid development of nanosized catalysts,
electrosynthesis of H,0, through a 2e™ oxygen reduction reaction
(ORR) pathway (O, + 2H,0 +2e~ — H,0,+20H ") (I° =0.76 V vs.
RHE, where RHE represents the reversible hydrogen electrode)

“Department of Chemistry, Southern University of Science and Technology, Shenzhen,
518055, China. E-mail: yangf3@sustech.edu.cn

School of Physical Science and Technology, Center for Energy Conversion Materials &
Physics (CECMP), Jiangsu Key Laboratory of Thin Films, Soochow University, Suzhou
215006, China. E-mail: jeffni@suda.edu.cn

+ These authors contributed equally.

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

range (0.2-0.6 V). Moreover, the catalyst

demonstrated excellent activity stability for 10 h with minimal decay. This work offers a pathway by
rational design of a subnanometer catalyst for the electrocatalysis of O, to H,0O,.

has emerged as a highly appealing alternative strategy.>'*'®
Compared with the anthraquinone process, the electrochemical
approach holds several advantages, including mild production
conditions in ordinary atmospheric environments, suitability for
on-site/on-demand production to avoid the risk of storage/
transportation, environmental friendliness and organic waste
emission, and the avoidance of explosive hazards by spatially
separating H, and O, feeding.>**** However, it is worth noting
that the ORR also involves another thermodynamically favour-
able 4e” pathway that converts O, to H,O (O, + 2H,0 + 4~ —
40H") (U° = 0.40 V vs. RHE) which inevitably suppresses H,0,
production.”*** Accordingly, one major challenge for electro-
synthesis of H,0, is to find an efficient and robust electrocatalyst
with high selectivity towards the 2e”~ ORR.

Mechanistically, the ORR selectivity is highly dependent on
the adsorption strength between the *OOH intermediate and
the surface of catalysts.**® In detail, an intensive interaction
could easily dissociate the O-O bond and induce the 4e™ ORR,
while too-weak cooperation may require a high overpotential to
trigger the reaction.”® Therefore, the appropriate interaction
strength is a critical knob for designing efficient 2e” ORR
catalysts. Therefore, a great variety of catalysts have been
developed, ranging from noble metals (Au-Pd),*” metal chalco-
genides (CoSe,),” conducting coordination compounds (cobalt-
porphyrins),®® and carbon-based materials (N-doped oxo-
functionalized graphene).> In particular, metal-free carbona-
ceous materials have garnered tremendous attention due to
their abundance, low cost, and high selectivity for the 2e™
ORR.??%3! For instance, Lu et al. demonstrated that the as-
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prepared oxidized carbon nanotubes (CNTs) exhibited high
activity for the 2e” ORR and claimed that the responsible active
sites were the carbon atoms adjacent to carboxylic acid and
other oxo-functional groups.** Targeting further improving the
performance of metal-free carbonaceous materials, introducing
isolated metal single atoms into a carbon matrix to form single-
atom catalysts (SACs) exhibits profound potential application in
electrosynthesis of H,0,.>**® Despite substantial progress, the
catalyst design and the properties still need further revolutio-
nization to meet the high criterion of practical application.

Nanocluster catalysts (M,, where M and x refer to the metal
and atom number, respectively) play a pivotal role in bridging
the gap between SACs and nanoparticles. They not only share
similar characteristics with SACs, such as maximized metal
atom utilization and well-defined active sites, but also offer
additional catalytic sites with adjacent metal atoms.****** As
compared to M,~-N, and M,-C, coordination structures, the
highly electronegative O atom could induce accelerated electron
transfer from M, to O,, potentially resulting in a favourable
energy band structure and unexpected catalytic activity.*>
Additionally, as a 4d transition metal, Mo possesses more
intricate oxidation states and coordination numbers and has
received less attention compared to the well-reported 3d tran-
sition metals (Fe, Co, Ni, etc.).** On the other hand, poly-
oxometalates (POMs) are a type of well-defined anionic oxo-
metal cluster with unique redox properties.** Their charge
density and coordination structures can be precisely tailored by
adjusting their composition.”” As a typical POM, the above-
mentioned characteristics make H;PMo,,0, an ideal precursor
for constructing MoO, nanoclusters. Besides, doping a metal
(e.g., V) with a lower d-orbital occupancy and electronegativity
into MoO, nanoclusters may further optimize their electronic
structure***® for reaction intermediate adsorption/desorption
and stimulate the catalytic activity.

Herein, we prepared carboxyl functionalized CNTs decorated
with vanadium-doped MoO, nanoclusters (MoVO, NCs/CNTs)
through a mild thermal treatment using V-substituted
H3PMo0,,0,4 (HePM0yV30,) as a precursor. The MoVO, NCs
were not only supported on the surface of CNTs, but also
confined within the cavities of CNTs. Based on the advanced
spectroscopic techniques, it was found that the doping of V
could reduce the valence state of Mo in MoVO, NCs/CNTs,
enabling Mo with a higher electronic cloud density, and
thereby significantly modify the electronic structure of MoO,
NCs. Consequently, MoVO, NCs/CNTs exhibit an impressive
2e~ ORR selectivity of up to 98% at 0.4 V in 0.1 M KOH solution,
which far exceeds that of their counterpart MoO, NCs/CNTs.
Notably, MoVO, NCs/CNTs could retain more than 93% 2e”
ORR selectivity in a wide potential range (0.2-0.6 V). Further-
more, MoVO, NCs/CNTs demonstrated excellent activity
stability for 10 h with negligible decay.

Results and discussion
Preparation and characterization of MoVO, NCs/CNTs

V-substituted H3PMo0,,049 (HsPMo0ogV30,4,) was synthesized
according to the literature. Within a POM unit, there are four
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distinct types of oxygen atoms: central oxygen (O.), terminal
oxygen (O), bridged oxygen between two octahedra sharing
a corner (Op,), and bridged oxygen that shares an edge (O.).
Intense bands at 1058, 955, 881, and 768 cm ™ * can be observed
in the Fourier-transform infrared spectra (Fig. S1) of
H3PMo0,,0,40 and HsPMo0gV30,, corresponding to the vibrations
of P-O., Mo-O;, Mo-O,-Mo, and Mo-O.-Mo, respectively.*
These results confirm the formation of HsPMogV;0,0. Notably,
the phenomenon of blue shift, characterized by a migration
towards higher wavenumbers in HgPMooV;0,0, typically
signifies alterations in the vibrational frequencies of chemical
bonds or functional groups within a molecule. Such shifts may
arise from the strengthening of chemical bonds, modifications
in the intramolecular charge distribution, and intermolecular
interactions after the doping of V.

The synthesis procedures of MoO, NCs/CNTs and MoVO,
NCs/CNTs are schematically displayed in Fig. S2. H3PM01,04
or HsPMoyV;0,4, and carboxyl functionalized CNTs were mixed
and self-assembled by magnetic stirring for 48 h. The resultant
powders were then subjected to a heat treatment at 500 °C for
30 min under a 10% H,/Ar atmosphere through a rapid heating-
cooling strategy. During this process, H3;PMo0;,0,4, and
HgPMo0yV;0,4, underwent thermal decomposition and reduc-
tion and were converted to MoO, and MoVO, nanoclusters,
respectively. The morphology of the as-prepared MoO, NCs/
CNTs and MoVO, NCs/CNTs was revealed by transmission
electron microscopy (TEM). The high-angle annular dark-field
scanning TEM (HAADF-STEM) images clearly demonstrated
the presence of tiny nanoclusters both on outer walls and inner
cavities of CNTs (Fig. 1a and S3a). The corresponding STEM-
energy dispersive X-ray (EDX) elemental mapping further
proved that the Mo, O, and V elements were uniformly distrib-
uted throughout CNTs, indicating the bright dots consisted of
Mo, O, and V (Fig. 1b and S3b).

To further elucidate the structure of these clusters,
aberration-corrected STEM was conducted. The subnanometer
clusters in MoVO, NCs/CNTs and MoO, NCs/CNTs were iden-
tified to be composed of Mo/V atoms with an average diameter
of 0.67 nm and 0.75 nm, respectively (Fig. 1c-e and S3c¢, d). More
aberration-corrected STEM images of MoVO, NCs/CNTs are
shown in Fig. S4. The powder X-ray diffraction (XRD) patterns
showed that instead of yielding sharp diffraction peaks, the
phenomenon manifests as broad, diffuse background signals,
implying the amorphous structure of tiny clusters in both
MoVO, NCs/CNTs and MoO, NCs/CNTs (Fig. 1f). Moreover, no
diffraction peaks can be ascribed to the characteristics of crys-
talized MoO, or MoO;.

Electrocatalytic ORR activities towards H,0,

The electrocatalytic performance of the as-prepared hybrid
catalysts for the 2e” ORR was evaluated using the typical
rotating ring-disk electrode (RRDE) equipment, with an opti-
mized catalyst loading of 0.1 mg cm 2. All potential reported in
this work is calibrated to RHE (Fig. S5). Fig. 2a shows the linear
sweep voltammetry (LSV) curves collected at 1600 rpm in O,-
saturated 0.1 M KOH electrolyte, together with the H,O,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characterization of MoVO, NCs/CNTs. (a) and (b) HAADF-STEM image and the corresponding STEM-EDX elemental mapping of MoVO,
NCs/CNTs. (c) and (d) High-resolution HAADF-STEM images, and (e) the corresponding cluster size distribution. (f) XRD patterns of CNTs, MoO,
NCs/CNTs and MoVO, NCs/CNTs. The standard cards of MoO, and MoOs are also shown.

oxidation current collected using the Pt ring electrode at
a constant potential of 1.2 V versus RHE. The MoVO, NCs/CNTs
exhibit the highest ring current (up to 210 pA), which is
substantially greater than that of MoO, NCs/CNTs and the CNTs
benchmark. Additionally, there is only a minimal difference in
disk current observed for all three samples. These findings
indicate that MoVO, NCs/CNTs possess the highest 2e” ORR
selectivity among the tested catalysts, making them capable of
achieving the highest H,0, yield.

To accurately assess the selectivity for H,O, production, the
collection efficiency (N) of the RRDE was first calibrated using
the redox reactions of potassium ferricyanide (Fig. S6). The
experimentally determined collection efficiency is 34.2%, which
was then used to calculate the selectivity for H,O, production
and the number of electrons transferred during the ORR. The
calculated H,0, selectivity and electron transfer number (n)
were plotted as a function of potential (Fig. 2b). In the wide

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

potential range of 0.2-0.6 V, the H,0, selectivity of MoVO, NCs/
CNTs consistently remained above 93%, indicating the highly
selective 2e~ ORR pathway. Notably, the selectivity further
increased to 98% at 0.4 V vs. RHE. Moreover, the calculated
electron transfer number was less than 2.2, further confirming
the dominance of the 2e” ORR pathway during the ORR
process. On the other hand, MoO, NCs/CNTs exhibited a lower
H,0, selectivity of ~80% with a higher electron transfer
number, indicating the critical role of V in promoting H,O,
generation. Additionally, the Tafel plots derived from LSV
curves were obtained to examine the kinetic reaction rate. The
Tafel slope of MoVO, NCs/CNTs (59.7 mV dec ') is noticeably
lower than that of MoO, NCs/CNTs (65.8 mV dec™ ') and CNTs
(78.6 mV dec™ '), implying that MoVO, NCs/CNTs hold the best
kinetic reaction rate (Fig. 2c). These results highlight the
superior electrocatalysis performance of MoVO, NCs/CNTs in
terms of electrosynthesis of H,O,.
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Fig. 2 2e~ ORR performance of MoVO, NCs/CNTs in 0.1 M KOH. (a) Disk and ring current of the three samples on the RRDE. (b) The corre-
sponding electron transfer number n and H,O, selection at various potentials. (c) The corresponding Tafel plots. (d) Stability measurement of
MoVO, NCs/CNTs at a fixed disk potential of 0.4 V vs. RHE and the corresponding faradaic efficiency. (€) ORR LSV curves of MoVO, NCs/CNTs
before and after 5000 ADT cycles. (f) Performance comparison of electrochemical H,O, production in alkaline media on MoVO, NCs/CNTs and

other recently reported catalysts based on RRDE performance.

Stability is another key indicator to assess the performance
of catalysts for electrosynthesis of H,0,. We conducted a long-
term stability test for MoVO, NCs/CNTs using a chro-
noamperometric test at a constant disk potential of 0.4 V vs.
RHE. The H,0, selectivity remained consistently around 98%
with negligible fluctuation during the 10 h continuous opera-
tion (Fig. 2d), suggesting the robust electrocatalytic stability for
the 2e~ ORR. In addition, we also performed an accelerated
degradation test (ADT) to further demonstrate the robust
stability of MoVO, NCs/CNTs. The obtained LSV curves before

Chem. Sci.

and after the 5000 ADT cycles were essentially identical (Fig. 2e),
confirming the impressive cycling stability of MovO, NCs/
CNTs. Specifically, MoVO, NCs/CNTs afforded an outstanding
H,0, selectivity of ~98% at a current density of 1.0 mA cm ™2,
surpassing that of previously reported electrocatalysts (Fig. 2f
and Table S1). RRDE measurements are highly reproducible
across three independently prepared batches, with relative
standard deviations below 5% (Fig. S7). Since catalyst durability
is closely tied to structural and compositional integrity, we
carried out comprehensive post-stability characterization

© 2026 The Author(s). Published by the Royal Society of Chemistry
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studies to assess possible changes and to better understand the
long-term performance. The electronic structure of MoVO, NCs/
CNTs remains largely intact after electrochemical testing, with
negligible alterations (Fig. S8a). We further tested the leaching
amount of V during the stability test. We regularly monitored
the V ion content in solution by inductively coupled plasma
mass spectrometry (ICP-MS). The results show only 1.4% of V
leaching after a 10 h long-term stability test, confirming that V
leaching during electrochemical operation can be safely
excluded (Fig. S8b). All the results indicated that MoVO, NCs/
CNTs hold great promise as a highly efficient and robust 2e™
ORR electrocatalyst in alkaline media.

It has been demonstrated that metal-free carbonaceous
materials with abundant oxo-functional groups are promising,
efficient 2e” ORR electrocatalysts in alkaline media.>***?* Given
the reported activity of strongly oxidized CNTs for the 2e” ORR,
we prepared further deep-oxidized CNTs as a control sample by
refluxing blank carboxylated CNTs in concentrated HNO; at 140
°C for 2.5 h following literature procedures.* The normalized
XPS survey spectra show a pronounced increase in the O 1s
signal after oxidation (Fig. S9), with the oxygen content
increasing from 7.7% for the blank carboxylated CNTs to 19.1%
for the deep-oxidized CNTs, indicating a substantially more
oxygen-rich CNT surface. Under identical electrode preparation
and RRDE testing conditions, deep-oxidized CNTs deliver an
H,O0, selectivity of ~70% at 0.4 V in 0.1 M KOH, slightly higher
than that of blank carboxylated CNTs support (~60%) but still
substantially lower than that of MoVO, NCs/CNTs (98%)
(Fig. S10). These results suggest that increasing surface oxygen
content can improve H,0, selectivity to a limited extent.
However, oxygen enrichment alone cannot account for the near-
quantitative selectivity, supporting that the MoVO, nano-
clusters play a key role in enabling highly selective 2e” ORR.
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To evaluate the applicability of the MoVO, NCs/CNTs catalyst
under more challenging acidic conditions, we further per-
formed ORR measurements in an O,-saturated in 0.05 M H,SO,
at 1600 rpm. CNTs, MoO, NCs/CNTs, and MoVO, NCs/CNTs all
remain ORR-active in acid and deliver measurable H,O,
production, evidenced by the resolved disk and ring current
responses (Fig. S11). Compared with alkaline media, the reac-
tion kinetics in acidic electrolyte are noticeably slower, as re-
flected by larger Tafel slopes and substantially reduced H,O,-
related ring currents, which is consistent with the commonly
observed limitations of non-precious-metal, carbon-based
catalysts in acidic environments, where stronger proton
adsorption, reduced site stability, and intensified competition
from the 4e” ORR pathway often constrain performance.’>*
Notably, under identical testing conditions, the V-doped cata-
lyst (MoVO, NCs/CNTs) still outperforms the undoped coun-
terpart (MoO, NCs/CNTs) in acidic media. MoVO, NCs/CNTs
retain an H,O0, selectivity of ~60% over a wide potential
window of 0.2-0.6 V (Fig. S11a and b) and exhibit a Tafel slope of
68.5 mV dec ' (Fig. S11c). In addition, negligible performance
decay is observed after 2000 accelerated ADT cycles, indicating
good cycling stability in acid (Fig. S11d). These results suggest
that the V-induced electronic modulation of MoO, nanoclusters
remains operative in acidic media, leading to improved kinetics
and H,0, selectivity.

Electronic structures of catalysts

To elucidate the electrocatalysis mechanism of the as-prepared
catalysts for the 2e” ORR, it is essential to investigate their
electronic structures. Raman spectra showed that the relative
intensity of D, G, and D’ bands for CNTs were almost the same
(Fig. 3a and c), suggesting negligible changes in nanotube
defects after depositing clusters as compared to CNTs.

a Raw data b O Raw data C 1s] c
— Fitting data —— Fitting data 1or 25z 5 579
D band G band -
__ 8o}
cc § G band 39.12 384 39.48
[0}
2 60|
=T C-0 £
- S A | " e
- S 40t
o
MoVO, NCS/CNTSs MoVO, NCS/CNTs Dband |sese —_— irs
20f
3 3
< < 0 T (TS
> > CNTS JONT® joN
i 3 Wo0N yvo N
C C d
ﬂ:.’. Pc-’. 100 F —
- - - 1864 18.66 16.56
MoO, NCs/CNTs MoO, NCs/CNTs 80
S c.o 2365 2249 24.48
o 60f
S || -
S Cc-C 20.97 24.03 24.71
© 40t
&
20F 36.74 34.82 35.35
MoO, CNTs
1200 1300 1400 1500 1600 1700 294 292 290 288 286 284 282 0 CNTs NGSI(\JNTS NOS’GNTS
Raman Shift (cm™) Binding Energy (V) MOO T \oNOx

Fig.3 Characterization of MoVO, NCs/CNTs. (a) Raman spectra. (b) High-resolution C 1s XPS spectra. The content of different carbon species in
CNTs, MoO, NCs/CNTs and MoVO, NCs/CNTs determined using Raman (c) and C 1s XPS (d) spectra. The content of species is also shown.
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Consistently, the C 1s X-ray photoelectron spectroscopy (XPS)
results of MoVO,, NCs/CNTs and MoO, NCs/CNTs also exhibited
similar CNT electronic structures (Fig. 3b, d and S12). These
results imply that the synthetic process of nanoclusters did not
significantly influence the content of surface oxo-functional
groups in CNTs.

The Mo 3d XPS spectra of MoVO, NCs/CNTs and MoO, NCs/
CNTs reveal a Mo>* spin-orbit doublet at 232.67 and 235.78 eV,
which are lower than the peaks of 233.95 and 236.16 eV for Mo®*
in the referenced MoOj; (Fig. 4a).”* Furthermore, as compared to
undoped MoO, NCs/CNTs, the Mo 3d spectra of MoVO, NCs/
CNTs slightly shift towards lower binding energy, suggesting
a lower oxidation state of Mo in MoVO, NCs/CNT. This obser-
vation is further supported by theoretical calculations based on
the Mo 3d spectra, where the average oxidation state in MoO,
NCs/CNTs and MoVO, NCs/CNTs is 5.40 and 5.22 (Fig. S13a),
respectively. This phenomenon may be attributed to the doping
of vV, which modifies the electronic structure of Mo species in
MoVO, NCs/CNTs. Such changes in electron density can opti-
mize the interaction strength between the surface of catalysts
and the intermediate of *OOH, facilitating proton-coupled O,
reduction to *OOH and its following desorption.** Meanwhile,
based on the O 1s spectra, additional C-O-Mo species were
observed in both MoO, NCs/CNTs and MoVO, NCs/CNTs
(Fig. 4b), indicating the presence of strong interaction
between the nanoclusters and CNTs.*® Furthermore, the intro-
duction of V in MoVO, NCs/CNTs leads to the generation of
more defective O species (Fig. S13b), which could act as
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additional active sites. This observation may also contribute to
the enhanced electrocatalytic activity of MoVO, NCs/CNTs for
the 2e” ORR.

Insights into mechanisms

The surface area and pore structures play crucial roles in
determining the performance of electrocatalysts. Normally,
a larger surface area and the presence of mesopores could
increase the number of exposed electroactive sites and facilitate
mass transfer, thus improving the electrocatalytic perfor-
mance.*>?* We carried out Brunauer-Emmett-Teller (BET)
measurements to investigate the surface area and pore features
of catalysts. The N, adsorption/desorption isotherm curves di-
splayed the typical features of mesoporous materials,**® with
BET surface areas of 283.9 m> g~ ' for MoO, NCs/CNTs and 286.5
m?” g~ ! for MoVO, NCs/CNTs, which were larger than that of the
blank CNTs (246.5 m”> g~ '), while the pore characteristics of
MoO, NCs/CNTs and MoVO, NCs/CNTs are similar to those of
blank CNTs (Fig. S14a). The content of clusters in CNTs was
determined to be ~9 wt% by thermal gravimetric analysis (TGA)
(Fig. S14b). These results indicate that loading MoVO, nano-
clusters does not impose a pronounced additional mass-
transport limitation. These results imply that the enhanced
electrocatalytic activity for the 2e” ORR is mainly attributed to
the introduction of nanoclusters into the CNTs.

To gain a deeper understanding of the remarkable perfor-
mance of the MoVO, NCs/CNTs, electron energy loss
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Fig. 4 High-resolution (a) Mo 3d and (b) O 1s XPS spectra of MoO, NCs/CNTs and MoVO, NCs/CNTs. MoOs is used as a reference.
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spectroscopy (EELS) was employed as a powerful tool to unveil
the local electronic structures.””*® Notably, the region in Fig. 5a
corresponds to the blank CNTs segment without nanoclusters,
serving as a reference area. In Fig. 5b and c, two regions with
typical morphology, where nanoclusters are not only anchored
on the outer surface of CNTs but also confined within the
cavities of CNTs, were selected. In EELS survey spectra, MoVO,
NCs/CNTs show the existence of V L, ;-edge features (510-525
eV) compared to MoO, NCs/CNTs (Fig. 5d), proving the doping
of V atoms in MoVO, NCs/CNTs, which is consistent with the
corresponding EELS mapping (Fig. S15 and S16). The C K-edge
EELS spectrum of MoVO, NCs/CNTs shows an upshift of the
carbon energy loss peak (1.1 eV) compared with blank CNTs,
while the undoped MoO, NCs/CNTs show negligible changes
(Fig. 5e), indicating that the introduction of V could induce
variations in the sp” hybridization state of CNTs.* It was found

View Article Online
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that the doping of V reduced the valence state of Mo in MoVO,
NCs/CNTs (Fig. 5f), resulting in higher electronic cloud density
at Mo sites,*® which is consistent with the XPS results (Fig. 4a).

We performed the electron cloud density calculation of
MoO, NCs and MoVO, NCs to unveil the effect of V doping on
the electronic structure of MoO, NCs (Fig. S17). The calculated
electron density distributions reveal higher electron density
around Mo in the V-doped structure than in the undoped
structure, indicating that V incorporation generates an electron-
rich local environment around Mo (Fig. 5g-i). The Gibbs free
energy of the key *OOH intermediate was then evaluated on the
MoO, and MoVO, cluster surfaces. The V doping stabilizes
*OOH, lowering AG(xoon) from 0.85 €V on MoOy to 0.75 eV on
MoVO, (Fig. S18), indicating that V doping promotes the
kinetics of the entire redox process. This modulation is partic-
ularly relevant to the 2e”/4e™ pathway competition after *OOH
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2 Mo M, ;-edge - = HON
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Fig.5
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Insights into mechanisms. STEM-EELS images of CNTs (a), MoO, NCs/CNTs (b), and MoVO, NCs/CNTs (c). The EELS survey spectra (d) and

Electron density
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C K-edge (e) and Mo M-edge (f) spectra as acquired in the region marked in (a)—-(c), respectively. The structural model of MoOy (g). The calculated

distribution of electron density difference of MoO, (h) and MoVO, (i).
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formation, thereby favouring H,O, formation and enhancing
selectivity, while the overall ORR rate (disk current) can remain
largely unchanged because it is often governed by O, transport
and the initial O, — *OOH activation step. The theoretical
calculations corroborate the experimental results obtained
from XPS and EELS. The combination of XPS, EELS analysis and
the theoretical calculations proved that the doping of V could
modify the electronic structure of MoO, nanoclusters. The
modifications of electron density facilitate the enhancement of
interaction strength between the surface of catalysts and the
*OOH intermediate, thereby facilitating the 2e~ ORR process.

Conclusions

Carboxyl functionalized CNTs decorated with V-doped MoO,
nanoclusters (MoVO, NCs/CNTs) were prepared. Benefitting
from the optimized electronic structure modified by V doping,
the resulting MoVO, NCs/CNTs exhibited an impressive H,0,
electrosynthesis selectivity of up to 98% at 0.4 V in 0.1 M KOH
solution, which far exceeds that of their counterpart MoO, NCs/
CNTs. Importantly, MoVO, NCs/CNTs could retain more than
93% H,O0, electrosynthesis selectivity in a wide potential range
from 0.2 V to 0.6 V. Furthermore, MoVO, NCs/CNTs demon-
strated excellent activity stability for 10 h with negligible decay.
These excellent results are attributed to the optimization of the
electronic structure of MoVO, NCs/CNTs by V doping, which in
turn affects the reaction pathways of the 2-electron and 4-elec-
tron reactions. Moreover, the catalyst demonstrates promising
activity and stability even in acidic media, confirming the broad
applicability of the electronic-structure tuning strategy. The
work presents a new perspective on the development of high-
performance nanocluster catalysts for the electrocatalysis of
O, to H,0,.

Experimental section
Synthesis of HiPMogV;0,4

The synthesis of HiPMo0oV;0,, follows a methodology similar to
that in the previous report but with some modifications.*
Typically, 2.68 g Na,HPO,-7H,0 was dissolved in 10 mL of
water and mixed with 7.32 g NaVO; that had been dissolved by
heating in 40 mL of water. Subsequently, 1 mL of concentrated
H,SO, was introduced into the cooled mixture, yielding a vivid
cherry red solution. This solution is then blended with 9.28 g of
Na,MoO, dissolved in 30 mL of water. While being vigorously
stirred, 17 mL of concentrated H,SO, was gradually incorpo-
rated into the mixture. The heated solution was allowed to
naturally cool to room temperature. The resultant solution was
subjected to 80 mL ethyl ether extraction, with the heteropoly
etherate forming the intermediate layer. Upon passing an
airstream through the solution, the heteropoly etherate was
separated from the ether. Subsequently, rotary evaporation was
conducted at 53 °C, resulting in the formation of a distinctive
red solid. Following an overnight drying period at 40 °C, the
compound was subjected to vacuum recrystallization within an
anhydrous calcium chloride environment to further refine its
structure.

Chem. Sci.
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Synthesis of MoVO, NCs/CNTs and MoO, NCs/CNTs

Initially, 50 mg of CNTs were dispersed in 50 mL of DMF
through sonication for 30 min. Subsequently, a solution con-
taining 10 mg of H{PMooV;0,, dissolved in 10 mL of DMF was
gradually added drop by drop to the CNTs suspension. The
resulting mixture underwent an additional 30 min of sonication
to ensure thorough mixing. Then, the mixture was stirred at
room temperature for a duration of 48 h, and the mixture was
subjected to centrifugation, and the resulting precipitate was
sequentially washed with DMF, ethanol, and deionized water.
The final precipitate was freeze-dried at —60 °C to obtain the
precursor powders. For the heat treatment of the precursor
powders, a tube furnace was gradually heated to 500 °C under
a 10% H,/Ar atmosphere (100 sccm). Once the temperature
reached 500 °C, a quartz boat containing a specific amount of
precursor powders was pushed into the center of the tube
furnace and maintained for 30 min before being swiftly
removed and allowed to cool to room temperature under the
protective atmosphere of 10% H,/Ar. The resultant black
powders obtained after this process were identified as MoVO,
NCs/CNTs. The synthesis procedure of MoO, NCs/CNTs was
almost the same as that of MoVO, NCs/CNTs except for using
HPMo0,,0.,.

Synthesis of deep-oxidized CNTs as a control catalyst

200 mg of CNTs were refluxed in 20 mL of concentrated HNO;
(68 wt%) at 140 °C for 2.5 h. After the treatment, the solid was
collected by centrifugation and dried at 55 °C to obtain the
deep-oxidized CNTs product.

Characterization

The HAADF-STEM images were collected by aberration-
corrected STEM (FEI Titan Cubed Themis G2) with an X-FEG
electron gun and a DCOR aberration corrector operating at
300 kv. STEM-EDX mapping was executed on an FEI Talos
F200X electron microscope with a HAADF detector operating at
200 kV. EDX spectra were obtained using a Bruker Super-X
detection system. EELS spectra were collected through an
aberration-corrected Titan G2 80-300 environmental TEM. It
was equipped with a Gatan image filter (Quantum 936) with an
energy dispersion of 0.25 eV operated at an acceleration voltage
of 300 kV. The zero-loss EELS was acquired immediately after
the obtainment of the core-loss EELS on individual nano-
particles. The as-obtained EELS data were further analyzed
using a digital micrograph. The position of the core-loss EELS
was corrected with the corresponding zero-loss peak followed by
subtracting the extrapolated background from the edge of
interest. A Fourier-ratio deconvolution was further performed to
remove the effect of plural scattering. To facilitate the
comparison of diverse spectra, we have normalized the spectra
to the most prominent peak of the K-edge of carbon.

Powder X-ray diffraction (XRD) was conducted on a Rigaku
SmartLab X-ray diffractometer with Cu-K,, radiation (45 kv, 200
mA, A =1.54178 A) at a scanning rate of 5° min~* in the 26 range
of 10-80° at room temperature. XPS was performed on a PHI

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5000 Versaprobe III photoelectron spectrometer with an Al K,, X-
ray source. All peaks were calibrated with the Si 2p peak binding
energy at 103.2 eV. The Raman spectra were collected through
a Jovin Yvon-Horiba ARAMIS system with a 532 nm laser. The
thermogravimetric analysis was conducted through a ZRT-A
TGA instrument at a ramp rate of 10 °C min~' from room
temperature to 900 °C in air with a dry air flow rate of 30 sccm.
Brunauer-Emmett-Teller (BET, 3Flex surface characterization
analyzer) analysis was conducted to study the surface area and
the porosity distribution of the samples. Fourier transform
infrared spectra were recorded on a Thermo Scientific Nicolet iS
50. Inductively coupled plasma mass spectrometry (ICP-MS) was
performed on an Agilent 7700.

Electrochemical measurements

All the electrochemical measurements were conducted on an
electrochemical workstation (CHI 760E) coupled with a PINE
rotating instrument in a standard three-electrode system. A
rotating ring disk electrode (RRDE, 5.6 mm in diameter of the disk
electrode), a graphite rod, and Ag/AgCl in saturated KCl were
employed as the working electrode, counter electrode, and refer-
ence electrode, respectively. 0.1 M KOH aqueous solution was used
as the electrolyte. All the electrode potential was referenced to the
Ag/AgCl reference electrode, which was converted to the reversible
hydrogen electrode (RHE) using the equation Erur) = Eagagan +
0.965 (Fig. S3). The catalyst ink was prepared by dispersing 1 mg
active materials in 400 pL solution containing 195 pL isopropanol
(IPA), 195 pL DIW, and 10 pL Nafion (5 wt%) solution, followed by
ultrasonic treatment for about 60 min.

To detect the ORR activity and H,O, selectivity, linear sweep
voltammetry (LSV) measurements were carried out at a scan rate
of 5 mV s with a catalyst loading of 0.1 mg cm > under
1600 rpm rotating speed. The scan range is from 0.1 to —0.8 V
(vs. Ag/AgCl), and the Pt ring potential is set at 1.2 V (vs. RHE).
Moreover, the working electrode should undergo more than 4
cycles of cyclic voltammetry (CV) at a rate of 100 mV s~ * and 4
cycles of CV (scanning rate 20 mV s~ ') to stabilize the electrode
before the LSV data were recorded. The following equations
were used to determine the percent of H,O, and the electron
transfer number (n).

. L/N
% (HO,™) =200 x —/
/0(02) ><1d+1r/N
Is/N
—4
SRR A )Y

where I, means the ring current, I means the disk current, and
N is the current collection efficiency of the platinum ring.

To understand the ORR stability, LSV measurements were
conducted before and after 5000 CV cycles from 0.1 V to —0.8 V
(vs. Ag/AgCl) at a scanning rate of 100 mV s '. Chro-
nopotentiometry measurement was also conducted at
a constant potential of 0.4 V (vs. RHE) with a fixed Pt ring
potential of 1.2 V (vs. RHE) in 0.1 M KOH and 0.05 M H,SO,
under 1600 rpm.

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

We employed Castep within Materials Studio 2022 to calculate
the electron density difference for MoO, and V-doped MoVO,.
MoO, and MoVO, (25% V) nanocluster models were constructed
based on the MoO; crystal structure (Fig. S17). Within the
density functional theory (DFT) framework, the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzer-
hof (PBE) functional was utilized to approximate the exchange-
correlation potential. The calculated energy cutoff was set at
750 eV, with a 5 x 5 x 5 K-point mesh for both MoO,, and
MoVO,. During structural optimization, the maximum force per
atom was required to decrease below 0.05 eV A~'. The energy
convergence criterion was set at 2 x 10> eV per atom, and the
maximum displacement convergence criterion was set at 2 X
107° A
The Gibbs free energy change can be expressed as

AG = AE + AEpg — TAS + kgT x In 10 x pH

where AE denotes the total energy difference between reactants
and products, obtained via density functional theory calcula-
tions. AE,pg corresponds to the vibrational frequency of the
adsorbed species. AS represents the entropy change, with
temperature T set at 298.15 K.

Convergence testing of the MoO; crystal structure

To ensure the numerical reliability of the computational results,
we conducted systematic convergence tests on the truncated
energy of plane waves and the k-point grid. The tests demon-
strated that when the truncated energy reached 750 eV and the
k-point grid reached 5 x 5 x 5, the total energy variation
consistently fell below the convergence criterion of 1 meV per
atom (Fig. S19).
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