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a b s t r a c t

Improving the surface atoms utilization efficiency of catalysts is extremely important for large-scale H2

production by electrochemical water splitting, but it remains a great challenge. Herein, we reported two

kinds of MoO3-polyoxometalate hybrid nanobelt superstructures (MoO3-POM HNSs, POM=PW12O40 and

SiW12O40) using a simple hydrothermal method. Such superstructure with highly uniform nanoparticles

as building blocks can expose more surface atoms and emanate increased specific surface area. The in-

corporated POMs generated abundant oxygen vacancies, improved the electronic mobility, and modulated

the surface electronic structure of MoO3, allowing to optimize the H∗ adsorption/desorption and dehydro-

genation kinetics of catalyst. Notably, the as-prepared MoO3-PW12O40 HNSs electrodes not only displayed

the low overpotentials of 108mV at 10mA/cm2 current density in 0.5mol/L H2SO4 electrolyte but also

displayed excellent long-term stability. The hydrogen evolution reaction (HER) performance of MoO3-

POM superstructures is significantly better than that of corresponding bulk materials MoO3@PW12O40 and

MoO3@SiW12O40, and the overpotentials are about 8.3 and 4.9 times lower than that of single MoO3. This

work opens an avenue for designing highly surface-exposed catalysts for electrocatalytic H2 production

and other electrochemical applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Rapid consumption of fossil fuels has exposed clear deficien-

cies in future energy and environmental, thus exploring clean and

renewable energy for sustainable development is extremely im-

portant [1–5]. Owing to its eco-friendly and reproducible prop-

erties, hydrogen is perceived as a promising alternative to tradi-

tional fossil fuels [6,7]. Compared to traditional technologies, hy-

drogen production through electrocatalytic water splitting has be-

come a prospective and effective strategy due to its high energy-

conversion efficiency [8,9]. Nevertheless, the sluggish reaction ki-

netics of hydrogen evolution reaction (HER) generally leads to large

extra energy consumption [10,11]. To mitigate the reaction energy

barriers and accelerate the reaction dynamics, advanced catalysts

require to be developed [12,13]. Although precious metal Pt-based

material has been shown to be the most efficient catalyst for HER,

the exorbitant price and scarcity still restrict its large-scale appli-

cations [14,15]. Therefore, it is necessary to explore highly active,

cost-effective, and durable noble metal-free HER electrocatalysts to

achieve the economic production of hydrogen.
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Recently, transition metal derivatives such as oxides, phos-

phides, carbides, and chalcogenides have been exploited as po-

tential substitutes due to their excellent electrochemical proper-

ties [16–19]. Among various transition metal oxides, molybdenum

oxide (MoO3) has attracted much attention because of its spe-

cial electronic and unique stable orthorhombic structure, which

can enable it to build high-quality electronic interface. Several ap-

proaches have been proposed to design the MoO3-based materi-

als to achieve the enhanced catalytic activity, such as doping ele-

ments, vacancy engineering, introducing heterointerfaces, and cou-

pling with conductive carbon supports [20–23]. For example, Xu

et al. reported a petal-shaped two-dimensional MoO3 nanosheets

confining Pd nanoparticles (Pd@MoO3), which only require a low

overpotential of 71mV to maintain the 10mA/cm2 for HER in

acidic electrolyte [24]. Hu et al. presented an efficient amorphous

NiO nanosheets coupled with ultrafine Ni and MoO3 nanoparti-

cles (MoO3/Ni-NiO) with two heterostructures, which only require

a low overpotential of 62mV at 10mA/cm2, outperforming many

materials previously reported [25]. Although great efforts have

been made, the addition of noble metal and poor conductivity, as

well as lack of large number of active sites still restrict its further

large-scale usage.
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Size effect plays a significant role in nanomaterials. When

the size of nanomaterials reduces, the exposure of surface atoms

and specific surface area of materials will show a sharp increase

[26]. Superstructures with highly uniform nanoparticles as build-

ing blocks have gained intensive attention since the photoelec-

tric characteristics are not only determined by the individual

nanoparticle, but also by the optical and electronic communica-

tion between these nanoparticles [27]. Therefore, the engineering

of multi-component MoO3-based hybrid superstructures become a

promising avenue to improve the electrocatalytic performance due

to the possible potential synergetic effect and size-induced new

physical and chemical properties. In this regard, polyoxometalates

(POMs) is one type of promising functional components to im-

prove the electrocatalytic property because of the unique nanos-

tructure and electrochemical characteristics such as high struc-

ture/thermal stability, proton and electron transfer/storage abili-

ties, as well as the instability of its lattice oxygen [28–30]. A large

number of POMs have been employed to construct heterostruc-

ture hybrid catalysts for HER. For example, Yang et al. reported

an effective heterostructure of POM nanoplates and zinc iron ox-

ide (P2Mo18-ZnFe2O4), which exhibit excellent HER performance

with the low overpotentials of 268 and 356mV to achieve 20 and

50mA/cm2 [31]. Wei et al. using POMs anchored zinc cobalt sulfide

nanowire on Ni-foam (PW12@ZnCoS/NF) for HER, remarkable activ-

ity was achieved at a low overpotential of 170 and 330mV, giving

the 20 and 50mA/cm2 [32].

Thought-provoking, if we combine MoO3 with POMs to con-

struct a superstructure hybrid nanomaterial, the unexpected cat-

alytic performance may bring about. Concerned about all this, two

hybrid nanobelt superstructures (MoO3-PW12O40 HNSs and MoO3-

SiW12O40 HNSs) were synthesized using a simple hydrothermal

method via introducing two type of POM clusters into MoO3 sys-

tem during the nucleation stage. Detailed analyses reveal that the

incorporated POMs can generate abundant oxygen vacancies and

achieve higher electronic mobility. Meanwhile, the incorporation

of POMs can provide larger specific surface area, expose more

active sites, and modulate the surface electronic structure, thus

enhancing the HER performance. Thanks to the induced physi-

cal/chemical properties and synergistic effect among various com-

ponents, MoO3-PW12O40 HNSs and MoO3-SiW12O40 HNSs deliver

the excellent HER behavior, exhibiting the overpotentials of 108

and 183mV at 10mA/cm2, with the Tafel slopes of 67.6 and

91.6mV/dec in 0.5mol/L H2SO4 electrolyte. Their overpotentials

are significantly lower than that of corresponding MoO3@PW12O40

(352mV) and MoO3@SiW12O40 (380mV), and about 8.3 and 4.9

times lower than that of MoO3.

The synthesis process of the MoO3-POM HNSs is illustrated

in Fig. 1a, in which two types of POM clusters were intro-

duced to the MoO3 matrix at the nucleation stage. The morphol-

ogy and structure of MoO3-PW12O40 and MoO3-SiW12O40 HNSs

were characterized by scanning electron microscope (SEM), trans-

mission electron microscope (TEM) and X-ray diffraction (XRD).

The SEM images (Fig. 1b and Fig. S1 in Supporting information)

show that although the employed tungsten-based POM clusters

are different, the same morphologies of the products can be ob-

served. The TEM images indicate that plenty of well-distributed

1D thin nanobelts with the thickness about 10nm were formed

(Figs. 1c and d). And we found that the structure of such hybrid

nanobelts were highly ordered. The interplanar spacing was mea-

sured to be 0.39nm, which was assigned to the (011) planes of

MoO3 (Fig. 1e) [33]. Meanwhile, it proved that many monodis-

perse POM particles marked with red circles were incorporated

into MoO3 in an orderly fashion and created abundant defects.

The elemental mappings (Fig. 1f) illustrate the uniform distribu-

tion of Mo, O, W, and P throughout the HNSs. The Mo, O, W, P,

and Si elemental content are confirmed by energy dispersive X-

Fig. 1. (a) Synthesis process schematic of MoO3-POM HNSs. (b) SEM image, (c) TEM

and (d, e) HRTEM images of MoO3-PW12O40 HNSs. (f) Elemental mappings of Mo,

O, P, and W in MoO3-PW12O40 HNSs.

Fig. 2. (a) XRD patterns of MoO3-PW12O40 HNSs. (b) Mo 3d, (c) O 1s, and (d) W 4f

XPS spectrum of MoO3-PW12O40 HNSs and MoO3. (e) The EPR spectrum and (f) N2

adsorption-desorption isotherms of different catalysts.

ray spectroscopy (EDX) and summarized in Table S1 (Supporting

information).

Fig. 2a shows the XRD pattern of MoO3-PW12O40 HNSs, which

is in accordance with the MoO3 phase (PDF#98–0314). The obvi-

ous diffraction peaks located at 23.3°, 25.7°, 27.3°, 46.2° and56.2°
are assigned to the (110), (040), (021), (210), and (231) crystal

planes. While no characteristic peaks related to POM are present
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in the composite, which may be attributed to the low content

and formation of dispersive POM clusters, rather than aggregated

large crystals [34,35]. Such similar result can also be observed for

MoO3-SiW12O40 HNSs (Fig. S4 in Supporting information). Fourier

transform infrared (FTIR) spectroscopy presented in Fig. S5 (Sup-

porting information) offers extremely powerful evidence for the

formation of hybrids since both the characteristic peaks of MoO3

and POM present in the MoO3-POM HNSs. The TGA data (Fig. S6

in Supporting information) demonstrates that the MoO3-PW12O40

HNSs can keep stable when temperature is lower than 600 °C and

the estimated PW12O40 content in the composite is approximately

50.6 wt% [36]. The elemental composition and valence states of

MoO3-PW12O40 HNSs and MoO3 are analyzed by the X-ray pho-

toelectron spectroscopy (XPS). The full XPS spectra demonstrate

the existence of Mo and O elements in MoO3, and Mo, O, W el-

ements for MoO3-PW12O40 HNSs (Fig. S7 in Supporting informa-

tion). The high-resolution XPS spectra of Mo 3d demonstrate that

both Mo5+ and Mo6+ species can be detected from MoO3 (Fig.

2b), two green-filled fitted peaks located at the binding energies

of 232.9 eV and 236.1 eV are derived from Mo 3d5/2 and Mo 3d3/2

of Mo5+, and the other two purple-filled fitted peaks located at

the binding energies of 234.3 eV and 237.4 eV originate from Mo

3d5/2 and Mo 3d3/2 of Mo6+, which demonstrates the generation of

MoO3 phase. Compared to MoO3, the fitted peaks associated with

Mo5+ in MoO3-PW12O40 HNSs disappear, and the position of the

Mo6+ species is negatively shifted by 0.8 eV [37]. The O 1s spectra

is also provided as Fig. 2c. The binding energies at 530.0 eV and

531.3 eV in MoO3 are assigned to Mo-O and oxygen vacancy, re-

spectively [38]. The position of the Mo-O in MoO3-PW12O40 HNSs

is also negatively shifted by 0.8 eV. The intrinsic charge differences

can be resultant from the electron interactions between differ-

ent species, i.e. the electron transfer from POM to MoO3 [39]. In

the W 4f spectrum (Fig. 2d), the orange- and purple-filled fitted

peaks located at the binding energies of 36.2 eV and 38.4 eV are at-

tributed to the W 4f7/2 and W 4f5/2 of W6+, respectively, confirm-

ing the existence of POM in the composite [40]. Moreover, the elec-

tron paramagnetic resonance (EPR) spectra of MoO3 and MoO3-

PW12O40 HNSs were carried out. As demonstrated in Fig. 2e, all the

samples exhibited apparent characteristic signal at g=2.003, and

the corresponding signals are significantly enhanced after form-

ing MoO3-POM hybrid superstructures, which corroborated the in-

troduction of oxygen vacancies into the MoO3 by introducing the

POM into MoO3 system and is consistent with the TEM result [41].

We further synthesized two comparative samples (MoO3@PW12O40

and MoO3@SiW12O40) by adding corresponding POM into the pre-

synthesized MoO3 precursor system under the same experimen-

tal conditions (Fig. S8 in Supporting information). It is observed

that the subsequent introduction of POM into the reaction sys-

tem only led to the formation of aggregated bulks (Fig. S9 in

Supporting information), which demonstrated that the formation

of MoO3-POM HNSs can only occur during the nucleation pro-

cess of MoO3. Immediately afterwards, N2 adsorption-desorption

isotherms were performed to measure the structural properties

of prepared catalysts. As depicted in Fig. 2f, both prepared sam-

ples exhibited type IV isotherms, proving the mesoporous proper-

ties [42]. The Brunauer-Emmett-Teller (BET) specific surface area

of MoO3-PW12O40 HNSs is 19.8 m2/g, which is significantly higher

than MoO3@PW12O40 (6.9 m2/g) and MoO3 (3.4 m2/g). Such larger

surface area can offer more catalytic active sites for electrocat-

alytic reactions and facilitate the contact between the catalyst and

electrolyte. Surface wettability of the catalyst has a considerable

influence on HER performance. The droplet contacts angle (CA)

tests (Fig. S10 in Supporting information) demonstrate that MoO3-

PW12O40 HNSs show a smaller CA of 9.76° than MoO3@PW12O40

(28.9°) and MoO3 (34.04°), proving its super-hydrophilic nature

[43]. To better elaborate the electrochemical performance, the

Fig. 3. (a) LSV curves, (b) Tafel slopes, (c) the detailed overpotentials and Tafel val-

ues of different catalysts in 0.5mol/L H2SO4. (d) Comparison of overpotentials at

10mA/cm2 with other reported similar electrocatalysts. (e) EIS plots of different cat-

alysts in 0.5mol/L H2SO4.

Mott-Schottky curves were measured. Fig. S11 (Supporting infor-

mation) shows that slopes of Mott-Schottky curves are positive,

proving the electrons are main carriers. The conduction band of

MoO3-POM HNSs are more negative than MoO3, which is benefi-

cial to the electron transport during the electrochemical reaction

[44].

To reveal the distinctive role of superstructures in catalytic re-

actions, the HER performance of the as-synthesized samples was

assessed by linear sweep voltammetry (LSV) in a freshly obtained

0.5mol/L H2SO4 aqueous solution. Fig. 3a shows the LSV curves

of prepared samples, bare carbon paper (CP) and commercial Pt/C

catalyst. Firstly, the negligible HER activity of CP can be clearly

observed through a stable baseline. Among the prepared samples,

MoO3-PW12O40 HNSs and MoO3-SiW12O40 HNSs exhibit more im-

pressive HER activity with the lower overpotentials of 108mV and

183mV at the current density of 10mA/cm2, which are smaller

than MoO3@PW12O40 (352mV), MoO3@SiW12O40 (380mV), and

MoO3 (895mV). Even though the HER catalytic activity of MoO3-

PW12O40 HNSs is lower than that of commercial Pt/C catalyst at

10mA/cm2, it can achieve the comparable performance to bench-

mark Pt/C at high current densities. The reaction kinetics and

mechanism of HER was determined by the Tafel slopes, which

are derived from the Tafel equation η =blog|j|+ a (Fig. 3b), where

“b” is the Tafel slope, “j” is the current density, and “a” is the

intercept relative to the exchange current density (j0) [45]. The

Tafel slope of MoO3-PW12O40 HNSs and MoO3-SiW12O40 HNSs

are 67.6mV/dec and 91.6mV/dec, which are smaller than that of

MoO3@PW12O40 (129.3mV/dec), MoO3@SiW12O40 (164.1mV/dec),

and MoO3 (247.9mV/dec), suggesting the more rapid reaction

kinetics at the electrode and electrolyte interface and corre-

sponds to lower overpotentials of MoO3-PW12O40 HNSs and MoO3-

SiW12O40 HNSs. Such small Tafel slope implies that the low ac-
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Fig. 4. (a) Cdl values of various samples. (b) TOF values of MoO3, MoO3@PW12O40 and MoO3-PW12O40 HNSs at an overpotential of 100mV. (c) Multi chronoamperometry

comparison of MoO3-PW12O40 HNSs with MoO3 at current density of 10–100mA/cm2 in 0.5mol/L H2SO4 electrolyte. (d) DEMS measurement of MoO3-PW12O40 HNSs (inset:

the corresponding in situ LSV curve). (e) LSV curves initially and after 1000 CV cycles (inset: the long-term durability tests for 48h).

tivation energy is required to boost the HER kinetics, and the

HER route catalyzed by MoO3-POM HNSs in acidic electrolyte

follows the Volmer-Heyrovsky mechanism [46]. Furthermore, the

MoO3-PW12O40 HNSs and MoO3-SiW12O40 HNSs exhibit the ex-

change current density (j0) of 305 and 288 μA/cm2, which are

higher than MoO3@PW12O40 (240 μA/cm2), MoO3@SiW12O40 (234

μA/cm2), and MoO3 (188 μA/cm2), suggesting the superior intrin-

sic electrocatalytic activity. According to the electrochemical results

in Fig. 3c, it can be inferred that the MoO3-PW12O40 HNSs exhibits

the ultrahigh activity with the lowest overpotential and Tafel slope,

which is better than most previously reported MoO3-, POM- and

other metal oxide-based electrocatalysts, demonstrating its struc-

tural and performance advantages (Fig. 3d, Tables S2 and S3 in

Supporting information). To gain further insights, electrochemical

impedance spectroscopy (EIS) was conducted. The EIS spectra are

depicted in Fig. 3e and reveal that MoO3-POM HNSs possess the

lower charge transfer resistance (Rct) than other comparative sam-

ples (Table S4 in Supporting information), demonstrating the fast

electrochemical reaction kinetics and Faradaic process between the

interface of electrolyte and MoO3-POM HNSs catalysts [47].

The electrochemical active surface area (ECSA) was further es-

timated from the electrochemical double-layer capacitance (Cdl),

which was determined by the cyclic voltammetry (CV) curves at

different scan rates (Fig. S12 in Supporting information). As re-

vealed in Fig. 4a, the Cdl values were calculated to be 28.28,

7.52, 6.85, 3.83, and 1.16 mF/cm2 for MoO3-PW12O40 HNSs, MoO3-

SiW12O40 HNSs, MoO3@PW12O40, MoO3@SiW12O40, and MoO3, re-

spectively [48]. This indicate the hybrid nanobelt superstructures

can expose more active sites in the electrochemical process and

trigger the rapid onset of HER. The polarization curves of MoO3-

PW12O40 HNSs and MoO3 were further normalized by ECSA to rule

out the effect of surface area on catalytic performance. The ECSA

values were obtained by the equation ECSA= (Cdl ×A)/Cs, where A

is the area of working electrode, Cs is the specific capacitance of

the sample (0.015 mF/cm2) [49]. As shown in Fig. S13 (Support-

ing information), MoO3-PW12O40 HNSs displays the higher specific

activity than MoO3 under the same condition, revealing the en-

hanced intrinsic activity of MoO3-PW12O40 HNSs than MoO3 [50].

Additionally, MoO3-PW12O40 HNSs exhibits a turnover frequency

(TOF) of 0.257 s-1 at an overpotential of 100mV (Fig. 4b and Fig.

S14 in Supporting information), which is a 9.5-fold increase over

MoO3 (0.027 s-1) and higher than MoO3@PW12O40 (0.037 s-1) [51].

Multi chronoamperometry result (Fig. 4c) shows that the voltage at

individual current density for MoO3-PW12O40 HNSs is significantly

lower than that of MoO3, demonstrating that MoO3-PW12O40 HNSs

possess more excellent mass transport property and electrocat-

alytic activity than MoO3.

In the next step, the generated gas during the water electrolysis

process was analyzed via in situ differential electrochemical mass

spectrometry (DEMS). As depicted in Fig. 4d, in parallel with the

LSV curve, the H2 generation can be clearly detected by the on-

line analysis record, but no O2 signal is observed, suggesting the

good selectivity of hydrogen evolution of MoO3-PW12O40 HNSs. It

can also be clearly observed that MoO3-PW12O40 HNSs exhibits

higher faradaic ion current than that of MoO3 (Fig. S15 in Sup-

porting information). Moreover, the amount of collected H2 for

MoO3-PW12O40 HNSs is larger than that of MoO3 and match well

with the theoretically calculated value (Fig. S16 in Supporting in-

formation), indicating the nearly 100% faradaic efficiency and bet-

ter electrocatalytic H2 generation performance. These results prove

that the electrolysis has almost no side effects and is beneficial

to the high evolution efficiency of H2 [52]. So as to investigate

the electrocatalytic robustness of the MoO3-PW12O40 HNSs cata-

lyst, successive CV curves have been conducted. As shown in Fig.

4e, the LSV curve of MoO3-PW12O40 HNSs after recycling 1000 cy-

cles shows negligible changes. Also, the chronoamperometry mea-

surement exhibits that there is no obvious activity degradation of

MoO3-PW12O40 HNSs after continuous electrolysis for 48h (the in-

set of Fig. 4e). These results verify that MoO3-PW12O40 HNSs has

good stability in the long-term electrochemical process, illustrating

its potential for practical water splitting applications.

In summary, we have demonstrated that the MoO3-POM

nanobelts superstructures with abundant oxygen vacancies and

highly exposed surface were successfully prepared for use as

the HER catalyst via a simple hydrothermal method. The ob-

tained MoO3-PW12O40 HNSs need a low overpotential of 108mV
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to achieve 10mA/cm2 current density in 0.5mol/L H2SO4 and

show the excellent long-term stability of 48h. Its electrocatalytic

HER performance is not only superior to that of corresponding

MoO3@POM bulk samples and single MoO3, but also better than

most previously reported POMs and MoO3-based electrocatalysts.

Based on experimental characterizations, the excellent HER perfor-

mances of MoO3-PW12O40 HNSs can be attributed to the following

aspects: (i) The MoO3-POM superstructure with rich oxygen vacan-

cies and highly exposed surface provide abundant adsorption and

active sites for the H∗ adsorption; (ii) The incorporation of POMs

improved the electronic mobility and modulated the surface elec-

tronic structure of MoO3, thus accelerating the electron transfer

and optimizing the H∗ adsorption/desorption and dehydrogenation

kinetics. This work offers a novel direction to develop metal oxide-

based catalyst with high atom utilization efficiency for electrocat-

alytic H2 production.
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