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Abstract
Electrocatalytic  water  splitting  is  a  promising  energy-conversion  technology  for  green
hydrogen (H2) production. However, the high cost and limited availability of noble-metal

catalysts  substantially  impede  its  widespread  commercialization.  Polyoxometalates
(POMs)  and  their  derivatives  have  emerged  as  versatile  and  low-cost  electrocatalytic
alternatives  due  to  their  well-defined  molecular  structures,  tunable  active  centers,
reversible redox characteristics, and robust chemical stability. Most existing POM-related
reviews  merely  focus  broadly  on  generalized  material  applications  or  independently
describe  hydrogen  evolution  reaction  (HER)  and  oxygen  evolution  reaction  (OER)
performance separately, without systematically addressing structural-tuning mechanisms
or the quantitative catalytic advantages of POM-based water-splitting electrocatalysts. To
fill  this  research  gap,  this  review  systematically  summarizes  the  structure-activity
relationship of typical POM frameworks (e.g., Keggin, Wells-Dawson, Anderson) for water
splitting electrocatalysis. Representative POM-based composites and POM-derived metal
compounds exhibit competitive catalytic performance: optimized POM-based electrodes
can achieve overpotentials of 80-150 mV for the HER and 150-300 mV for the OER at a
current density of 10 mA cm-2. We comprehensively analyze the structural advantages of
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POMs in modulating electron transfer and optimizing reaction intermediate adsorption, and further discuss core
limitations  including  insufficient  intrinsic  conductivity,  particle  aggregation,  and  structural  dissolution  during
electrocatalysis. Finally, targeted structural tuning and composite engineering strategies are proposed to advance
the development of high-performance, versatile POM-based electrocatalysts for efficient water splitting.

INTRODUCTION
The energy crisis and environmental degradation have driven advances in clean-energy conversion

technologies. Hydrogen (H
2
), recognized for its substantial energy density and lack of carbon emissions,

stands out as a promising substitute for fossil fuels
[1,2]

. Electrocatalytic water splitting (EWS), which

comprises the cathodic hydrogen evolution reaction (hydrogen evolution reaction (HER); 2e
-
 transfer) and

the anodic oxygen evolution reaction (oxygen evolution reaction (OER); 4e
-
 transfer), provides an effective

pathway for large-scale production of green H
2

[3]
. However, the sluggish kinetics and high overpotentials of

both reactions require efficient electrocatalysts to reduce energy consumption
[4,5]

. Noble-metal-based

catalysts exhibit excellent performance but suffer from scarcity and high cost
[6]

, limiting their large-scale

utilization in EWS
[7-9]

. Meanwhile, non-noble metal catalysts have been widely explored, but they face

challenges such as low conductivity, limited active sites, poor stability
[10,11]

, and difficulty in catalyzing both

HER and OER simultaneously.

Polyoxometalates (POMs), as defined by Herrmann et al.
[12]

, are a class of molecular cluster compounds

composed of early transition metals, such as tungsten (W), molybdenum (Mo), and vanadium (V), in high

oxidation states [Figure 1], and have attracted increasing attention because of their tunable molecular

architectures, abundant redox-active sites, excellent proton/electron transport capabilities, and high chemical

stability
[13-18]

. These features make POMs inherently suitable for EWS, as their metal-oxygen clusters can act

as multi-electron reservoirs to facilitate charge transfer and intermediate conversion
[19,20]

. However, the

inferior activity of pristine POMs suffers from low electrical conductivity and severe agglomeration during

EWS, which substantially suppress their catalytic performance
[21-23]

. To overcome these drawbacks,

multifunctional modification strategies, including hybridization with conductive carriers (carbon-based

substrates, metallic compounds, metal nanoparticles, etc.) and structural regulation (heteroatom doping,

interface engineering), have been extensively adopted to reinforce the aqueous stability of POM anionic

clusters, while simultaneously boosting electron transport efficiency and exposing sufficient accessible active

sites
[24-28]

. Accordingly, POM-based EWS catalysts are regarded as highly promising candidates for efficient,

durable, and low-cost water-splitting catalysis.

The development of POM-based EWS catalysts can be traced back to 1985, when Keita and Nadjo first

reported the HER activity of POMs
[12]

; subsequent investigations have further validated their considerable

potential in EWS systems. Benefiting from tunable molecular structures, reversible redox properties and

well-defined active centers, POM-based catalysts have been extensively explored for performance

optimization. For example, Feng et al.
[29]

 constructed a “proton shuttle” by encapsulating Pt-POM in single-

walled carbon nanotubes (SWCNT), significantly accelerating HER kinetics; Bibi et al.
[30]

 developed a hybrid

Anderson-type POMs that exhibits strong bifunctional catalytic performance, with overpotentials of 80 mV

for the HER and 111 mV for the OER at a current density of 10 mA cm
-2

. These studies demonstrate that

noble metals with high intrinsic activity can be incorporated into POM skeletons at the atomic level with

ultralow loading, thereby maximizing atom utilization and catalytic efficiency. Meanwhile, different

categories of POMs display distinct catalytic preferences toward HER and OER. For instance, Keggin-type

POMs with compact cluster structures are favorable for the HER owing to their superior proton adsorption

capabilities, whereas Wells-Dawson-type POMs with larger frameworks exhibited high OER activity through

multi-metal synergy
[31,32]

. Nevertheless, despite these significant advances, existing reviews lack a systematic
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Figure 1. Schematic illustration of the structural features of Keggin-type POMs (Reproduced with permission from[12]. Copyright 2015,
Royal Society of Chemistry).

analysis of how structural differences among POMs modulate HER/OER selectivity and overall bifunctional

electrocatalytic performance.

To date, a large number of review articles have summarized the advances in POM-based electrocatalysis.

Most existing works either introduce the versatile applications of POMs in various energy fields or discuss

their catalytic performance for HER and OER separately, while few papers systematically compare the

structural features of typical POM families and clarify the inherent correlation between POMs architectures

and their catalytic selectivity toward different half-reactions. In addition, comprehensive discussions on

structural modulation strategies, structure-dependent reaction pathways and practical challenges of POM-

based electrocatalysts for water splitting are still lacking. To fill this research gap, this review focuses on the

structural specificity of POMs and their derivatives, aiming to elaborate the intrinsic link between classical

POM architectures—including Keggin, Wells-Dawson, Anderson structures—and their catalytic functions.

We systematically summarize multidimensional modification strategies for POMs, illustrate how diverse

structures regulate electronic states and catalytic pathways, and analyze current bottlenecks as well as feasible

solutions. This work is expected to provide valuable theoretical guidance for the rational design and

development of high-performance POM-based catalysts for EWS.

REACTION MECHANISM OF POM-BASED MATERIALS TOWARD EWS
The superior EWS catalytic performance of heterostructured POM-based materials originates from their

unique multifunctional structural and electronic advantages
[33-35]

. As electron-deficient polyanionic clusters,

POMs act as reversible electron reservoirs and charge regulators, which can continuously capture and

redistribute interfacial electrons during electrocatalytic reactions, thereby tuning the electronic state of active

centers and diminishing the kinetic barriers of both HER and OER. In particular, the strong interfacial

electronic coupling between POMs and supporting components effectively modulates the adsorption

strength of key water-splitting intermediates (i.e., H*, OH*, and OOH*), avoiding excessive or insufficient

intermediate adsorption that commonly occurs in single-component catalysts
[36,37]

. Meanwhile, the
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multi-metallic active centers and tunable lattice oxygen species of POMs provide abundant intrinsic catalytic

sites, while heterointerfaces formed within the composites further expose accessible surface sites and

accelerate mass and electron transport
[38]

. Such synergistic electronic modulation and structural optimization

endow POM-based heterostructures with bifunctional catalytic capability, enabling efficient and stable

overall water splitting (OWS) over a broad electrochemical window.

OER mechanism and POM structural preference

OER is a sluggish 4e
-
/4H

+
 transfer reaction with high kinetic barriers, and its catalytic mechanism varies with

electrolyte pH
[39-41]

. Yan et al.
[42]

 reported that in alkaline media, hydroxide ions (OH
-
) participate in the

formation of reaction intermediates following the pathway of M-OH → M-O → M-OOH → O
2
 [Figure 2A],

whereas water molecules are directly oxidized under acidic conditions. For POM-based hybrid

electrocatalysts, the inherent topological structures of POM components and strong interfacial electronic

coupling between POMs and supporting substrates jointly regulate the entire OER catalytic pathway,

including intermediate adsorption and conversion
[43,44]

. POMs with open extended frameworks and abundant

polymetallic active sites (Wells-Dawson, Anderson, etc.) exhibit superior structural suitability for OER in

composite systems
[45]

. Their large cluster configurations not only accommodate the multi-step electron

transfer of the four-electron OER process, but also work synergistically with the adjacent substrate phase to

optimize the adsorption strength of key intermediates (*O, *OH, *OOH) and promote efficient O-O bond

coupling
[46]

. Specifically, Wells-Dawson-type POMs (e.g., [P
2
Mo

18
O

62
]

6-
) are composed of two Keggin-derived

subunits connected by bridging oxygen atoms
[47]

. When integrated with metal oxides, carbon materials, or

metal-organic frameworks (MOFs) to form hybrids, the unique dual-subunit structure strengthens

intermetallic synergistic effects at the heterointerface, redistributes interfacial electrons, and further reduces

the energy barrier of the rate-limiting O-O bond formation step. Meanwhile, the open skeleton of such

POMs exposes more accessible active sites in hybrid systems, avoiding the aggregation of individual POM

clusters and maintaining stable adsorption and conversion of OER intermediates. The corresponding OER

equations under acidic and alkaline conditions are given in:

2H
2
O → O

2
 + 4H

+
 + 4e

-
 (acidity)                                                      (1)

4OH
-
 → O

2
 + 2H

2
O + 4e

-
 (alkalinity)                                                  (2)

HER mechanism and POM structural preference

HER is a typical 2e
-
/2H

+
 reduction reaction via Volmer-Heyrovsky or Volmer-Tafel mechanisms

[48]
.

Ahmad et al.
[49]

 proposed that in acidic electrolytes, H
+
 undergoes direct cathodic reduction, whereas water

dissociation acts as the rate-determining step in alkaline media [Figure 2B]. In POM-based hybrid systems,

the compact cluster skeletons and strong proton adsorption capability of specific POMs (Keggin, Silverton,

etc.) endow the composites with natural structural advantages for the HER
[50]

. Unlike pristine POMs, the

combination of POM clusters and conductive substrates forms continuous charge-transfer channels

throughout the hybrid material. The compact molecular configurations of Keggin-type POMs guarantee

favorable proton adsorption and fast charge transfer kinetics at the interface. A representative Keggin-type

POM ([PW
12

O
40

]
3-

) consists of a central {PO
4
} tetrahedron encapsulated by twelve {MO

6
} octahedra

[51]
. Such

dense architectures exhibit excellent redox reversibility. When anchored on metal oxides or carbon-based

supports, intense electronic coupling between the two components modulates the d-band center of active

sites, optimizes the adsorption free energy of adsorbed hydrogen (*H) intermediates following the Sabatier

principle, and effectively accelerates the conversion of adsorbed protons into H
2
 products. Additionally,

POMs serve as "electron sponges" in hybrid systems, reversibly capturing and releasing electrons to

supplement charge carriers and thereby further improving overall HER efficiency. The HER pathways under

different pH conditions are summarized as:



Wang et al. Energy Mater. 2026, 6, 600097 Page 5 of 29

Figure 2. (A) Schematic illustration of feasible OER pathways in acidic and alkaline media (Reproduced with permission from[42]. Copyright
2020, Royal Society of Chemistry). (B) Schematic diagram of potential HER routes in acidic and alkaline media (Reproduced with
permission from[49]. Copyright 2025, Wiley-VCH GmbH).

2H
+
 + 2e

-
 → H

2
 (acidity)                                                                   (3)

2H
2
O + 2e

-
 → H

2
 + 2OH

-
 (alkalinity)                                                       (4)

STRUCTURAL SPECIFICITY OF POMS AND THEIR CATALYTIC ORIENTATION IN EWS
Keggin-type POMs

Keggin-type POMs with the general formula [XM
12

O
40

]
n-

 are the most well-known and versatile POM

archetype, featuring a central tetrahedral {XO
4
} heteroatom template (e.g., P, Si, B) encapsulated by 12 edge-

and corner-sharing {MO
6
} octahedra built from addenda metals (e.g., W, Mo, V)

[52]
. As illustrated in

Figure 3, such compact and highly symmetric topology provides numerous opportunities for structural

modification
[53-56]

. Adjusting central heteroatoms and addendum metals can regulate cluster charge state,

structural stability and redox properties; modifying surface ligands optimizes electrolyte solubility and

intermediate adsorption behavior; doping with transition metals (Cu
2+

, Fe
3+

, Ni
2+

) creates additional catalytic

active sites
[57,58]

. Benefiting from flexible compositional tuning, favorable proton transport and abundant

reversible redox sites, Keggin-type POMs are ideal candidates for high-efficiency HER, OER and bifunctional

OWS electrocatalysis.

Wells-Dawson-type POMs

Wells-Dawson-type POMs are a prominent POM archetype with the general formula [X
2
M

18-n
Y

n
O

62
]

n-
 (X = P,

As, Si; M = Mo, W; Y = V, Cr, Co; n = 1-3), formed by two fused trilacunary Keggin fragments
[59]

. Their rich

structural tunability, via central templates, addenda metals, substituted heteroatoms, surface ligands, and

counter-cations, enables precise modulation of electronic properties and active sites, making them highly
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Figure 3. (A) Overview of common POM archetypes (Reproduced with permission from[52]. Copyright 2024, Wiley-VCH GmbH). (B)
Schematic structure of lacunary POMs (Reproduced with permission from[53]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim). (C) The molecular structure of the polyanions Co4-Dawson-Wells (Reproduced with permission from[54]. Copyright 2012,
American Chemical Society). (D) Dexter-Silverton polyoxometalate microcrystals (Reproduced with permission from[55]. Copyright 2017,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). (E) POM-templated closed Ag clusters (Reproduced with permission from[56].
Copyright 2025, Wiley-VCH GmbH).

promising for OWS. Their structures can be tailored to simultaneously catalyze HER and OER through

optimized proton/electron transfer and intermediate adsorption
[60-62]

.

Anderson-type POMs

Anderson-type POMs, whose general formula is [XM
6
O

24
]

n-
 (2 ≤ n ≤ 8, M denotes an addenda atom and X a

central heteroatom), belong to the fundamental topological frameworks of the POM family
[63]

 and possess a

unique planar hexagonal structure distinct from the aforementioned POM frameworks. Their disc-like

skeleton and high structural symmetry endow them with excellent electronic conductivity and abundant

redox-active sites
[64,65]

. For OWS applications, tuning the central heteroatom, addenda metal atoms, or

modifying the surface with organic ligands enables precise optimization of the electronic structure and

active-site environment
[66-68]

. These modifications regulate the adsorption/desorption behavior of HER and

OER intermediates, accelerate charge-transfer kinetics, and enable efficient and stable bifunctional

electrocatalytic performance in EWS.

Other POM structures

In addition to the aforementioned Keggin, Anderson, and Wells-Dawson, the POM family also includes

numerous other classical structural archetypes, including Lindqvist, Waugh, and Silverton clusters derived

from Dawson skeletons
[69,70]

, as well as distinctive structures such as lacunary, sandwich-type, and wheel-

shaped POMs. Lindqvist POMs feature cage-like hexanuclear metal-oxo clusters with high symmetry and

simple structural configurations
[71-73]

; Waugh POMs possess nonanuclear metal-oxo frameworks with unique

three-dimensional pore channels
[74 ,75]

; Silverton POMs adopt cage architectures containing twelve

coordinating heteroatoms, whose central cavities can accommodate bulky heteroatoms
[76-78]

. Moreover,

lacunary POMs (e.g., mono-lacunary and tri-lacunary Keggin/Dawson species) serve as versatile building

blocks, which can assemble with metal cations and organic chelates to construct various sandwich-type,

extended and wheel-shaped POM clusters.
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MODIFICATION STRATEGIES OF POMS
According to the distinctive structural features and catalytic properties of various POM families described

above, this section systematically summarizes the research progress of POMs and POM-derived composite

catalysts supported on diverse substrates for electrochemical water splitting. By analyzing the catalytic

mechanisms of POMs in different reaction systems, the superior performances of POM-based

electrocatalysts toward the HER and OER are comprehensively evaluated. Despite these merits, pristine

POMs still suffer from intrinsically low electrical conductivity, susceptibility to aggregation, and insufficient

structural stability during long-term electrocatalysis, which greatly limit their practical water-splitting

efficiency. Under these circumstances, the rational introduction of suitable supporting substrates is essential

to modulate the electronic structure, disperse POM active sites, and improve the overall electrode

conductivity. Among various matrix materials, carbon-based supports have emerged as the most versatile

and effective candidates for the modification and functionalization of POMs, because their unique

conductive and structural characteristics can fundamentally remedy the shortcomings of pristine POMs and

further boost the interfacial charge transfer and synergistic electrocatalysis of heterostructured POMs.

Carbon-based POMs

Carbon materials are widely adopted as ideal confined substrates and conductive carriers for POMs, owing

to their rich structural diversity and electrical conductivities of 10
2
-10

6
 S·cm

-1
, thereby greatly accelerating

electron transfer during EWS. Typical 2D carbon materials including graphene and g-C
3
N

4

[79]
 can anchor

POMs via covalent linkage or intercalation confinement. Meanwhile, 3D carbon materials including carbon

nanotubes (CNTs)
[80]

 and microporous carbon
[81]

 can be integrated with POMs through spatial encapsulation

and surface immobilization. Nevertheless, carbon supports tend to undergo structural corrosion under long-

term high-potential oxidation conditions, which inevitably compromises long-term catalytic activity.

Heteroatom doping of carbon frameworks has therefore been developed to optimize surface electronic

configurations and internal charge distributions, thereby markedly enhancing the long-term operational

stability of POMs composites
[82]

.

Graphene oxide

Graphene oxide (GO) possesses outstanding electrical conductivity, a wide electrochemical potential

window, and abundant surface binding sites, and serves as an excellent substrate for immobilizing POM

species
[83]

. For example, Li et al.
[84]

 used H
3
PMo

12
O

40
-PPy/reduced graphene oxide (rGO) as sacrificial

precursors to synthesize Mo
2
C encapsulated in N/P-codoped carbon (NPC) on N/P-codoped reduced

graphene oxide (NPrGO), denoted Mo
2
C@NPC/NPrGO [Figure 4A]. Transmission electron microscopy

(TEM) showed that PMo
12

 was evenly distributed on rGO [Figure 4B]. High-resolution TEM (HRTEM)

images also showed the unique porous structure of the as-obtained material, where 2-5 nm Mo
2
C

nanoparticles were densely dispersed on rGO nanosheets [Figure 4C]. The carbon coating successfully

prevented the aggregation and excessive growth of Mo
2
C NPs. Furthermore, electrochemical tests in 0.5 M

H
2
SO

4
 (three-electrode system, 100 mV s

-1
 indicated that Mo

2
C@NPC/NPrGO exhibited an onset

overpotential of 0 mV and a low overpotential of ~34 mV at 10 mA cm
-2

, superior to commercial Pt/C

(40 mV) [Figure 4D]. These results demonstrated that rGO greatly facilitated the even dispersion of Mo
2
C

NPs and PMo
12

 clusters.

Carbon nanotubes

CNTs serve as typical one-dimensional conductive substrates, possessing a large specific surface area,

outstanding electrical and thermal conductivity, and excellent mechanical stability. These merits make CNTs

ideal hosts for POMs encapsulation and ensure fast multi-electron transfer throughout catalytic processes
[85]

.

Quirós-Díez et al.
[86]

 successfully fabricated the hybrid material 1@CNT by immersing carbon nanotubes in

polar  solvents  to  induce  the  assembly  of  anionic  [V
1 0

O
2 8

]
6 -

 together  with  Na
+

 and
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Figure 4. (A) Preparation of PMo12-PPy/rGO and Mo2C@NPC/NPrGO through an eco-friendly one-pot redox relay reaction. (B) TEM
image of PMo12-PPy/rGO, and (C) HRTEM image of Mo2C@NPC/NPrGO. (D) Polarization curves of Mo2C@NPC, Mo2C@ NPC/NPrGO
and Pt-C for the HER. (Inset: H2 bubble generation on the Mo2C@NPC/NPrGO surface). (A-D) Reproduced with permission from[84].
Copyright 2016, Springer Nature.

tris(hydroxymethyl)aminomethane (TRIS
+
) cations on nanotube surfaces [Figure 5A]. HRTEM images

confirmed that the carbon nanotubes were modified with [V
10

O
28

]
6-

, Na
+
 and TRIS

+
 both internally and

externally [Figure 5B]. The amorphous structure of the as-obtained material provided it with a large specific

surface area and high electrochemical activity. Electrochemical tests in acidic media revealed that 1@CNT

delivered excellent HER performance with an onset potential of -0.07 V [Figure 5C], approaching the

performance of the commercial Pt/C benchmark. For OER, 1@CNT also exhibited a low onset potential

(1.45 V) and overpotential (0.34 V) at 10 mA cm
-2
 [Figure 5D], which outperformed state-of-the-art Ir/C and

IrO
2
/C measured under identical acidic conditions. Combined with the anodic oxidation reaction (AOR)

performance and corresponding reaction pathways depicted in Figure 5E, the results demonstrated that the

[V
10

O
28

]
6-
 moieties on 1@CNT acted as proton sponges to accelerate the OER process. This study identified

regulation of crystal interactions through assembly engineering and modulation of counterion

electrochemical properties as key strategies for constructing high-performance POM-based electrocatalysts

for both HER and OER.

Porous carbon

Porous carbon materials are promising supports for POM-based electrocatalysts, featuring a high specific

surface area and a 3D interconnected pore structure, excellent conductivity and tunable framework

properties
[87 ,88]

. For example, Huang et al.
[89]

 synthesized WS
2
/Co

1
S@N/S-codoped porous carbon

nanocomposite via a one-step vulcanization-carbonization strategy, using phosphotungstic acid

(H
3
PW

12
O

40
)-encapsulated ZF-67 as precursors [Figure 6A]. Scanning electron microscopy (SEM) and TEM

revealed that the High-temperature carbonization of ZIF-67 generated a 3D porous carbon framework
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Figure 5. (A) Scheme illustration of the assembly process of [V10O28]6-, Na+ and TRIS+ to form 1@CNT. (B) HRTEM image of 1@CNT
acquired at 200 kV. (C) Linear sweep voltammetry (LSV) curves of 1/CNT (red), 1@CNT (blue), CNT (black), and commercial Pt/C
benchmark catalyst for the HER. (D) Comparison of the OER catalytic performance of 1/CNT (red) and bare CNT (black), with Ir/C (black
dashed line) and IrO2/C as reference electrocatalysts. (E) Proposed mechanism for EWS over compound 1, involving an OER process
coupled with the AOR. (A-E) Reproduced with permission from[86]. Copyright 2025, Wiley-VCH GmbH.

containing mesopores ranging from 1-50 nm, providing a confined space to inhibit aggregation of 5-10 nm

metal sulfide particles during thermal treatment [Figure 6B and C]. Meanwhile, N/S co-doping enhanced the

electron cloud density of the carbon matrix to promote charge transfer. Electrochemical measurements

demonstrated that the as-obtained composite delivered remarkable HER and OER activities. It achieved a

HER overpotential of 250 mV in 0.5 M H
2
SO

4
 [Figure 6D] and an OER overpotential of 365 mV at

10 mA cm
-2
 in 1 M KOH [Figure 6E]. Mechanistic studies revealed that the superior catalytic activity 

stemmed from the uniform distribution of Co
1-x

S and WS
2
 nanoparticles within the heteroatom-doped 

carbon framework. Specifically, WS
2
 derived from [PW

12
O

40
]

3-
 served as an active component for the 

HER, which significantly increased the density of active sites in the composite. In addition, Cao et al.
[90]

synthesized Ni
3
N and Co nanoparticles supported on N-doped porous carbon (PW-NiCo-NC) by 

calcination, based on the favorable matching of pore and cavity dimensions between ZIF-8/67 and Keggin-

type H
3
PW

12
O

40
 [Figure 6F]. A TEM image confirmed that PW-NiCo-NC displayed a typical hollow cage 

morphology with obvious inner cavities [Figure 6G], in which the active nanoparticles were 

uniformly dispersed on the carbon cage shells. Electrochemical measurements were carried out using 

the device shown in Figure 6H. The catalyst achieved superior HER activity in 1 M KOH, with an 

overpotential of 211 mV and a Tafel slope of 106.9 mV dec
-1
 at 10 mA cm

-2
. Remarkably, the excellent HER 

activity was mainly attributed to the combined merits of POMs and porous carbon, in which POMs 

served as efficient active centers to regulate interfacial electron distribution and enrich catalytic 

sites, and the porous hollow carbon structure enlarged the active surface area and shortened ion/electron 

diffusion pathways, thereby fundamentally optimizing the reaction kinetics of EWS.
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Figure 6. (A) Schematic illustration of the synthesis of WS2/Co1-xS@N/S-codoped carbon nanocomposite. (B) SEM and (C) TEM images
of 20WZ-1000, (D) HER polarization curves of benchmark catalyst 20% Pt/C, and (E) OER polarization curves of benchmark catalysts
IrO2, carbonized/sulfurized W20@Z67 and ZIF-67 under 600, 800 and 1,000 °C. (A-E) Reproduced with permission from[89]. Copyright
2020, Elsevier Ltd. (F) Synthetic scheme, and (G)TEM image of PW-NiCo-NC. (H) Schematic illustration of the EWS device. (F-H)
Reproduced with permission from[90]. Copyright 2023, Wiley-VCH GmbH.

Metal-based POMs

Transition metal compounds have garnered widespread research attention for EWS owing to their natural

abundance, low cost, and tailorable catalytic activity
[91]

. Among them, metal oxides
[92]

, metal sulfides
[93]

, metal

phosphides
[94]

, and metal carbides
[95]

 have been widely explored as EWS catalytic materials. These compounds

possess abundant surface active sites and adjustable electronic structures, enabling strong interfacial

interactions with POMs. As efficient electron reservoirs, POMs can spontaneously modulate interfacial

charge distribution, thereby optimizing the adsorption-desorption processes of catalytic intermediates and

reinforcing the synergistic effect between heterogeneous phases.

Metal oxides

Metal oxides have emerged as an important class of electrocatalytic materials, benefiting from their robust

structural durability, distinctive electronic structures, and adjustable valence state characteristics
[96]

. However,

inherent limitations such as insufficient catalytic activity and ambiguous active site identification persist
[97]

.

Integrating metal oxides with POMs has emerged as an effective strategy to construct rapid charge transfer

interfaces and augment active site density
[98-100]

. Cui et al.
[101]

 synthesized nanoflower-like POM-Fe
0.2

Ni
0.8

Co
2
O

4

heterostructures on nickel foam (NF) via an in-situ hydrothermal strategy [Figure 7A and B]. The introduced

tri-vanadium-substituted Keggin-type POM clusters (PMo
9
V

3
) functioned as electron sponges with abundant

reversible redox centers, while the heterogeneous interface between POM and spinel Fe
0.2

Ni
0.8

Co
2
O

4
 induced

strong electronic modulation and optimized interfacial electron distribution. This unique synergy created

numerous undercoordinated active sites, accelerated proton-coupled electron transfer, and facilitated the

migration as well as adsorption/desorption of reaction intermediates in the EWS process. Meanwhile, the

combination of POM and Fe
0.2

Ni
0.8

Co
2
O

4
 effectively increased the surface roughness and electrochemical

active surface area (ECSA) of the composite
[52]

, further exposing accessible active sites and alleviating particle

aggregation. Benefiting from these favorable characteristics, the POM-Fe
0.2

Ni
0.8

Co
2
O

4
/NF catalyst delivers

exceptional bifunctional catalytic performance. At a current density of 10 mA cm
-2
, it required overpotentials
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Figure 7. (A) Schematic illustration, (B) SEM image of POM-FNCO/NF. (C) HER LSV curves of POM-Fe0.2Ni0.8Co2O/NF and other
reference samples. (A-C) Reproduced with permission from[101]. Copyright 2024, Wiley-VCH GmbH.

of only 89 mV for the HER and 259 mV for the OER, respectively [Figure 7C], outperforming the single-

component POM and Fe
0.2

Ni
0.8

Co
2
O

4
 catalysts as well as commercial noble-metal benchmarks. When

integrated into a two-electrode OWS system, the fabricated electrolyzer required a low cell voltage of 1.58 V

to attain a current density of 10 mA cm
-2
, demonstrating its great potential for practical EWS applications.

Metal sulfides

Metal sulfides suffer from inherently strong metal-sulfur bonding, which limits OER kinetics and hinders

their widespread application in EWS
[102]

. However, incorporating POMs units into metal sulfides has proven

effective in modulating their physicochemical properties, introducing abundant transition metal active sites

and tailoring charge distribution. Gautam et al.
[103]

 further fabricated a POM-coated Zn-Co sulfide nanowire

heterostructure (POM@ZnCoS/NF) on NF via a facile two-step hydrothermal method [Figure 8A]. A TEM

image revealed that POM (PW
12

) nanoparticles were firmly anchored on the surfaces of ZnCoS nanowires

[Figure 8B]. This coating roughened the nanowire surfaces, increased the specific surface area, and enhanced

electrocatalytic activity. When tested using the setup shown in Figure 8C, the POM@ZnCoS/NF electrode

delivered better catalytic performance than commercial Pt/C (for HER) and RuO
2
 (for OER) in 1 M KOH.

For HER, POM@ZnCoS/NF achieved overpotentials of 170 and 337 mV to reach 10 and 40 mA cm
-2

,

respectively. LSV measurements were adopted to evaluate its OER activity, and the catalyst only required

overpotentials of 200 and 300 mV at 20 and 50 mA cm
-2

. Furthermore, Guillen-Soler et al.
[104]

 constructed a

POM/Pd/MoS
2
 heterostructure by integrating molybdenum disulfide (MoS

2
) flakes, palladium (Pd)

nanoparticles, and cobalt-doped POM (Co-POM) [Figure 8D]. The hybrid featured an interwoven fibrous
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Figure 8. (A) Synthetic route for POM@ZnCoS NWs, (B) TEM image of POM@ZnCoS NWs, (C) Generation of O2 and H2 bubbles on the
anode and cathode of the POM@ZnCoS/NF electrode at a cell voltage of 1.5 V. (A-C) Reproduced with permission from[103]. Copyright
2021, Wiley-VCH GmbH. (D) Schematic illustration, (E) Representative field-emission SEM image, (F) HRTEM image of the
POM/Pd/MoS2 hybrid composite. (G) HER and (H) OER polarization curves after ohmic drop correction for the prepared catalysts. (D-H)
Reproduced with permission from[104]. Copyright 2023, Wiley-VCH GmbH.

morphology that substantially increased the specific surface area and exposed more active sites       

[Figure 8E and F]. Benefiting from the synergistic effects among the three components, the 

heterostructure exhibited HER and OER activity comparable to commercial noble-metal catalysts. 

Electrochemical tests in 0.1 M NaOH and 0.5 M H
2
SO

4
 demonstrate onset potentials of 0.10 V (HER) and 

1.45 V (OER). Correspondingly, low overpotentials of 0.08 and 0.25 V were obtained at 10 mA cm
-2

 for 

the HER and OER, respectively [Figure 8G and H]. Moreover, the catalyst maintained robust long-

term durability, sustaining stable electrocatalytic output over 8 h of continuous operation. These 

studies confirmed that combining POMs with metal sulfides provided complementary advantages. The 

unique structural properties of POMs and the distinctive catalytic properties of metal sulfides worked 

together to greatly boost the OWS performance of the as-obtained bifunctional electrocatalysts.
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Metal phosphides

Metal phosphides exhibit high intrinsic HER activity because phosphorus atoms favor proton adsorption,

whereas metal atoms facilitate the adsorption/desorption of hydrogen intermediates
[105]

. Additionally, they

facilitate rapid electron transfer and enhanced OER kinetics
[106]

. However, transition metal phosphides are

often fabricated into working electrodes using binders, which may cause mechanical detachment of active

species or chemical instability
[107,108]

. Owing to the rich surface charge distribution of POMs, their integration

with metal phosphides enables controllable formation of electrostatic interactions, hydrogen bonds, or

covalent bonds, thereby alleviating the aforementioned issues. Integrating POMs with metal phosphides

therefore offers a viable and efficient strategy for the rational design of electrocatalysts with superior activity,

long-term stability, and potential for scalable application. Jiao et al.
[109]

 assembled lamellar precursors from

PMo
12

 clusters and egg white through hydrogen bonds. Subsequent high-temperature phosphorization

treatment enabled the in situ formation of N/P/S-tripledoped carbon layers, transforming the precursors into

porous sheet-structured MoP@NPSC composites [Figure 9A]. HRTEM images showed that well-crystallized

MoP nanoflakes were encapsulated and linked by thin carbon layers, and the distinct lattice spacings of 0.210

and 0.278 nm corresponded to the (101) and (100) crystal planes of MoP, confirming the intimate interfacial

contact between diverse crystalline facets [Figure 9B and C]. Owing to its distinctive porous nanosheet

architecture, the MoP@NPSC composite delivered markedly improved HER catalytic performance. It

achieved a low overpotential of 50 mV at 10 mA cm
-2

, which was much lower than that of pristine MoP

(89 mV) [Figure 9D]. The results confirmed that POM-derived metal phosphides enabled homogeneous

distribution of metal sites and formed intimate interfaces, thereby regulating electronic structures and

hydrogen adsorption properties. Zhao et al.
[110]

 constructed a densely porous phosphide composite

(MoP/MoNiP@NPC-800) via high-temperature pyrolysis using [Ni(2,2'-bipy)
3
][Mo

6
O

19
] (Ni-POM) and

NaH
2
PO

2
·H

2
O as precursors [Figure 9E]. The composite presented a honeycomb-shaped porous aggregate

morphology, and TEM characterization revealed that MoP and MoNiP nanoparticles were encapsulated

within graphitic carbon layers [Figure 9F]. Owing to the synergistic effect of dual MoP/MoNiP active sites

and the stabilizing effect of NPC, the catalyst delivered a low overpotential of 50.4 mV at 10 mA cm
-2
 in 1 M

KOH [Figure 9G], which was lower than the values reported for most previous MoNi-based HER

electrocatalysts. Moreover, electrochemical impedance spectroscopy (EIS) measurements revealed that

MoP/MoNiP@NPC-800 exhibited a smaller Nyquist semicircle than the other four catalysts [Figure 9H]. A

simplified equivalent circuit was adopted to fit the Nyquist plots. The minimum charge-transfer resistance

(R
ct
) of 5.88 Ω indicated the excellent electrical conductivity and fast interfacial charge transfer kinetics of

MoP/MoNiP@NPC. This study further verified that the introduction of POM units could create additional

active sites and thus improve the HER and OER performance of phosphide-based electrocatalysts.

Layered double hydroxides

Transition-metal-based layered double hydroxides (LDHs) exhibit outstanding bifunctional electrocatalytic

activity for HER and OER in alkaline media, primarily due to their favorable nanoarray architectures
[111,112]

.

However, inherent drawbacks such as poor electrical conductivity and limited accessible active sites restrict

their further development
[113]

. Integrating POMs with LDHs has emerged as an effective strategy to address

these limitations by constructing synergistic heterostructures. Wang et al.
[114]

 reported an in situ anchoring

approach to immobilize [PCoW
1 1

O
3 9

]
5 -

 (Co-POM) nanoparticles onto NiFe-LDH nanosheets via

hydrothermal treatment, forming Co-POM@LDH composites [Figure 10A]. TEM and HRTEM lattice

analyses confirmed the formation of three-dimensional heterostructures [Figure 10B and C]. Electrochemical

tests revealed that Co-POM@LDH/NF delivered HER and OER overpotentials of 220 and 226 mV at

10 mA cm
-2

 in 1.0 M KOH, respectively [Figure 10D and E]. More notably, the two-electrode electrolyzer

assembled with Co-POM@LDH/NF as both the anode and cathode required an ultralow cell voltage of

1.51 V to drive OWS at 10 mA cm
-2

 [Figure 10F]. This remarkable performance was attributed to the

abundant Co-POM nanoparticles firmly anchored on LDH nanosheets, which formed heterostructures with

                                                                                            



Page 14 of 29 Wang et al. Energy Mater. 2026, 6, 600097

Figure 9. (A) Schematic of the formation mechanism for MoP@NPSC. (B and C) HRTEM images of MoP@NPSC. (D) HER polarization
curves of bare EWC, MoP, MoP@NPSC, and Pt/C recorded in 1 M KOH at a scan rate of 5 mV s-1. (A-D) Reproduced with permission
from[109]. Copyright 2020, American Chemical Society. (E) Preparation route of the MoP/MoNiP@NPC-800 catalyst via pyrolysis
treatment. (F) TEM image of MoP/MoNiP@NPC-800 (inset: corresponding HRTEM image). (G) HER polarization curves in 1 M KOH, (H)
EIS Nyquist plots of five POM-derived catalysts tested in 1 M KOH (inset: corresponding equivalent circuit). (E-H) Reproduced with
permission from[110]. Copyright 2024, Royal Society of Chemistry.
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numerous active sites and large specific surface areas, thereby accelerating electron and mass transport.

Furthermore, the introduced Co-POM component could offer abundant active species, including Co
2+

 ions

and labile lattice oxygen species, to further boost catalytic reactions. Using a similar approach, Zhang et al.
[115]

synthesized phosphotungstic acid (PTA)-intercalated NiFe-LDH (NiFe-LDH-PTA) electrocatalysts on NF

via a one-step hydrothermal method [Figure 10G]. SEM images revealed that NiFe-LDH-PTA presented a

uniform and ultrathin cross-linked nanosheet structure without any agglomeration [Figure 10H]. Such

structural features enabled NiFe-LDH-PTA to achieve the highest OER activity across all catalysts. Its

overpotentials reached 220 ± 3, 267 ± 5, and 306 ± 8 mV at 100, 300, and 600 mA cm
-2
, far superior to pristine

NiFe-LDH (258, 332 and 411 mV) [Figure 10I]. Given its excellent OER performance, an anion-exchange

membrane (AEM) electrolyzer using NiFe-LDH-PTA||Pt/C as the electrodes was assembled [Figure 10J],

demonstrating great potential for industrial hydrogen generation. Collectively, these works proved that

LDHs were ideal carriers for POMs in bifunctional HER/OER catalysis. Electron-rich POMs effectively

adsorbed H
*
, while electron-deficient LDHs activated H

2
O/OH

-
 and facilitated O-O bond formation with the

assistance of POMs. Additionally, LDHs promoted water dissociation and supplied sufficient H
*
 to accelerate

H
2
 desorption.

Metal nanoparticles

Composites of POMs and metal nanoparticles (MNPs) hold great promise for precisely tailoring charge

distribution and engineering active sites, with POM clusters serving as core electronic modulators governing

the electrocatalytic properties and reaction kinetics of the hybrid system
[116,117]

. Li et al.
[118]

 synthesized Keggin-

type [PW
12

O
40

]
3-
 (PW

12
)/Ag/graphene composites using Ag(H

3
biim)

2
 as both a POM-binding ligand and Ag

precursor [Figure 11A]. An HRTEM image revealed distinct lattice fringes with an interplanar spacing of

0.234 nm, which corresponded to the (111) crystal plane of face-centered cubic (fcc) silver (Ag) [Figure 11B].

The controlled release of Ag
+
 from the Ag(H

3
biim)

2
 during N,N-dimethylformamide (DMF) reflux effectively

suppressed nanoparticle agglomeration, and the presence of PW
12

 further promoted the uniform dispersion

of Ag nanoparticles on graphene. LSV measurements demonstrated that the PW
12

/Ag/graphene-a catalyst

exhibited an overpotential of 540 mV at 10 mA cm
-2

, surpassing pristine graphene, Ag/graphene, and

PW
12

/graphene counterparts [Figure 11C]. This remarkable OER activity stemmed from the synergistic

interplay between PW
12

 and AgNPs, wherein Ag accelerated interfacial electron transfer, whereas the PW
12

cluster functioned as a critical electronic regulator to refine the electronic configuration of Ag and promote

H
2
O activation. Moreover, the multi-oxo bridging skeleton of PW

12
 offered abundant surface oxygen sites

that facilitated O-O bond formation, thus further boosting OER kinetics. Notably, although MNP-decorated

POMs were mainly explored for OER catalysis, the intrinsic redox behavior and flexible electronic structure

of POMs drove the conversion of MNPs from electron-rich to electron-deficient states, ultimately enhancing

their intrinsic catalytic activity. Meanwhile, the graphene support ensured fast electron transport and

structural robustness, collectively contributing to the improved electrocatalytic performance.

MOF-based POMs

MOFs have become ideal host materials for constructing POM-MOF hybrids (POMOFs) owing to their

inherent merits including tunable porous structures, large specific surface areas and customizable functional

sites
[119,120]

. The strong host-guest interaction between POM clusters and MOF skeletons effectively regulates

electronic distribution and accelerates electron transfer, which optimizes the redox behavior of POMs and

produces a pronounced greater-than-additive synergistic effect in EWS. A series of typical POM@MOF

electrocatalysts have been investigated for the HER and OER. For instance, Zhang et al.
[121]

 encapsulated

Keggin-type PMo
12

 clusters into Co-based MOF-74 via a one-step solvothermal strategy to fabricate

PMo
12

@MOF-74 composites [Figure 12A]. The composite exhibited a distinct nanorod morphology, as

observed in Figure 12B. The MoC@CoO catalyst derived from PMo
12

@MOF-74 showed remarkable HER

performance [Figure 12C]. EIS further confirmed its rapid charge transfer capability [Figure 12D]. In
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Figure 10. (A) Synthetic schematic of Co-POM@LDH/NF. (B) TEM and (C) HRTEM images of Co-POM@LDH/NF. (D) HER polarization
curves of Co-POM@LDH/NF, PW12@LDH/NF, Co-POM/NF, Fe2O3/NF, bare NF and Pt/C at 5 mV s-1. (E) OER polarization curves of Co-
POM@LDH/NF, PW12@LDH/NF, Co-POM/NF, Fe2O3/NF, bare NF and IrO2 at 5 mV s-1. (F) Schematic configuration of a two-electrode
electrolyzer using Co-POM@LDH/NF. (A-F) Reproduced with permission from[114]. Copyright 2023, Wiley-VCH GmbH. (G) Fabrication
schematic of NiFe-LDH-PTA grown on NF. (H) SEM image of NiFe-LDH-PTA. (I) OER polarization curves with and without iR
compensation at a scan rate of 2 mV s-1. (J) Schematic illustration of the AEM electrolyzer configuration. (G-J) Reproduced with
permission from[115]. Copyright 2025, American Chemical Society.

addition, Zeb et al.
[122]

 adopted a scalable hydrothermal strategy to synthesize Mo-CuS/NiS/NF on NF using

POM-MOF composites as precursors [Figure 12E]. SEM and TEM images verified the successful synthesis of

the material, which formed vertically aligned and regularly arranged nanorods on the substrate surface

[Figure 12F]. Uniform Mo doping derived from the NiMo
6
 precursor efficiently tuned the electronic

configuration of the composite. Benefiting from the cooperative interactions generated at bimetallic sulfide

heterojunctions, the material provided numerous exposed catalytic sites and drastically lowered the kinetic

barrier toward hydrogen evolution. When tested at 10 mA cm
-2
, the electrocatalyst achieved overpotentials of
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Figure 11. (A) Proposed growth mechanism, (B) HRTEM image of PW12/Ag/graphene-a. (C) LSV curves obtained in 0.1 mol L-1 phosphate-
buffered saline (PBS; pH = 7.0) using a glassy carbon electrode (GCE) modified with a series of graphene-based hybrid catalysts. (A-C)
Reproduced with permission from[118]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

78, 95 and 111 mV in alkaline medium, artificial seawater, and natural seawater, respectively, which

surpassed the catalytic activity of NF loaded with commercial 20% Pt/C [Figure 12G]. Density functional

theory (DFT) simulations uncovered the alkaline HER pathway over Mo-CuS/NiS/NF and validated that the

catalytic reaction followed the Volmer-Heyrovsky route. As visualized in Figure 12H, the complete catalytic

mechanism of HER on Mo-CuS/NiS/NF under alkaline conditions is illustrated, demonstrating that Mo-

doped active centers and CuS/NiS heterointerfaces cooperated to facilitate successive reaction steps: water

capture, H-O bond cleavage, and the subsequent formation and release of H
2
.
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Figure 12. (A) Synthetic schematic diagram, (B) high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image and corresponding elemental distribution mapping of PMo12@MOF-74. (C) LSV curves, (D) Nyquist impedance curves of
MoC@CoO and PMo12@MOF-74 for the HER. (A-D) Reproduced with permission from[121]. Copyright 2025, Wiley-VCH GmbH. (E)
Synthesis scheme, (F) HRTEM image of Mo-CuS/NiS/NF. (G) LSV curves of the synthesized catalysts compared with 20% Pt/C@NF vs.
reversible hydrogen electrode (RHE) for the HER. (H) Illustration of the mechanism of alkaline HER on Mo-CuS/NiS/NF. (E-H)
Reproduced with permission from[122]. Copyright 2025, American Chemical Society.

These studies demonstrated that the outstanding electrocatalytic activity of POMOF hybrid composites

stemmed from their porous MOF frameworks. Such structural backbones supplied numerous accessible

active sites and facilitated rapid mass transport kinetics. Intense electronic coupling at the heterogeneous

interfaces between POM clusters and MOF substrates reshaped the electron distribution of active centers and
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Table 1. Summary of electrocatalytic HER performance for POM-based materials

Support POM

Overpotential
at
10 mA cm-2

(η10)
(mV vs. RHE)

Tafel
slope
(mV
dec-1)

Electrolyte
Cycling
stability
(h)

Morphology Synthesis method Ref.

Ni-Mo2C@N, P
co-doped
carbon

NiMo6O24

η500 = 268 59 0.5 M H2SO4

12

Nanoparticles
uniformly
distributed on
carbon

Supramolecular-confinement
pyrolysis strategy

[123]
η500 = 295 64 1 M KOH

Co9S8@MoS2 PMo12 230 84 1 M KOH 48
Assembled
nanosheets

One-pot calcination [124]

CoP-WP/rGO Co8W18 [125]130 54 0.5 M H2SO4 30

Nanoparticles
distributed on the
thin graphene
layer

Hydrothermal treatment, air
calcination, and phosphorization

C3N4 Mo7O24

164 33 0.5 M H2SO4

48 Cylinders
Hydrothermal, high-
temperature vulcanization

[126]
95 62.1 1 M KOH

Ni MOF [MoO4]2- 35 52.5 1 M KOH 120 Nanosheet array
Hydrothermal, chemical vapor
deposition

[127]

Ag-H2biim
SiW12 112 77

0.5 M H2SO4 10
Homogeneous
fluffy and spongy
surfaces

Hydrothermal [128]
P2W18 91 65

HMCS Co4(PW9)2

25 36 0.5 M H2SO4

60
Hollow
mesoporous
spheres

High-temperature vulcanization [129]
105 43 1 M KOH

MoS2@CC Co2Mo10

120 64 1 M KOH 24
Nanoflower Hydrothermal [130]

153 71 0.5 M H2SO4 25

Zn/Co ZIF-L PMo12 80.6 128 1 M KOH 16
Hexagram-like
porous structure

Self-assembly and high-
temperature vulcanization

[131]

Ni@PTM [Mo7O24]6- 30.1 79.4 1 M KOH 100

Rough layer
decorated with
uniform
nanoparticles

Electrodeposition [132]

HMCS PW9

58 69 0.5 M H2SO4

80
Hollow
mesoporous
carbon spheres

Hydrothermal [133]
60 97 1 M KOH

HMCS: Hollow mesoporous carbon spheres; CC: carbon cloth; PTM: porous titanium mesh; ZIF-L: leaf-like zeolitic imidazolate framework; HER:
hydrogen evolution reaction; POM: polyoxometalate; RHE: reversible hydrogen electrode.

lowered the kinetic barrier of rate-limiting reaction steps. Meanwhile, boosted surface wettability accelerated

electrolyte infiltration and the release of gaseous products. All these structural merits provide useful guidance

for the rational fabrication and performance optimization of robust POMOF composite electrocatalysts

toward efficient EWS.

COMPARISON OF DIFFERENT POM-BASED CATALYSTS IN EWS
Tables 1-3 systematically summarize the electrocatalytic performance of diverse POM-based hybrid

composites for HER, OER, and OWS, respectively. Key parameters, including HER and OER overpotentials

at 10 mA cm
-2

, full water-splitting cell voltage, electrolyte type, cycling stability, catalyst morphology, and

synthesis strategy, are compared. By correlating these performance indicators with POM molecular

structures and corresponding support types, the analysis reveals the dominant effects of cluster topology,

metal coordination environment, defect engineering, and interfacial electronic interaction on the

electrocatalytic behavior. This comprehensive performance overview provides theoretical support for the

rational structural design of highly efficient water-splitting electrocatalysts, and facilitates the practical

evaluation of POM-based materials for industrial-scale EWS.
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Table 2. Summary of electrocatalytic OER performance for POM-based materials

Support POM
Overpotential at 10 mA
cm-2 (η10)
(mV vs. RHE)

Tafel slope
(mV
dec-1)

Electrolyte
Cycling
stability
(h)

Morphology Synthesis method Ref.

ZnFe2O4 P2Mo18 η20 = 270 124.6 1 M KOH 20 Nanoplates Hydrothermal [134]

WS2/WO3@C SiW9 610 65 0.1 M KOH 8
Nanosheets decorated with particles
and rod-like structures

Vulcanization [135]

IF H3PMo12O40 282 45.5 1 M KOH 12 Nanoflowers Facile etching [136]

NiO-Ru/RuO2 [V10O28]6- 300 112 1 M KOH 5.6 Layered-like structure Hydrothermal [137]

PCN [Mo7O24]6- 340 67.4 0.1 M KOH 100 Single-atom Pyrolysis [138]

WS2 Co5W19 297 55 1 M KOH 72 Willow catkin-like structure
Hydrothermal treatment and
vulcanization

[139]

Mg2Al-LDH [Co4(H2O)2(PW9O34)2]10-

567 275
0.1 M sodium phosphate + 1 M
NaNO3

24 Hexagonal layered structures Stirring [140]

464 87
0.1 M sodium borate + 1 M
NaNO3

NH2-MIL-101
Ni4Mo12 332.6 58

1 M KOH 6 Nanoparticles Grinding [141]
Co4Mo12 352.6 54.8

ZIF-67 PW12 306 54 1 M KOH 15 Hollow structure
Chemical etching, cation exchange,
and thermal annealing

[142]

C-Mn2O3 [TiCoW11O40]7- 300 88 1 M KOH 100 Waxberry-like shape Self-assembly [143]

IF: Iron foam; PCN: polymeric carbon nitride; OER: oxygen evolution reaction; POM: polyoxometalate; RHE: reversible hydrogen electrode.

CONCLUSION AND OUTLOOK
This review systematically summarizes the core significance of state-of-the-art progress in POMs and their derivatives for EWS, with emphasis on their structural

modulation strategies and the intrinsic relationship between their architectures and bifunctional electrocatalytic activity for water splitting. We comprehensively discuss

the synthetic methods for POM composites with various supporting materials, including carbides, metallic compounds, and MOFs, as well as cutting-edge advances in

structural construction and rational design of microscale active sites for POM derivatives. Meanwhile, the catalytic pathways and mechanisms of the HER and OER are

also discussed in detail.

Nevertheless, despite encouraging progress achieved to date, numerous critical challenges remain to be addressed for POM-based catalytic materials. For instance,

pristine POMs inherently suffer from low intrinsic electrical conductivity, facile dissolution and leaching in electrolytes, and insufficient long-term stability under harsh
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Table 3. Summary of electrocatalytic OWS performance for POM-based materials

Support POM
HER overpotential at
10 mA cm-2 (η10)
(mV vs. RHE)

OER overpotential at
10 mA cm-2 (η10)
(mV vs. RHE)

Overall water-
splitting voltage
(V)
(j = 10 mA cm-2)

Electrolyte
Cyclic
stability
(h)

Morphology Synthesis method Ref.

NF H6PV3Mo9O40 89 259 1.58 1 M KOH 48 Nanoflower Hydrothermal [101]

NiFe-LDH PCoW11 70 193 1.51 1 M KOH 48
Nanoparticles anchored on
nanosheets

Hydrothermal [114]

WO2-W PW11Ir and PW11Pt 41 250 1.46 1 M KOH 100 Hollow sphere
Organic encapsulation and
calcination

[144]

ZnFe LDH P2Mo18 η20 = 275 η20 = 330 1.54 1 M KOH 40 Porous nano-clusters Hydrothermal [145]

Ni(OH)2 H5PV2Mo10O40 32 243 1.50 1 M KOH 60 Porous ultrathin nanosheets Hydrothermal [146]

Ni3S2/NiMo2 H3O40PW12·xH2O η100 = 275 η100 = 338 1.53 1 M KOH 20 Flower-like nanosheets Hydrothermal [147]

Ni-MOF [P2W18O62]6- 68 107 1.51 1 M KOH 24
Nanoparticles anchored on hexagonal
prisms

Ball-milling [148]

RuO2 SiW10O36 46 142 1.42 0.5M H2SO4 100 Core-shell Electrodeposition [149]

NF: Nickel foam; OER: oxygen evolution reaction; POM: polyoxometalate; RHE: reversible hydrogen electrode; HER: hydrogen evolution reaction;OWS: overall water splitting.

reaction conditions. Meanwhile, the mode of hybridization between POMs and supporting substrates also exerts a substantial influence on the resulting catalytic

performance. Consequently, precise manipulation of POM-based composite architectures remains difficult in most studies, leading to poor catalyst uniformity and

impeding their scalable industrial application. Furthermore, the interfacial interaction mechanisms between POM clusters and supports remain poorly understood, and

structurally analogous composites often display divergent catalytic behaviors, which severely hinder rational development in this field. In addition, the formation

pathways of inorganic catalysts derived from POM precursors have rarely been explored, resulting in poor predictability of the morphology, structure, and composition

of the final derivatives.

Various in situ characterization techniques, including Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and SEM/TEM, and other relevant

testing tools, can not only uncover the microstructural features of POM-based catalysts but also track the structural evolution of POMs during catalytic processes and

provide guidance for structural optimization. These techniques help clarify the advantages of atomic-level regulation and uniform distribution of unique active sites in

POM building units and supports, facilitating the construction of stable, efficient, and mechanistically well-understood electrocatalytic systems. However, such

characterization methods are limited by sophisticated equipment, demanding operational requirements, and restricted experimental environments, which can impede

the advancement of related materials. Accordingly, future research directions are proposed as follows.
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(1) In situ X-ray absorption fine structure (XAFS) spectroscopy should be combined with DFT calculations

to deepen fundamental mechanistic studies of POM-based composites, enabling precise identification of

active sites, real-time monitoring of dynamic structural evolution throughout reactions, and quantitative

analysis of synergistic interactions between POMs and supports.

(2) Multiple targeted structural tuning approaches, including accurate heteroatom incorporation, vacancy

manipulation, and heterostructure construction, should be exploited to synergistically enhance charge-

transport capacity and the stability of catalytic centers in POM-derived electrocatalysts for EWS, while fine-

tuning the adsorption free energies of critical reactive intermediates.

(3) Data-driven tools such as machine learning should be introduced to establish intelligent frameworks for

materials design. Using the extensive performance and structural data summarized in this review and related

literature, these approaches can accelerate the screening of optimal POM configurations, suitable support

combinations, and ideal synthetic parameters.

(4) Industrial water electrolysis applications require intensified investigations into the practical performance

of POM-based catalysts in proton-exchange membrane (PEM) and AEM electrolyzers. By optimizing

interfacial electron transport and membrane-electrode compatibility, durability and overall water-splitting

efficiency should be systematically evaluated under high current densities and strongly acidic or alkaline

conditions. A correlation framework linking half-cell performance to full electrolyzer device performance

should be established to advance the real-world application of POM-derived electrocatalysts for large-scale

clean hydrogen manufacturing.

In summary, POM-based electrocatalysts, with their abundant raw materials and flexible, precisely tunable

structures, are expected to play an important role in renewable energy, biomedicine, and ecological

restoration. This review provides a systematic overview of POM-based composite catalysts in EWS research,

demonstrating that these materials represent promising candidates to support global carbon-neutrality goals

and reduce dependence on fossil fuels. With a deeper understanding of structural regulation principles and

catalytic reaction mechanisms of POMs, they are expected to become highly competitive electrocatalysts for

EWS and play an important role in industrial catalysis.
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