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a b s t r a c t

Because of abundant redox activity, broad tunability, and specific atomic structure, polyoxometalates

(POMs or POM) clusters have attracted burgeoning interests in electrochemical especially energy stor-

age fields. Nevertheless, due to the high solubility and fully oxidized state, they often suffer from elec-

trically insulation as well as chemical and electrochemical instability. Traditional noncovalent loading

or covalent grafting of POMs on conductive substrates have been successfully performed to overcome

this problem. However, severe shedding or agglomeration of POMs arising from weak interactions with

substrates or excessive entrapment or weak destruction in conductive supports cause significantly re-

duced availability and stability. To this end, precise confinement of POMs into conductive supports has

been tried to improve their dispersibility and stability. Herein, recent progress of POMs from surface

loading to precise confinement in the electrochemistry energy storage field is reviewed. Firstly, we il-

lustrate the typical non-confinement methods (viz. covalent and non-covalent) for supported POMs in

energy storage applications. Secondly, different strategies for precise confinement of POMs in organic

and inorganic materials for related applications are also discussed. Finally, future research directions

and opportunities for confined POMs, and derived ultrafine nanostructures are also proposed. This re-

view seeks to point out future research directions of supported POMs in the electrochemistry-related

fields.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

With the rapid development of technology and economy, in-

creasing demand and limited resources are gradually conflicting.

Among the large numbers of energy storage technologies, elec-

trochemical energy storage devices such as lithium-ions batteries

(LIBs) [1] and super-capacitors (SCs) [2,3] have become the im-

portant component for next-generation integrated electronics. Gen-

erally, electrode materials with excellent activity and stability are

fundamental parts for building electrochemical energy storage de-

vices [4,5]. Therefore, exploring selective and efficient electrode

materials has become the most important task [6–8]. The search

for earth-abundant, highly-efficient, and environmentally friendly

materials has brought polyoxometalates (POMs) to the forefront
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as active material for high-performance energy storage devices

[9–11] owing to their rich structure, and electronic sponge prop-

erties [12–14].

Specifically, POMs are an exceptional group of metal oxygen

cluster formed by early transition metals of highest oxidation state

[15,16] with reversible multi electron transfer properties and good

chemical stabilities [14,17]. Its thermal and chemical stability can

be adjusted and its structural size can also be turned by changing

the composition [18]. According to their structures, POMs can be

divided into Keggin-type, Dawson type, Anderson type, Silverton

type, Lindqvist type and Waugh type [19]. Among them, Keggin-

type POMs with a size of about 1nm, such as phosphomolybdic

acid (PMo12) and phosphotungstic acid (PW12), have been widely

studied due to their most stable structures [20–22]. Unfortunately,

electrically insulating [23] and high solubility of POMs largely hin-

der their application [24]. Recently, noncovalent loading [25–27] or

covalent grafting of POMs on supports [28–30] have been applied

to loading POMs for electrochemical energy storage applications.

https://doi.org/10.1016/j.cclet.2023.108194
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Each of these linking methods will be explained in detail later in

this review. Despite significant developments in improving POMs

behavior by anchoring onto the conductive substrate, there are still

leaching or agglomeration problems of POMs arising from weak in-

teraction or over-embedding in substrates. This results in low uti-

lization and reduced active site exposure of POMs [25,26,31,32].

To avoid these shortcomings, many organic nano porous materials

such as metal–organic frameworks (MOFs), covalent organic frame-

works (COFs) and a rational designed amorphous polymer hydrogel

with a supermolecule cage [33] have been selected to confine sin-

gle POM molecule to resist sintering [34–39]. More recently, pre-

cise confinement of Keggin-type POM molecules in porous carbon

with certain diameters or a unique porous carbon with a unimodal

super-micropore also have been reported [40].

Considering the above background, the present progress report

provides the development process of POMs in common electro-

chemical energy storage applications from surface loading to pre-

cise confinement. The schematic diagram shown in Fig. 1 illus-

trates the main development history of supported POMs broadly

[12,25,33,41–50]. The first purpose of this review is to illus-

trate typical non-confinement approaches (i.e., covalent, and non-

covalent) for supported POMs in the field of electrochemistry en-

ergy storage. Second, we mainly focus on elucidating state-of-

the-art strategies to confine individual POM molecules in organic

and inorganic materials. The report presented herein also sug-

gest more simple confinement strategies or substrates to improve

the dispersibility and stability of POMs. These efforts can ulti-

mately enhance the single POM molecule dispersibility to induce

their intrinsic activity for advanced electrochemical energy stor-

age systems. Finally, a brief overview of future pathways for con-

fined POMs, and correspondingly derived ultrafine nanostructures

as well as POMs-supported single-atom catalyst is provided, which

sheds some light on the synthesis of ultrasmall non-precious metal

nanostructures for electrocatalysis fields.

Fig. 1. A brief timeline showing the history of development of supported POMs. In-

set images: Porous carbon (PC) supported POM (1981); Polymer supported POM

(1988) [41]. Reproduced with permission [160]. Copyright 2019, Elsevier. POM-

polymer by covalent linking (1992) [42]; POMs confined in zeolites (1996) [43];

Graphene supported POM (1999) [44]; POMs confined in metal–organic frameworks

(MOFs) (2005) [45]. Reproduced with permission [150]. Copyright 2018, Royal Soci-

ety of Chemistry. Carbon nanotube (CNT) supported POM (2006) [46]; POMs con-

fined in CNT (2008) [47]; POM-CNT by covalent linking (2013) [48]; POMs con-

fined in covalent organic frameworks (COF) (2016). Reproduced with permission

[49]. Copyright 2016, American Chemical Society. MXene supported POM (2018)

[25]; POMs confined in polymer hydrogel (2020). Reproduced with permission [33].

Copyright 2020, Royal Society of Chemistry. POMs confined in COF by covalent link-

ing (2021). Reproduced with permission [12]. Copyright 2022, American Chemical

Society. POMs confined in PC of unimodal super-micropore (2022). Reproduced with

permission [40]. Copyright 2022, John Wiley & Sons, Inc.

2. Structure and properties of POMs

Based on their composition, POMs can be divided into isopoly-

acids (IPA) and heteropolyacids (HPA) [50]. In comparison with IPA,

in addition to transition metal ions (complementary atoms) and

oxide ions, HPA also contains one or more elements in the nor-

mal oxidation state (heteroatoms) from the p, d or f regions of

the periodic table [51]. Although these heteroatoms account for a

small proportion of the number of complementary atoms in the

structure of HPA, the structure, composition and properties of HPA

vary greatly from one heteroatom to another. By changing the

type and proportion of heteroatoms and complementary atoms,

HPA shows novel electrochemical performance than the original

structure [52]. Therefore, this paragraph introduces POMs by ana-

lyzing HPA. HPA, as a protonated metal oxidation cluster, can be

expressed as HnAxMyOz, where: A stands for heteroatoms, such

as SiIV and PV; M represents supplemental metal atoms, usually

MoVI, WVI [53]. In the crystal structure of HPA, the transition metal

and oxygen atoms are linked to form oxide crystals through shar-

ing oxygen atoms [54,55]. Besides, the heteroatoms are also con-

nected to each other by sharing adjacent oxygen atoms with metal

atoms [56]. As shown in Fig. 2, according to the ratio of metal

atoms to heteroatoms, HPA can be divided into Keggin and Sil-

verton types (1:12), Dawson and Waugh types (1:9), as well as

Anderson (1:6) and Lindqvist types (6:19). Meanwhile, it can be

divided into tertiary structures by its stacking behavior. The pri-

mary structure is the six structures mentioned above. While the

one consisting of the above molecular structures and bound wa-

ter or other molecules in solid state form is denoted as secondary

structure. For the tertiary structure, it refers to the particles formed

after the stacking and assembly of HPA, including particle size, and

pore structure, which has the greatest influence on the properties

of HPA [20].

Besides, the composition and structure of HPA brings it unique

properties: (1) The structure is changeable and soluble in oxygen-

containing solvents; (2) Stable redox valence states of transition

metals enable them adjusted potential and composition, as well

as good redox properties [57]; (3) Unique basic polyanions acting

as ligands and supports for metals and organometals makes HPA

malleable [58]; (4) The controllable tertiary structure and bulk be-

havior endow HPA with good thermal stability and large molecular

size. Specially, Keggin-type POMs exhibit excellent electrochemical

stability owing to their more stable structure, which can undergo

reversible multiple protons/electrons transfer while maintain stable

structure [59]. Herein, Keggin-type POMs is taken as an example to

illustrate its redox reaction [60]:

Fig. 2. Six fundamental POM structures. By analyzing the ratio of addenda atoms to

hetero atoms, POMs can be divided into: Keggin and Silverton type (1:12), Dawson

and Waugh type (1:9), Anderson type (1:6), Lindqvist type (6:19), respectively.
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Positive:

CoⅡW12O
6−
40 ↔ CoⅢW12O

5−
40 + e− (1)

Φ0 = 1.103 V vs. SHE

Negative:

CoW12O
6−
40 +2e− +2H+ ↔ H2CoW12O

6−
40 (2)

Φ0 = −0.074 V vs. SHE

H2CoW12O
6−
40 +2e− +2H+ ↔ H4CoW12O

6−
40 (3)

Φ0 = −0.191 V vs. SHE

The whole reaction is concentrated on the crystal surface be-

cause the slow reaction of electron with oxygen atoms is a rate-

controlled step [61]. So, the specific surface area of POMs also has

a great influence on its electrochemical performance. Additionally,

its high solubility in polar solutions severely limits its application

[62]. To sum up, uniform dispersion of POMs onto/with conductive

substrate is meaningful for its applications.

POMs were first promoted as molecular cluster batteries by

Awaga and Yoshikawa et al. in 2012 [63]. In POMs-based batteries,

the reversible uptake-release of Li+ or Na+ in POMs and accom-

panied redox reactions make POMs behave like an “electron/ion

sponge” in batteries and supercapacitors (SCs). Generally, SCs con-

tains electrical double-layer capacitor (EDLC) and pseudo capacitor.

During the charging/discharging processes, only physical electro-

static charge accumulates in the EDLC, while fast redox reactions

also occur in pseudo capacitor. So, owing to the “semipermeable

molecular capacitor” redox behaviors and the high stability of the

redox states, POMs can be applied as promising candidates for bat-

teries (e.g., LIBs and sodium-ion batteries (NIBs)) and SCs. The ap-

plication of POMs in the field of LIBs, NIBs and SCs is mainly based

on its multi-electron redox characteristics, and the focus of this re-

view is to summarize the advance of POM from simple loading to

confinement for the mainstream energy storage applications. In or-

der to analyze the evolution of the supported POMs, an overview

will be given from the perspective of the loading strategy (Fig. 3).

Fig. 3. Surface loading and precise confinement strategies of POMs in this review

for electrochemical energy storage.

3. Strategies for supported POMs in batteries and SCs

Note that their solubility in water and organic solvents and

poor conductivity limits the application of utilizing POMs as elec-

trode materials because they cannot readily form insoluble mem-

branes or films on their own. POM–conductive supports is a

promising strategy to solve the poor film-forming and low intrinsic

electronic conductivity problems [64].

To meet the requirements of high energy/power densities and

long cycle life of batteries or SCs, POM molecules should maintain

a stable multi-electron transfer state during charging/discharging

process. Moreover, in order to maximize the performance of POMs,

there are many considerations in the substrate selection and de-

signing. First, the substrate should not only offer stability and re-

cyclability [65], but also provides high surface area [66] and con-

ductivity [67,68]. This can endow the composite with good cyclic

performance and a high loading of POMs. Second, it is desirable

for the substrate to retain the maximum number of active sites

of POMs for its intimate contact with the chemical environment.

Closer contact with the substrate and exposure to more active

sites can stimulate its intrinsic activity. Lastly, electron transfer

is preferred to enhance their activity through charge/carrier syn-

ergy [69]. This requires good conductivity of the substrate to speed

up electron/ion transport. According to the combination forms

of POMs with the substrate, the strategies can be divided into

confinement and non-confinement. Note that the so-called non-

confinement type refers to the way that POMs combine with the

substrate in the form of agglomerated particles or clusters by co-

valent and non-covalent forms. While the confinement means that

POM is confined in the pore of nano porous materials (including

crystalline and amorphous materials) in the single molecule form.

3.1. Non-confinement

For non-confinement-related system, various intermolecular

forces are involved between POMs and substrate (such as polymer,

porous carbon, graphene (or RGO), CNT, MXene), including non-

covalent, and covalent interactions which will be discussed in this

chapter by some examples.

3.1.1. Non-covalent interaction

Polymer supported POMs: Since 1977, Heeger et al. discovered

the electronic conductivity of doped conjugated polymers, the re-

search on organic polymers has obtained wide attention [70]. This

polymer conducts electricity mainly through the delocalized elec-

trons of the main chain, which not only brings efficient capacitive

performance, but also gives it the basis for combining with other

materials [71,72]. They are often used as substrate materials ow-

ing to their low weight and ductile nature [73,74]. It is usually

used to support POMs by physical cross-linking and electrostatic

interaction through its rich functional groups or positive properties

[75–78]. Note that the polymer is usually further treated before

supporting POMs owing to its poor electrical conductivity. For

example, Han et al. have used micro/nanostructured polypyrrole

(PPy) by “soft-template” methods supporting POMs, which pro-

vides improved electrochemical performance than PPy with irreg-

ular morphology due to the reduction of electron diffusion resis-

tance [79].

Porous carbon (PC) supported POMs: Besides polymers, “car-

bon materials” are also widely studied as substrate materials [80].

The “carbon material” here refers to sp2-hybridized carbon of well-

defined nano-structures [81–83]. It has been found that there

is a strong chemisorption between POMs and carbon materials

[84]. Since 1981, Yusuke successfully loaded PW12 and SiW12 onto

commercial activated carbon (AC) by impregnation method [85].

PW12 adsorbed onto AC as electrode materials was applied to SCs

3
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by V. Ruiz., which stimulated the development of the field [86].

This method introduces Faraday behavior into the hybrid mate-

rial, which not only expands the voltage window of the SCs in

acidic liquid electrolyte to 1.6V, but also provides a large capac-

itance of 254 F/g. However, the pore structure of commercial AC

has not been fully utilized, and the supported POMs is still non-

uniform [87]. Later, Pablo Palomino group has attempted to ad-

just the pore size of AC to further improve the capacitance of AC-

supported POMs. Although this report improves the dispersion of

POMs by adjusting the pore size, a large amount of leaching or ag-

gregation of POMs still occurs due to the existence of many meso-

pores [88]. Therefore, the size control of the substrate hole is very

important.

Graphene supported POMs: As a popular carbon nanomaterial,

graphene is essentially a two-dimensional sheet of sp2-hybridized

carbon [89]. Its long-range π-conjugated structure endows it

with excellent chemical/physical properties, and its unique sur-

face structure and large specific surface area also make it a hot

research topic for substrate materials [90,91]. Corresponding SCs

with excellent performance were first prepared by Kunio Awaga’s

team through the natural adsorption of POMs on graphene (Fig.

4a) [92], where PMo12 agglomerates into 2–3nm clusters (Fig. 4b).

To increase the interaction between the two, Bao-Hang Han group

inserted POMs into graphene interlayers to assemble a three-

dimensional porous structure [93]. This structure connected by

anion-π non-covalent interactions involves efficient electron trans-

fer, showing a large specific surface area (680 m2/g). The POMs

were not observed by typical transmission electron microscope

(TEM), which may be attributed to uniform distribution of POMs

Fig. 4. Schematic of non-covalent strategies for POM-graphene. (a, b) Natural ad-

sorption of POM on graphene, and corresponding TEM image. Reproduced with

permission [92]. Copyright 2014, Royal Society of Chemistry. (c, d) Grafting of

PPy-PMo12 by electrostatic interaction on RGO, and corresponding TEM image of

PPy-PMo12/rGO. Reproduced with permission [95]. Copyright 2015, Royal Society

of Chemistry. (e, f) Covalently grafting of PPD-POM obtained by electrostatic in-

teraction on RGO, and corresponding TEM image of PMO12-PPD@rGO. Reproduced

with permission [96]. Copyright 2020, Royal Society of Chemistry. (g, h) Electro-

static bridging POM on RGO by PIL, and corresponding TEM image of POM/PIL/RGO.

Reproduced with permission [97]. Copyright 2014, Wiley-VCH. (i-k) Van der Waals

forces grafting Mo132-DTAB obtained by electrostatic interaction on graphene, and

corresponding TEM image of Mo132-DTAB-EEG, respectively. Reproduced with per-

mission [98]. Copyright 2019, Elsevier. (l-n) Electrostatic bridging Co4W18 on rGO

by PEI and corresponding SEM image, as well as cycling stability of Co4W18-based

Li-S batteries. Reproduced with permission [99]. Copyright 2022, Nature Publishing

Group.

and it is expected to be further studied by advanced characteriza-

tion techniques.

Since POMs is negatively charged, several organic polycations

and molecules have been developed to induce positive charges on

the carbon surface to adsorb POMs [94]. For example, Professor

Lan’s group reported the synthesis of novel PPy–POM/rGO via a

PMo12-mediated one-pot redox strategy (Fig. 4c). In which POMs

acts as the oxidant of pyrrole, then it was connected to the RGO

layer by PPy through electrostatic interaction, forming a negative-

positive-negative electrostatic interaction structure [95]. Although

the designed SC exhibits good rate capability, and mechanical sta-

bility, this strategy still fails to address the ever-present agglom-

eration problem (Fig. 4d), and poor stability [92]. Similarly, the

conductive polymer of polyp-phenylenediamine can also serve as

a bridging agent. For example, Li’s team covalently grafted poly(p-

phenylenediamine) (PPD)-PMo12 on three-dimensional RGO struc-

ture (PPD-PMo12@rGO) (Fig. 4e) [96]. The covalent interaction be-

tween the “bridge” PPD and RGO enables better electrons transfer

from the PMo12 to the RGO. Although this hybrid exhibits a high

specific capacitance (790 F/g at 1mV/s) for SC, the agglomeration

of PMo12 still occur, as nanoparticles larger than 1nm were ob-

served by TEM (Fig. 4f).

To further enhance the interaction with graphene, Lee et al.

use polyconic liquid (PIL) as bridging agent, where PMo12 and

graphene are also firmly connected by negative-positive-negative

electrostatic interaction (Fig. 4g). The composite delivers a high

capacitance density (408 F/g at 0.5 A/g) for SCs due to the im-

proved dispersibility of PMo12 as shown in Fig. 4h [97]. Later,

Samori et al. produced a novel architecture, in which Keplerate-

type POM (Mo132) functionalized with surfactant of DTAB was

linked to graphene (Figs. 4i and j) [98]. However, the low load-

ing, a certain non-unimolecular connected with the introduction

of surfactants lead the reduction of electrical conductivity, caus-

ing the decreased electrochemical performance (Fig. 4k). Surpris-

ingly, in early 2022, with the electrostatic assembly approach, the

positively charged poly(ethyleneimine) (PEI) linker was used to an-

chor monodisperse Co4(PW9O34)2
10− (Co4W18) clusters on the RGO

(Fig. 4l). It can be seen from the Fig. 4m, single molecular frame-

work of Co4W18 were uniformly loaded onto the RGO substrates,

which delivers long-term Li-S battery cycling performance with a

capacity fading of 0.015% per cycle after 1000 cycles at 2 C (Fig. 4n)

[99]. Obviously, the introduction of bridging agent is necessary

to enhance the stability and dispersion of the clusters. Obviously,

non-covalent linking of POMs with RGO is realized by using a pos-

itively charged polymer or PIL as a bridge.

Carbon nanotube supported POMs: Carbon nanotubes (CNTs),

as a conductive carbon material inherited from graphene, also

have unique thermal and electronic properties, making them a

popular choice for the substrate materials [100]. Although it is

lack of pores, its surface defects usually bring abundant nucle-

ation sites for stabilization nanoparticle [101,102]. Initially, the re-

searchers load POMs onto CNT through electron transfer from the

POM to the CNT by ultrasound, which was applicated in molecu-

lar cluster batteries (Fig. 5a), however, similar agglomeration was

still observed as shown in Fig. 5b [103]. Subsequently, the elec-

trostatic bridging strategy is also used for loading POMs on the

surface of carbon nanotubes (CNTs). For example, Toma et al. dec-

orated CNT with organic [(CH3(CH2)3)4N]
+ (TBA) cations bridge

to support anionic [PV2Mo10O40]
5− anions, resulting in a rela-

tively uniform dispersion of PV2Mo10 on CNT (Figs. 5c and d). In

the SWCNT-TBA-PV2Mo10 nanohybrid material, TBA-PV2Mo10 pro-

vides redox activity benefiting from the high electrical conductiv-

ity and high double-layer capacitance of the SWCNTs, bringing im-

proved energy and power density for SCs [26]. However, in ad-

dition to introducing non-conductive molecules, this electrostatic

bonding strategy often brings unnecessary electron transfer and re-

4
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Fig. 5. Schematic of non-covalent strategies for POM-CNT. (a) TBA3[PMo12O40] molecules adsorbed onto the surfaces of CNT by suction filtration. (b) TEM image of the

TBA3[PMo12O40]/CNT. Reproduced with permission [103]. Copyright 2011, John Wiley and Sons Ltd. (c) Electrostatic capture of PV2Mo10 clusters by organic TBA cations on

CNT. (d) TEM image of SWCNT-TBA-PV2Mo10 nanohybrids. Reproduced with permission [26]. Copyright 2015, Royal Society of Chemistry. (e) Electrostatic bridging of POM

on CNT by non-conductive polymer PDDA. (f) SEM image of film from SiMo12/PDDA/PMo12/CNT [105]. Reproduced with permission [105]. Copyright 2011, Elsevier. (g) Layer-

by-layer assembly of GeMoV-polyluminol composite by electrostatic interaction. (h) Capacitance comparison of bare CNTs and CNT modified with different assemble system.

Reproduced with permission [106]. Copyright 2020, Royal Society of Chemistry. (i) Electrostatic linking of POM on CNT by IL. (j) CV comparison of bare CNT and modi-

fied CNT electrodes at 1000mV/s. Reproduced with permission [109]. Copyright 2016, American Chemical Society. (k) Schematic representation of the PMo12/PANI/MWNTs

nanocomposite. (l) TEM image of PMo12/PANI/MWNTs. Reproduced with permission [110]. Copyright 2017, Elsevier.

duces the structural stability of POMs, thus limiting its practical

application in electrochemistry [63,104]. In order to avoid leach-

ing, Keryn Lian’s team also used poly(dimethyldiallylammonium)

(PDDA) as bridge to connect POM with CNT (Fig. 5e). Later, based

on layer-by-layer (LBL) method, CNTs were successfully modified

with inorganic/organic composites as shown in Fig. 5f. By super-

imposing layers of different pseudocapacitive SiMo12 and PMo12,

the POMs exhibited continuous overlapped oxidation/reduction re-

actions and achieved an up to fourfold increase in area spe-

cific capacitance when compared with the double layer capac-

itance of bare MWCNTs. Nevertheless, electrochemically inactive

PDDA induced additional resistance [105]. Alternatively, Keryn Lian

et al. also fabricated an GeMoV-polyluminol hybrid materials for

SCs by using polyluminol (CpLum) and PDDA as organic layers

and Keggin-type POMs as inorganic layer (Fig. 5g). It was found

that the volumetric capacitance exceeds the individual organic

molecule anchored GeMoV electrodes owing to co-contribution of

PDDA (attracting more GeMoV through electrostatic interactions)

and CpLum layer (improving conductivity) (Fig. 5h) [106]. More-

over, another POM/CNT nanohybrids were also assembled through

LBL self-assembly by V. Jawale et al. [107] and Bajwa [108] for

SCs. Owing to the poor electrical conductivity of polymers. By

learning from the early strategy, Keryn Lian et al. further pro-

posed using ionic liquids (IL) to connect them, and it has been

reported that such composites show better capacitor performance

than that with polymer as bridges (Figs. 5i and j) [109]. Sim-

ilarly, polyaniline (PANI) was also applied as bridge to connect

PMo12 and CNT (Fig. 5k). As shown in Fig. 5l, the PMo12 clusters

are attached electrostatically to the PANI/MWNTs composite mate-

rial. The electrochemical performance of the PMo12/PANI/MWNTs

nanocomposite as anode material for LIBs shows an overall dis-

charge capacity of 1000 mAh/g for 100 cycles at a current den-

sity of 0.5mA/cm2 [110]. Clearly, all strategies use intermediate

molecules (e.g., organic cations, IL/PIL, polymer) as “bridges” to

connect POMs to CNT or RGO in a negative-positive-negative man-

ner. However, the agglomeration problem of POM has not been

solved due to the limited and non-directional electrostatic interac-

tions. It can be speculated that these strategies also apply to other

substrates.

MXene supported POMs: Recently, like graphene, MXene ob-

tained by etching the MAX phase in 2011 [111] has attracted much

attention owing to its layered two-dimensional structure, excel-

lent electrical conductivity, and high theoretical capacitance [112–

114]. In recently years, the research on the combination of MXene

and POMs is also increasing. For example, Mo and Fe-based POMs

(MF POM) were in situ anchored on MXene by Hao et al. (Fig.

6a) [115]. The obtained composites can provide good performance

thanks to the synergistic effect of POMs and MXene. This strat-

egy avoids the introduction of third-party materials. However, the

problem of embedding POMs into MXene layers and poor conduc-

tivity problems remain unsolved (Fig. 6b). The Li/Na storage per-

formance can further be improved (Fig. 6c). Despite the successful

combination of MXene and POM, there is still room for improve-

ment, such as the introduction of bridges to improve their conduc-

tivity [116]. More recently, Xu et al. also supported POMs on MX-

ene through interfacial linker PIL with the impregnation method

(Fig. 6d). Clearly, the electrostatic interactions and anion exchange

of PIL not only stabilize POMs on the MXene, but also overcome

the stacking of MXene layers and improve the electron conduc-

tivity. However, the supported POMs also exhibited poor disper-

sion (Fig. 6e), despite showing higher stability for SCs compared to

POM-MXene (Fig. 6f) [25]. In addition to PIL, MXene/POMs hybrid

was also synthesized by embedding the POMs with a PPy layer

[117] or amino-(polyethylene glycol)2000 (NH2-PEG2000) [116] for

sensing applications.

Similarly, Zhu et al. also provided new improvement on

POM/MXene composites by compounding PW12, MXene and PC,

which shows more homogenous distribution of PW12 clusters. In

the composite, PW12 and PC were compounded into the interlayer

of MXene, with no direct physical contact and electron transport

between PW12 and MXene [118]. Nano-dispersion of POMs facili-

tates charge storage through surface capacitive processes (91% at

2mV/s) for SCs. In early 2022, a SiW12-based coordination poly-

mer Zn(itmb)3H2OH2SiW12O40·5H2O with two water-assisted pro-
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Fig. 6. Schematic of non-covalent strategies for POM-MXene. (a) In situ growth of MF POM/MXene composite by coordination. (b) TEM image of MF POM/MXene. (c) Boosted

lithium/sodium contribution by bonding polyoxometalate on MXene nanosheets. Reproduced with permission [115]. Copyright 2021, Wiley-VCH. (d) Electrostatic linking POM

on MXene by poly ionic liquid. (e) STEM image of MXene-PIL-POM. (f) Lifetimes comparison. Reproduced with permission [25]. Copyright 2018, Royal Society of Chemistry. (g)

POM-based coordination polymer [Zn(itmb)3H2O][H2SiW12O40]·5H2O loaded on MXene by filiation. (h) TEM image of [Zn(itmb)3H2O][H2SiW12O40]·5H2O/MXene. (i) Cycling

stability of the corresponding device (20 A/g). Reproduced with permission [119]. Copyright 2022, Wiley-VCH. (j) Charge density distribution of VM POMs/MXene fabricated

by freeze-drying the mixture of POMs and MXene. (k) TEM mage of VM POMs/MXene. (l) Ragone plot of VM POMs/MXene-based rate-capable device. Reproduced with

permission [120]. Copyright 2022, Springer.

ton channels interlayered into the MXene spacers was designed

for the SCs application (Fig. 6g). As shown in Fig. 6h, the SiW12-

based coordination polymer is evenly distributed on the surface

of the ultrathin MXene nanosheets. Moreover, the supercapacitor

device shows desirable capacity retention of 79.0% (10,000 cy-

cles, 20 A/g), suggesting good stability (Fig. 6i) [119]. More re-

cently, a new local electric field concept was firstly utilized to

the POM-based electrode material for lithium batteries, where 2D

VM POM nanoplates connected with MXene by simply mixing two

dispersions. As shown in Fig. 6j, the fast charge transfer occurs

at the interfaces of support and VM POMs. The TEM image of

VM POMs/MXene composites reflects transparent sheet, indicating

the ultrathin thickness of MXene, where the VM POMs are uni-

formly decorated onto (Fig. 6k). Moreover, a high energy density

195.5Wh/kg at power density of 380W/kg is achieved when ap-

plied for SCs (Fig. 6l) [120]. Obviously, 2D MXene is also good

choice of substrates because of their large surface facilitating the

formation of robust interfaces with POMs. The vigorous synergistic

effects can be essentially harvested, especially with strong chem-

ical bonding formed between them. Such a combining can essen-

tially harvest the rich redox-activity of POMs and metallic conduc-

tivity of MXene.

3.1.2. Covalent interaction

By non-covalent bonding with substrate, the composite com-

bines the merits of each component. However, due to the non-

directivity of the force, POMs molecular tend to aggregation and

the overall stability is still unresolved [121]. The covalent bonding

is different from the non-covalent modification process for sup-

ported POMs because it involves a more highly stable link between

POMs and substrates [122]. Note that although covalent-linking can

bring more excellent stability of supported POMs, just as every

coin has two sides, the direct covalent-linking POM onto the sub-

strate also may destroy the structure of POMs to a certain extent.

Besides, covalent grafting rate is not so high.

POMs-polymer by covalent linking: As we known, when POMs

are introduced into the polymer substrate, it is vulnerable to leach-

ing, which further limits its inherent capacitance [28,73]. In com-

parison with electrostatic interactions and hydrogen bonding, cova-

lent bonding is the most stable [123]. Indeed, incorporating POMs

into the side chains [124] and main-chains [123] of traditional

polymers via covalent-bond have been developed. For example, Lu

et al. combined molybdate molecules with poly(phenylene acety-

lene) by forming metal-nitrogen bonds, forming a structure with

multiple polymers linking a molybdate molecule [123]. Alshehri et

al. also creatively used electric polymerization to covalently con-

nect molybdate to PPy chain with imine bond, showing promis-

ing electronic, optical, and electrochemical properties. It showed

the specific capacitance the polymer films are enhanced owing to

the modifying of the PPy film by POMs, and a substantial addi-

tional faradaic contribution is introduced through the POM redox

processes [125].

POMs-RGO by covalent linking: Recently, a “point linking”

method is also presented to covalently link POMs with graphene

[126]. For example, Professor Lan et al. applied a “point-linking”

strategy to anchor MnMo6–2NH2 on graphene surfaces with amino

groups as bridges (Fig. 7a) [127]. In this system, the covalently

connected MnMo6–2NH2–GO ultrathin nanosheets is as thin as
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Fig. 7. Schematic of supported POMs with covalent bonding interaction. (a) MnMo6

anchored on graphene surfaces through Mo–N bond. Reproduced with permission

[127]. Copyright 2020, American Chemical Society. (b) POM grafting on graphene

through metal-O bond. Reproduced with permission [128]. Copyright 2022, Elsevier.

(c) Covalent modification of CNTs with SiW11-NH2. Reproduced with permission

[129]. Copyright 2014, Royal Society of Chemistry. (d) SiW11 grafted with pyrene

by Si-N bond is connected to CNT through π-π stacking interaction. Reproduced

with permission [48]. Copyright 2013, Wiley-VCH. (e-h) HRTEM images of MnMo6–

2NH2–GO-2 [127], rGO/POM [128], CNTs-SiW11 [129] and SWNTs/Py–SiW11 [48]. The

pink circle represents the agglomeration of POM particles.

∼1.1 nm, in which both the covalently linked MnMo6–2NH2 elec-

tron sponge and the covalent bond electron bridge are highly ad-

venturous for battery applications. It shows excellent rate capabil-

ity (301 mAh/g in 5 A/g) and good stability (the capacity retention

is nearly 100% at 1000mA/g over 500 cycles) for LIBs. In addition

to using metal nitrogen as a bridge, Hwang et al. also connected

POM molecules with graphene sheets through metal-oxygen bonds

(Fig. 7b), which gives full play to the synergistic effects of graphene

and POM. An all-redox active hybrid SCs cell with rGO-POM cath-

ode and MXene anode exhibit a maximum specific energy and

power of 50.46Wh/kg and 7000W/kg [128]. However, direct co-

valent linking POM onto graphene not only destroys the structure

of POMs to a certain extent, but also opens the sp2 hybrid orbital

of graphene, resulting in blocked electron transport between POMs

and the substrate.

POMs-CNT by covalent linking: Recently, linking CNT and SiW11

also has been realized by covalent amide bonds created through

the reaction of acyl chloride-functionalized CNTs with POMs

functionalized by organo-amine (Fig. 7c) [129]. The CNTs/NH2–

SiW11nanocomposite exhibits high capacity, good capacity reten-

tion and cycling stability as anode material in LIBs. Besides, Song

et al. also covalently coupled Keggin POMs with the ligand pyrene

through a metal-nitrogen bond, which was then coupled with

SWCNTs through a strong π-π stacking interaction (Fig. 7d). The

SWNTs/Py-SiW11 also manifests higher discharge capacity, and bet-

ter rate capacity and cycling stability than the individual compo-

nents as anode material in LIBs [48]. Although the electrochemi-

cal performance of the composites was enhanced by such stable

binding, there is still the problem of low covalent grafting rate

[130]. It should be noted that all these POMs clusters were ob-

served by transmission electron microscope (TEM) as shown in

Figs. 7e-h, exhibiting the occurrence of aggregation. In fact, it is

difficult to determine the single Keggin-POM molecule with size

smaller than 1.0 nm by TEM because of its resolution and sensitiv-

ity limitations [131]. Covalent ligation may also destroy the struc-

ture of POMs themselves, which is not conducive to the excitation

of intrinsic activity and the improvement of electrochemical per-

formance. Although nonconfinement strategies have been achieved

some progress in immobilizing POMs on conductive supports, the

agglomeration problems, and the lack of studies on intrinsic activ-

ity of real single POM molecule hinders the further development of

POMs. Additionally, direct observations of POMs molecule configu-

rations can help to better understand interactions and to analysis

mechanism at the atomic scale [132].

Based on the above analysis, connecting POMs with supports

by covalent or non-covalent linking has achieves certain success

for improving the performance of POMs for electrochemical en-

ergy storage. The electrochemical performance of supported POMs

is given in Tables 1 and 2 [133]. For a single POM cluster, if each

reaction site of a single molecule can be guaranteed to be homo-

geneous, then the corresponding energy storage or catalytic system

should possess a thermodynamic optimum at a single molecule or

even a single atom level. That is, if the design of individual molec-

ular clusters is sufficiently elaborate, the recognition and interac-

tion of molecules can be more specific. Therefore, precise confine-

ment of POMs is needed to explore more new phenomena, new

systems, new mechanisms, and new applications. Compared with

the synergy between multiple components, a single POM molecule

by confinement would stimulate more application potential.

The rate of material transport, especially the rate of diffusion

and migration, is highly dependent on the local microenvironment.

Compared with non-confinement strategy, the nanopore-encaged

POMs exhibit superior electrochemical performance as well as high

stability endowed due to the stimulation of intrinsic activity by the

host [50]. In addition, the synergistic effect of confined POMs and

host frameworks can further promote the electrochemical perfor-

mance of confined system. POMs confined in organic and inorganic

substrates have played increasing important roles in the field of

energy storage. So, considering the great advantages of both POMs

and conductive substrates, the fabrication of confined structures

is more attractive, and the excellent performance is also expected

from these systems with more accessible active sites.

3.2. Confinement

In recent years, organic porous materials with uniform porous

structures (e.g., organic polymer hydrogel [134], MOFs [135] and

COFs [11,136]) as well as inorganic porous martials (e.g., CNTs

[137] and PC [50]), have been used to confine and stabilize POMs

to investigate more fundamental mechanisms. This section pro-

vides an overview on the different nanomaterials on dispersibility,

structure, electronic properties, and electrochemical energy storage

performance of confined POMs. It should be noted that even weak

van der Waals interactions in confined space can strongly influence

the behaviors of single POM molecule [138,139].

3.2.1. Confinement in organic substrates

As we known, organic nano porous materials (e.g., MOFs, MOFs)

have been proven to be ideal substrates to confine POMs [140,141],

because MOFs possess orderly distributed small pores (<3nm)

[142] and good stability [143,144]. While it should be noted that

confinement of POM cluster is generally achieved by screening

subject porous materials with appropriate pore sizes.

POMs confined in MOFs/COFs: The dissolution of POMs can

also be prevented by embedding them in the MOF cavity, be-

cause they have fully complementary dimensions [145–147]. For

example. the diameter of the ZIF-67 cavity is about 1.16nm while

size of the Keggin-POMs is about 1.0 nm [148]. Since first utiliza-

tion of POMOF in rechargeable LIBs for the first time, there ap-

peared numerous MOF-based POM applications in energy storage

[149]. Sharma et al. prepared POM@ZIF-67 composites by one-step

in situ synthesis strategy, which shows excellent supercapacitor
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Table 1

Electrochemical performance of supported POMs-based SCs.

Supported POMs Capacitance (Three-electrode) Energy densities

(Device)

Power densities

(Device)

Cycle life Ref.

PW12@PPy 434 mF/cm2 2.33 mWh/cm3 54mW/cm3 Capacity retention of 83%−84% over 5000 cycles

with charge/discharge cycles at 11mA/cm2

[74]

PMo12@PPy 374 mF/cm2 1.5 mWh/cm3 47mW/cm3

PMo12/PPy 400 F/g – – – [79]

AC–PW12 254 F/g 4.96Wh/kg 115 kW/kg (Max.) 98% capacitance retention after 30000 cycles at

6 A/g

[86]

PMo12/AC 285 F/g 10.2Wh/kg 15.5 kW/kg – [88]

PPy-PMo12/rGO 360 F/g – – – [95]

PPD-PMo12@rGO 790 F/g (1mV/s) – – Capacity retention of 90.5% after 30000 cycles [96]

PMo12/PIL/RGO 456 F/g (10mV/s) 56Wh/kg 52 kW/kg 98% retention of the capacitance with GCD

cycles at 10 A/g

[97]

Mo132-DTAB-EEG 65 F/g (1mV/s) – – Capacity retention of ∼99% (5000 cycles at

100mV/s)

[98]

SWCNT-TBA-PV2Mo10 224 mF/cm2 (1mA/cm2) 15.4Wh/kg 15.7 kW/kg Retaining 95% of its specific capacitance after

6500 cycles

[26]

MWCNT/PMo12/SiMo12 2.68± 0.34 F/cm2 (50mV/s) – – – [105]

MWCNT/SiMo12/PMo12 1.93± 0.20 F/cm2 (50mV/s)

GeMoV-PDDA-CpLum-CNT 80.7± 6.5 F/cm3 (100mV/s) – – – [106]

PMo10V2
3 – – – [108]

PMo12−MWCNT 84 F/cm3

Dual-layer MWCNT 158 F/cm3 (100mV/s)

MWCNT-PIL-GeMo12 85 F/cm3 – – PIL dual layer composite maintained over 70%

of this capacitance at a fast rate of 2 V/s

[109]

MWCNT-PDDA-GeMo12 111 F/cm3

MWCNT-PIL/GeMo12–SiMo12 191.2 F/cm3 (100mV/s)

MXene/AC/TEAPW12 87 F/g (1mV/s) 14.2Wh/kg 540W/kg 92% of its initial capacitance remained after

10,000 cycles at 1 A/g

[118]

[Zn(itmb)3H2O]2
4+/SiW12@Ti3C2Tx 1480 F/g (5 A/g) 32.2Wh/kg 2397.5W/kg Capacity retention of 79.0% after 10000 cycles

at 20 A/g

[119]

VM POMs/MXenes 195.5Wh/kg 380W/kg Capacity retention of 80.0% after 1200 cycles at

0.6 A/g

[120]

POMs-PPy 53 F/g (250mV/s) Retain 95% of its initial capacitance over 1200

cycles

[125]

rGO-PMo12 631 F/g (5 A/g) 50.46Wh/kg 7000W/kg Capacitance retention of 87.12% over 10,000

cycles

[128]

Table 2

Electrochemical performance of supported POMs-based batteries.

Battery Composite material Voltage window (V) Specific capacities a Cycle life Ref.

Li-ion batteries PVIMo–ZnPOM/C/S 1.6—3.0 1450 mAh/g (0.5 C) Capacity retention of 97.6%

after 120 cycles

[75]

POM/RGO(PMo12/RGO) 1.5—4.2 140 Ah/kg – [92]

[Co4W18]/rGO/S 2.7—1.8 1251mAh/g (0.168 A/gs) Capacity fading of 0.015% per

cycle after 1000 cycles at 2 C

(i.e., 3.36 A/g)

[99]

POM/SWNT(TBA3[PMo12O40]) 1.5—4.2 320 Ah/kg – [103]

MnMo6–2NH2–GO-2 0—3.0 1642 mAh/g (100mA/g) Capacity retention is nearly

100% at 1000mA/g over 500

cycles

[127]

CNTs–SiW11 0—3.0 650 mAh/g (0.5mA/cm2) Capacitance remains stable up

to 100 cycles

[129]

SWNTs/Py–SiW11 0—3.0 580 mAh/g (0.5mA/cm2) Discharge capacity of 580

mAh/g ramains for up to 100

cycles

[48]

SWNT/Anderson

nanocomposite

0—3.0 1287.8 mAh/g

(0.5mA/cm2)

Capacity retention of 27.4% for

100 cycles

[130]

Co-PMo/CNTs 0—3.0 820 mAh/g (0.5mA/cm2) Capacity barely loss after the

initial decay for 450 cycles at

2000mA/g

[133]

Na-ion batteries MF POMs/MXenes//AC – 58.7Wh/kg ∼99% capacity retention after

800 cycles at 1.0 A/g

[115]

a Specific capacities of battery are all recorded after the initial capacity loss.

performance. This complementary dimensional cavity and sharing

of ammonium decavanadate resulted in tighter binding of POMs

and ZIF-67 [141]. However, MOF has low electrical conductivity

and is not conducive to electrochemical applications. In a recent

work, POMs are immobilized in MOF cages by one-step hydrother-

mal synthesis strategies to avoid the leaching of POMs (Figs. 8a

and b). To enhance the conductivity, ILs was introduced into the

POMs@MOF by anion-exchange reaction. As shown in Fig. 8c, the

PMo10V2-ILs@MIL-100 as the anode material for LIBs, shows su-

perior high-rate capability and cycling stability (maintains a ca-

pacity of about 600 mAh/g after 400 cycles at 1 A/g) [150]. Also,

POMs were confined into three-dimensional metal organic carbene

frameworks (MCNCs) by hydrothermally route. Similarly, in order

to improve the electrical conductivity, they were combined with

the SWNTs and the reversible multielectron redox behavior and

electron storage functions of POMs are guaranteed (Figs. 8d and

8
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Fig. 8. Confinement of POM in organic nano-porous materials. (a-c) Molecular model and TEM image of PMo10V2-Ils@MIL-100 crystals. Corresponding CV profiles at a scan

rate of 0.1mV/s. Reproduced with permission [150]. Copyright 2018, Royal Society of Chemistry. (d-f) Molecular model and SEM image of POMs@MCNCs/SWNT composites.

Corresponding CV profiles in the range of 0.01–3V at a scan rate of 0.1mV/s. Reproduced with permission [151]. Copyright 2018, American Chemical Society. (g-i) Van der

Waals loading PMo12/MIL-88B onto GO and corresponding STEM image, as well as cycling stability of PMo12/MIL-88B-based Li-S batteries. Reproduced with permission [99].

Copyright 2022, Nature Publishing Group. (j-l) One-step in situ confine PMo12 in PPy/CNT hydrogel and STEM images of PMo12/PPy/CNT hydrogel, as well as CV curves of

PMo12/PPy/CNT at different scan rates [33]. Reproduced with permission [33]. Copyright 2020, Royal Society of Chemistry.

e). The obtained POMs@MCNCs/SWNT composite excellent elec-

trochemical performance and good stability as anode materials of

LIBs (Fig. 8f) [151]. In a recent study, surfactant-assisted media is

also used to confine POMs in MOFs. Also, by a simple sonication-

driven functionalization strategy, to overcome the poor conductiv-

ity of POMs@MOF, the POMs@MOF was also loaded on the CNT,

achieving increased effective sites and excellent conductivity [133].

Besides, recently, PMo12 clusters confined by MOF (MIL-BB) was

also supported onto conductive substrate of RGO by continuous

sonication based on van der Waals forces (Figs. 8g and h). Due to

their reversible multielectron redox property and high ionic con-

ductivity, the PMo12/MIL-88B/GO composites show a high coulom-

bic efficiency (51.0%) and an excellent capacity performance (214.2

mAh/g for 600 cycles at 2.0 A/g) for NIBs (Fig. 8i) [152]. Similarly,

POM-based MOFs (POMOFs) supported on RGO was also prepared

for LIBs by Professor Lan’s group. Thanks to the multi-electron re-

dox properties of POMs, open frameworks of MOFs, and high elec-

tronic conductivity of RGO, the resultant composite can buffer the

volume expansion, leading to superhigh capacity and rate perfor-

mances. Moreover, the hybrid also demonstrates the hybrid behav-

ior of battery and supercapacitor [149]. However, as shown in Figs.

8b, e and h, because MOF is not resistant to radiation, it is diffi-

cult to observe the dispersed particles in the electron microscope

image as given in the report [140,153–155].

POMs confined in conductive polymer hydrogel: Compared

to traditional polymer, hydrogels are usually synthesized with

crosslinker as “bridges” between polymer chains. Different from

traditional conductive polymers, conductive polymer hydrogels

(CPH) possess more excellent properties [156,157]. Specifically, CPH

possess the characteristics of both conductive polymers and unique

advantages endowed by their structure [158]: (1) 3D structure

providing a conductive and mechanically robust framework; (2)

Continuous conductive backbones promoting charge transport; (3)

Porous structure accelerating the diffusion of ions and molecules;

(4) Expansion property delving an additional effective interface

between the molecular chain and the solution phase. In addi-

tion to physical and morphological properties, conductive poly-

mer hydrogels also manifest improved mechanical properties [159],

which can even be controlled by changing crosslinker molecules to

achieve supramolecular self-assembly [156]. These excellent prop-

erties make conductive polymer hydrogel an ideal substrate for

supporting or confining POMs. Accordingly, in recent studies, our

group achieved a supramolecular confinement of single PMo12
clusters in a PPy hydrogel-wrapped CNT framework by space-

electrostatic confinement interactions (Fig. 8j) [33], Specifically, we

first calculated the interaction between the cross-linking agent

tetrafunctional group (4-carboxyphenyl)porphyrin (TCPP) and PPy

through density functional theory [160], and found that the

space distance of the pore connected by TCPP and PPy is about

1.8 nm, which can obviously confine Keggin-type POM molecules

(∼1.05nm). The color enhanced Z-contrast SEM image results show

uniform distribution of PMo12 (Fig. 8k), exhibiting excellent rate

performance of SCs (Fig. 8l) and better cycling performance than

the traditional composite materials in the charge-discharge pro-

cess. Clearly, this strategy can be expanded to confine various

POMs with size of ∼1nm. In fact, due to the general conductivity
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of the polymer, a lot of effort is also spent in the process of collect-

ing electron microscopy pictures of PMo12 in this hybrid hydrogel.

Reductions of the accelerating voltage and the exposure time as

well as careful control of the electron beam current can be applied

to obtain high-resolution imaging of POMs in the hybrid hydrogel

[155,161].

3.2.2. Confinement in inorganic substrates

As mentioned above, due to the limitation of detection technol-

ogy, the chemical structures of the POMs-substrate interface have

not been completely understood [162,163]. Therefore, most experi-

mental studies focus on the macroscopic properties of composites,

and the mechanism is still need to be studied [164]. Recently, both

operando X-ray absorption fine spectra [63] and solid-state nuclear

magnetic resonance (NMR) spectroscopy [165,166] have been per-

formed to understand the interact mechanisms between POMs and

substrates. It is impressive to electrically “connect” individual POM

molecules to the conductive substrates to maximize its electron

transfer activities. Moreover, the inorganic conductive substrate is

more resistant to radiation, and it is more conducive to the col-

lection of electron microscopy samples of POMs clusters on con-

ductive substrates (e.g., CNT). In recent years, exploring more con-

ductive substrate with precise cage or pore to confine single POM

molecule to address the global energy challenges is also in pro-

cessing.

POMs confined in CNT: In addition to the organic nano porous

supports, recently, connecting POMs with an arc-discharge SWNTs

with average diameters of 1.4 nm also has been reported [167,168].

In order to fill the CNT with POMs, a high concentration of acid

was used to open the seal of the CNT [137]. Then the CNT en-

capsulated POMs was obtained by ultrasound it with POMs so-

lution. Studies have shown that spontaneous redox reaction be-

tween POMs and CNT is a driving force for encapsulating [169].

It should be noted that the encapsulation of POMs of negative

charge into the SWNTs with positive charge is mainly attributed

to the transferred electron from the host to the inner guests (Fig.

9a). Besides, POM in one dimensional CNT can make better use of

the proton conductivity of CNT, which shows relative-stable elec-

trochemical performance (Fig. 9b). As shown in Fig. 9c, the dark-

contrast POMs are 1.0–1.8 nm wide, indicating different orienta-

tions of POMs within the SWNT cavities [23]. However, encap-

sulated POM is completely covered by CNT, not only obstructing

their interaction with the environment, but also reconfigures the

electron of POMs [170]. Clearly, it is not conducive to the per-

fect exposure of POM active sites in electrochemical applications,

limiting the improvement of electrochemical performance. There-

fore, encapsulated POMs in CNT are mostly used in the screening

of CNT and other applications [137]. Despite significant progress

being made in the synthesis technologies of CNTs with different

diameters and morphologies, the confinement of POMs is still be

limited by the size of the CNT.

POMs confined in micro-PC: In fact, local structural image in-

formation of single POM cluster within crystalline conductive nano

porous materials can be detected by Cs-corrected high angle dark

field spherical aberration electron microscope. However, the tem-

porary or permanent destroy of MOF or polymer hydrogel can be

caused by the highly energetic electron beam, which limits the

determining of confined POMs in the framework [140,171]. Ac-

cordingly, carbon materials, especially PC, become ideal confined

substrates owing to their high conductivity and excellent stabil-

ity [172]. Considering the developments, in early 2022, we pre-

cisely confined Keggin-type POM molecules in a designed micro-

PC with unique super-micropore of ∼1.09nm (Fig. 9d) [50]. As

shown in Fig. 9c, homogeneously distributed bright dots of uni-

formly distributed PMo12 with size of ∼0.70± 0.05nm are ob-

served in PMo12@micro-PC. Due to the precise confinement, the

Fig. 9. (a) Encapsulating POMs in SWNTs by spontaneous redox reaction. (b) Elec-

trochemical performance of POM@SWCNT. (c) Corresponding TEM images, and

molecular models of POMs@SWCNTs. Reproduced with permission [169]. Copy-

right 2022, John Wiley and Sons Ltd. (c) Schematic view of the precise confine-

ment of PMo12 in micro-PC. (d) Schematic illustration of the precise confinement

of PMo12 in micro-PC. (e) High-angle annular dark-field scanning TEM image of

PMo12@micro-PC. (f, g) CV curves of PMo12@micro-PC at different potential ranges.

Reproduced with permission [22]. Copyright 2022, Wiley-VCH. All copied with per-

mission.

confined POM molecule delvers an unpresented multi-electron

redox-activity. By DFT causation, it was found that the sufficient

activity center exposure and maximum electron-transfer from PC

host to POMs guest stabilizes the confined guest molecule (Fig.

9c inset). This precise confinement optimizes the active electronic

states of POMs (Fig. 9e) and broadens the potential window (Figs.

9f and g). Compared to traditional POM-carbon materials, the pre-

cise confinement of POM in PC leads to a higher capacitance. This

micro-PC shows prominent advantages in confining and stabiliz-

ing Keggin-type POMs, which suggest a future research’s directions

for confined POMs in energy fields. The specific values for the en-

ergy/power densities and cycle life of confined-POMs have been

summarized in Tables 3 and 4. Clearly, when the POM behaviors

in single-molecule state, the scale in nanoscale, what we see in the

electron microscopy may not be a true local structure. If the detec-

tion accuracy is not improved and only the overall average perfor-

mance of the material is pursued, the statistical distribution of sin-

gle molecules or even single atoms cannot be reflected. Therefore,

there are higher requirements for characterization from manome-

ters to angstroms, spatial resolution, and detection data acquisition

rate. In situ characterization techniques such as pump-probe X-ray

detection can provide a glimpse into the process of electron trans-

fer, which can be used to study the electron transfer interaction

between POMs and substrates.

4. Summary and outlook

This review briefly summarizes the recent progress from sur-

face loading to precise confinement of POMs for mainstream elec-

trochemical energy storage applications. The advantages and dis-

advantages of different loading strategies have been summarized

in Table 5. According to the loading strategy, surface loading and

precise confinement strategies are applied to taking advantage of
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Table 3

Electrochemical performance of confined POMs-based SCs.

Confined POMs Capacitance (Three electrode) Energy densities Power densities Cycle life Ref.

POMs@ZIF-67 – 19.7Wh/kg 1342.6W/kg 89% for 5000 cycles [141]

PMo10V2@ZIF-67 765 F/g (5mV/s) 20.9Wh/kg 702W/kg Cycling retention of 106.4% after 5000 cycles at 5 A/g [148]

PMo12/PPy/CNT 1170 F/g (1 A/g) 67.5 μWh/cm2 700 μW/cm2 Capacitance retention of 85.7% after 3000 cycles [33]

PMo12/PPy 776 F/g (0.5 A/g) 50.66Wh/kg 750W/kg 80% for 1000 cycles [160]

Table 4

Electrochemical performance of confined POMs-based batteries.

Battery POM composite material Voltage window (V) Specific capacities

(mAh/g)

Cycle life Ref.

Li-ion batteries PMo10V2/RGO 0.01—3.0 1519 (50mA/g) ∼70% capacity remains after 100 cycles [149]

PMo10V2-ILs@MIL-100 0.01—3.0 1114 (0.1 A/g) The capacitance has hardly dropped after

100 cycles at 0.1 A/g

[150]

PW12@MCNCs-1/SWNT 0—3.0 859 (0.1 A/g) Even after 70 cycles, the reversible

capacity remains at ∼93%

[151]

PMo12/MIL-88B/GO 0.01—3.0 859 (0.1 A/g) 214.2 mAh/g for 600 cycles at 2.0 A/g [152]

Na-ion batteries PMo12/MOFs/GO 0.01—3.0 430 (0.2 A/g) Stabilized at 288.2 mAh/g after 100 cycles [153]

PMo12@SWNT 0—3.0 210 (0.75 A/g) ∼100% [170]

Table 5

Strengths and weaknesses of non-confinement and confinement strategies.

Strategies for supported POMs Advantages Disadvantages

Non-confinement Non-covalent interaction Overcoming solubility issues Simple preparation Weak interaction between POMs and

substrate which cause the reunion and

shedding of POMs

Covalent interaction Stronger interaction

Stable on substates

Destroying the structure of POMs

Reducing the overall conductivity

Confinement Organic substrates Overcoming solubility issues

Stimulating intrinsic activity

Adjustable matching size

Abundant variety

Imaging of the structure under typical

conditions is difficult

The substrate is not radiation resistant

Inorganic substrates More stable structure

Stronger conductivity

Micro size is difficult to control

Intrinsic activity mechanism is difficult to

analyze

the “semipermeable molecular capacitor” redox behaviors and the

high stability of the redox states of POMs in energy storage appli-

cations. In the past decades, various POMs-based composites have

been designed as high-performance electrode materials in energy

storage fields. The interactions between POMs and substrates in-

clude non-covalent interaction and covalent interaction. According

to the geometric relationships between POMs and supports, it can

be divided into confinement and non-confinement. Through this

review, we show how the geometric relationships and interactions

between materials affect the final properties and states of POMs.

Compared with loading by covalent or non-covalent interaction,

the precise confinement of POMs renders them stimulated activ-

ity and more exposed active sites. However, there are fewer con-

ductive substrates available for the precise confinement of POMs,

so further rational designing of suitable cage for confinement of

POMs is needed. In addition, despite the significant progress that

has been made, it remains big challenges of the confined POMs for

electrochemical-rated fields. Exploiting novel properties caused by

precise confinement of POMs is needed. It is a very important and

attractive issue to realize the single-molecule dispersion of POMs

on the conductive supports for fully stimulating their intrinsic ac-

tivity.

(1) Exploiting novel properties caused by precise confinement of

POMs is needed. In the non-confined strategy, the agglomer-

ation and shedding of POMs are extremely difficult to avoid

due to the mismatch of pore with the molecule size of POMs.

It is a very important and attractive issue to exploit the syn-

ergistic effects between POMs and support to improve their

electrochemical performance. Notably, further exploiting novel

properties of conductive supports caused by precise confine-

ment of POMs, to deeply study the electronic transmission

interaction between them is highly challenging. Furthermore,

the electronic transmission interaction from host to guest en-

dowed by precise confinement may also bring new electro-

chemical inherent properties even for traditional electrochemi-

cal reaction. Besides, the combination of space-coordination in-

teractions or space electron interactions is expected to confine

POMs stably, which can inspire us to explore more intrinsic ac-

tivities of POMs for advanced electrochemical energy storage

systems.

(2) Advanced characterization technologies (i.e., pump probe X-ray

detection) as well as computational simulations are required

in the future. For more atomic scale evidence of confined sin-

gle POM molecule and intrinsic properties, as well as interface

electron transfer between POMs and supports, more advanced

characterization technologies is request. Because one of the ad-

vantages of POMs is that single-molecule clusters facilitate the

study of their structure-activity relationships. Secondly, the pre-

cise confinement of multiple POM molecules into the novel de-

signed conductive substrate is expected to stimulate the inter-

action of different POM molecules in the same one confined

system. Because this multiple-confinement of POMs would en-

dow the electronic structure and geometric structure of the

outer orbital of single metal atom (e.g., Mo from PMo12) with

tunable and richer structural parameters. However, the charac-

terization tools for multi-cluster are far from insufficient, and

the synthesis strategies are also insufficient, and it is difficult

to achieve ultra-high dispersion and regulation of every single

molecule active site.
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Fig. 10. Outlook for confined POMs. Pyrolysis of confined POMs to construct ultra-

fine nanostructures for efficient photo/electrochemical applications.

(3) The precise control of spatial separation of individual metal

nanostructure with different sizes is promising. We believe that

MOF/COF or polymer hydrogel cage confined-POMs can serve

as perfect precursors to construct various ultrafine nanostruc-

tures. The ultrafine metal-based nanostructures with different

scales can be obtained by pyrolysis confined POMs with dif-

ferent confinement amounts (Figs. 10a-d) [173]. This would ex-

pand its application in the future. Specially, the precise confine-

ment of POM in micro-PC would be a perfect precursor to con-

struct non-noble single atom confined in PC (bottom in Figs.

10e and f). Furthermore, more novel, and facile artificial cages

or pores for confining POMs are extremely desirable to precisely

control the size of ultrafine non-precious metal nanostructures.

In addition, as we known, the 4-fold hollow site on the POM

cluster is a stable binding site for the metal single atom [174].

However, agglomeration of POM is unfavorable for this binding.

So, the metal sites are need to be stabilized by POMs. We be-

lieve the confined POMs (Figs. 10a, c and e) would be a novel

substrate to achieve more fast electron transfer kinetics in elec-

trocatalysis fields by further anchoring metal atoms. We also

believe that the abundant tunable properties of confined single

POM molecule may give us hope to solve the problems of high

energy consumption and high pollution in traditional catalysis

or energy storage processes. In the context of dual-carbon, this

requires the joint efforts of everyone to promote the progress

and healthy development.
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