
Available online at www.jourcc.com

Journal homepage: www.JOURCC.com

Journal of Composites and Compounds

Journal of Composites and Compounds 3 (2021) 129-139

Application of polyoxometalate-based composites for sensor systems: 
A review

Hamid Khalilpour a , Parisa Shafiee b*, Amirhossein Darbandi c, Mohammad Yusuf d, Shirin Mahmoudi e, 

Zahra Moazzami Goudarzi f, Sadegh Mirzamohammadi g

a Department of Mining, Metallurgy and Materials Engineering, Université Laval, Québec, Canada
b Catalyst and Nano Material Research Laboratory (CNMRL), School of Chemical, Petroleum and Gas Engineering, Iran University of Science and 

Technology, Tehran, Iran
c Department of Mechanical Engineering, Payame Noor University, Tehran, Iran

d Department of Chemical Engineering, Universiti Teknologi PETRONAS, Bandar Seri Iskandar, 32610, Malaysia
e Semiconductor Department, Materials and Energy Research Center, Karaj, Iran

f Department of Chemical Engineering, Isfahan University of Technology, Isfahan, Iran
g Department of materials and Metallurgical Engineering, Technical and Vocational University (TVU), Tehran, Iran

1. Introduction 

Polyoxometalates (POMs) have an architecture made up of oxygen 
atoms and primary transition metals, such as Ta, Nb, W, V, and Mo in 
their maximum state of oxidation. Moreover, they significantly comprise 

different heteroatoms including As, Si, P, and Ge. It would be possible 
to distinguish between the molecular oxides of POMs and most metal 
oxides. They include diverse metal atoms that contain about 368 met-
al atoms as nuclearities into an individual cluster molecule reaching 
nanoparticles. Berzelius firstly reported synthesizing POM in the 19th 
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A B S T R A C T A R T I C L E  I N F O R M A T I O N

Composites based on polyoxometalates (POMs) have been increasingly attracted by many researchers due to their 
multitudinous architectures and excellent redox activities as well as outstanding proton and electron transport 
capacities. Lately, much research has been done on POMs composited with well-porous framework materials 
(including ZIFs, MOFs) or conducting polymers, carbon quantum dot (CQD), graphene, carbon structures (e.g. 
carbon nanotubes (CNTs)), and metal nanoparticles (NPs). The results exhibited improved stability and enhanced 
electrochemical performances. Hence, developing POMs and POM-based composite materials (PCMs) has long 
been a topic of interest for chemical researchers. Herein, the properties and applications of pristine POMs, doped 
POMs, and composite-based POMs are reviewed in detail. The various compositions of POMs with sensing ap-
plication such as POMs-nanocarbon composites (POMs-graphene composites and POMs-carbon nanotube com-
posites), POMs-conductive polymer composites, and POMs-metal composites are also investigated in this review.
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century [1]. Besides, the oxoanions are occasionally assembled in a 
non-aqueous medium or a solid-state condition as in minerals. There 
are some properties to measure the stability of POMs in various solvents 
including aqueous/non-aqueous media lsuch as their ability to keep their 
structural properties and prevent declining or changing to other forma-
tions [2-5]. 

Many novel POM skeletons were uncovered, followed by the dis-
covery of six classical systems such as Lindqvist, Dawson, Waugh, Keg-
gin, Silverton, and Anderson (Fig. 1). Among the basic constructions of 
POMs, Dawson (X/M =2/18) and Keggin (X/M =1/12) are two main 
forms of POMs. Other complex structures are achieved by the accumu-
lation of two or more Dawson or Keggin parts. The skeleton and com-
position of these forms of POMs depend on the employed methods and 
conditions. Some of the newly-generated POMs structures are ″sand-
wich″ type (a mix of the two lacunary entities of XW9 or X2W15 and 
H4XW15), ″crown″ or ″wheel″ type (a tetramer of the lacunary Dawson 
K12H2P2W12O48), and the ″banana″ type (two Keggin entities, XW-
9M3O40 or XW9M2M’O40 are linked to XW6O16) [6, 7].

Numerous types of POM compositions with more intriguing and 
diversified structures have been shown by self-assembly of purely inor-
ganic construction blocks and/or network bridging functions of organic 
ligands and metal ions due to the high activities of lacunary POM build-
ing blocks. For example, POM composite materials containing TMs, 
rare-earth ions (RE) replaced POMs, organic ligand, and heterometallic 
modified POMs, have been widely employed [1, 8, 9].

Because of their excellent electron and proton transportations and 
unstable redox behaviors, individual particle magnet activity and opti-
cal capabilities are already reported in POM-based composite materials 
(PCMs) [10-13]. In multi-electron reduction processes, POMs are good 
electron reservoirs. As a result, they can be used in the electrochemi-
cal field. Proton conductivity is another remarkable property of PCMs, 
allowing them to be used in modern perspectives, such as proton-ex-
change membrane fuel cells [10, 11, 14]. POMs, on the other hand, have 
been discovered to play a key part in the extraordinary development of 
PCMs having greater efficiency and stability. PCMs are also being used 
to create neoteric smart structures for applications such as optics [10, 
11, 14], pharmaceuticals [15-17], energy-related applications [18-20], 
sensors [21-23], and green catalysis [24-26] (Fig. 1).

POMs are appealing for amperometric sensor applications because 
of their ability to sustain reversible multi-electron redox processes. They 
are particularly useful for detecting redox-active agricultural and indus-

trial contaminants, including iodate, hydrogen peroxide, chlorate, ni-
trate, and bromate. POMs-based composites and nanocarbon structures, 
including carbon nanotubes (CNTs) and graphene, have gained much 
attention due to mixing the excellent chemical activity of POMs with 
the fascinating electronic properties of nanocarbon structures (a high 
surface area associated with electrical conductivity), which make them 
appropriate candidates for catalytic, energy-storing, energy conversion, 
electronics, and molecular sensor applications [27-30]. 

As sensing applications are among the most paramount research top-
ics in technology these days, this paper reviews the fundamental prop-
erties of pristine POMs, doped POMs, and composite-based POMs in 
detail. Furthermore, and more importantly, the various compositions of 
POMs with sensing applications, such as POMs-nanocarbon composites 
(POMs-graphene composites and POMs-carbon nanotube composites), 
POMs-conductive polymer composites, and POMs-metal composites 
are investigated, a topic that has not been thoroughly investigated in oth-
er studies to this extent. This review is likely to pave the way for novel 
methods to modify POM-based composites in sensing applications.

2. Principal properties of POMs

Marignac [31] successfully discovered the synthesis way of 1:12 
silico-tungstic acid in 1864. In the 20th century, Rosenheim first began 
the systematic analysis of POMs and the study of their characteristics. 
POMs are significantly able to adapt with and deliver a special number 
of electrons without any change or decomposition in their construction. 
Isopolyanions (IPAs) and heteropolyanions (HPAs) are components of 
POMs and are repeatedly created into aqueous media [32-34]. Besides, 
the oxoanions are occasionally assembled in a non-aqueous medium or 
a solid state as in minerals. There are some properties to measure the 
stability of POMs in various solvents, including aqueous/non-aqueous 
media such as their ability to keep their structural properties and prevent 
declining or changing to other formations. Among the basic construc-
tions of POMs, Dawson (X/M =2/18) and Keggin (X/M =1/12) are two 
main forms of POMs. Other complex structures are achieved by the ac-
cumulation of two or diverse Dawson or Keggin parts [35-37].

That kind of POM based on a Keggin is formed by adjusting several 
metal atoms (M = Mo, Ta, W, Nb, V) around an individual heteroatom 
(X = Ge, As, Si, P). Pauling first proposed the Keggin structure in 1929 
[1] and then it was approved by Keggin in 1933 [38]. In the Keggin 

Fig. 1. Classical structure species of POMs and certain presented essential usages of POM-based structures in the recent decade.



H. Khalilpour  et al. / Journal of Composites and Compounds 3 (2021) 129-139 131

structure, a tetrahedron is formed by the combination of the heteroatom 
X with four oxygen atoms and each metal atom with six oxygen atoms, 
makes an octahedral structure. The tri-metallic structures are linked to 
other networks and the typical place of M3O13 is connected to the central 
heteroatom X [39]. 

Four oxygen atoms are bonded to the heteroatom X in the tetrahe-
dron form of Keggin, and in the octahedron configuration, where every 
metal atom is bonded to six oxygen atoms. Because the Keggin type has 
three axes of symmetry, different rotations are also possible, resulting 
in more isomers. Although five types of Keggin structures are feasible 
theoretically, only three of them have been well identified, formed, and 
isolated. One or more metal centers would be lost by treating the Keggin 
structure of  POMs with alkaline solvents under suitable laboratory set-
tings including temperature, pH, and concentration [40, 41]. 

As a consequence, the lacunary POM species are achieved with the 
structure associated with the Keggin series. For instance, the decline of 
Keggin XM12 leads to both lacunary types of XM9 and XM11, having 
high stability and widely used in the following form. The produced lacu-
nary types also possess multiple isomers. The lacunary Keggin structure 
of  POMs can interact with transition metals (including NiII, MnII, ZnII, 
FeIII, and CoII) or other types of elements with close characteristics 
(MoV, WVI, VV) to complete the vacant positions and fabrication of the 
doped Keggin type of POMs [41, 42]. The reaction of transition metals 
(such as FeIII, NiII, MnII, CoII, and ZnII) or other close-aspect species 
(such as WVI, MoV, and VV) with lacunary Keggin POMs results in the 
formation of replaced Keggin POMs [1, 43].

Dawson POM dimer is constructed by combining two lacunary Keg-
gin monomers XW9O34

z-, with X/M = 2/18. The first architectures of the 
Dawson structure were produced more than a century ago. For example, 
Souchay (1947) [44] proposed a dimer formation in Dawson as evidence 
of the proportion, X/M =2/18. Dawson POMs have two structures: (i) 
trimetallic groups (M3O13), which are shaped by the union of three oc-
tahedral WO6 even though defined in the Keggin form, and (ii) the con-
densation of two octahedral with metal atoms in the centers and oxygen 
atoms in the vertices producing bimetallic groups (M2O10). Each group 
is connected to two XW9O34z pieces and the heteroatom X to produce 
the Dawson structure. Other POMs are formed when lacunary types 

from the Keggin or Dawson series react, and their composite and struc-
ture variations depend on the experimental attitudes [45, 46]. Sandwich 
form POMs, which lead to the composition of two lacunary entities, for 
example, XW9 for Keggin or H4XW15 and X2W15 for Dawson dissym-
metrical and symmetrical, respectively, through transition metal cations, 
are excellent candidates among the recently developed new structures 
(e.g., FeIII, MnII, CoII, NiII, ZnII). Weakley et al. [47, 48] identified 
the first synthesized sandwich POM in 1973. K10Co4 (H2O)2(PW9O34)2 
is generated by two Keggin PW9O34 moieties connected using four Co 
centers. Mbomekalle et al. [49] first announced the fabrication of a 
“banana” formation in the early 2000s, followed by Ritorto et al. [50]. 
This form resembles a sandwiched POM to make a banana formation of 
POM, with two Keggin structures, XW9M2M0O40 or XW9M3O40 (M and 
M0 are various metal species) being bound to an XW6O16 component. 
Other POM formations with excellent multi-dimensions have been fab-
ricated to extend their functionalities. Some POMs are synthesized by 
varying the bond lengths, such as H6B3W39O13215 and H6B2W26O90, which 
are made of trimers or dimers of H3BW13O468 [45, 46]. Lastly, more 
complicated designs have been created using self-assembly processes 
combining organic ligands and polyoxo-anions [45, 51].

POMs have a wide range of content, structure, size, and charge, re-
sulting in a large number of characteristics. In an aqueous solvent, for 
example, the majority of POMs exhibit solubility trends and act as strong 
acids [46]. The Hammett acidity constants (Ho) of the dense media of 
H3PW12O40 and 4SiW12O40 using water solutions containing 94.5% ace-
tic acid and 40% aqueous dioxane were determined by Khozhevnikov 
et al. [52]. The acidity of H3PW12O40 is higher than that of H2SO4 or 
HClO4, as can be shown. Mineral acids, such as H2SO4 and H3PO4 can 
be replaced by POMs in homogeneous catalytic processes. Inorganic 
media, POMs, for example, show medium-dependent insolubility [53].

POMs can be considerably altered when mixed with organic moi-
eties including ionic liquids or quaternary ammonium salts [54]. Certain 
POMs exhibit luminous properties; others, which include ferromagnetic 
transition metal atoms with free electrons, display anomalous magnetic 
characteristics and are being studied as nano-computer storage systems. 
Certain possible green outlooks of POMs have been studied including 
a nonchlorine-based, way of decontaminating water, and the wood pulp 

Fig. 2. Schematic design of the 
working process of a desirable 

POM-based electrochemical sensor.
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bleaching method. Numerous medicinal and biological characteristics of 
POM structures have been studied such as anti-bacterial, anti-viral, and 
anti-tumoral aspects [55, 56]. Fluorescent microspheres produced from 
Lindqvist POM covalently linked to pyrene groups, for example, have 
been used to detect foodborne illnesses [57, 58].

POMs, including inorganic molybdenum and/or tungsten with 
rare earth (RE) cores, were also demonstrated to be good illuminating 
probes. Cryogenic optic thermal probes made of polyoxomolybdate ba-
sic elements containing TbIII and EuIII ions, for example, have been ex-
plored. Moreover, the luminescence properties of RE-combining POMs 
are significantly delicate to the chemical media [59, 60]. 

Brown and blue POMs are formed when POMs are decreased. POMs 
in their oxidized form may adapt to and provide a specified quantity of 
electrons with no modification or disintegration in their construction. 
Except in rare circumstances where production is curtailed without ade-
quate stability in the mixture, re-oxidation of reduction in POMs forma-
tion reforms oxidation structures. POMs-based redox systems are elec-
trochemically quick in general. As a result, decreased POM formations 
can participate in numerous electrocatalytic cycles [61, 62].

To capitalize on these redox characteristics, POMs are selective-
ly deposited on substances for heterogeneous electrocatalysis. Many 
researchers, who worked in the field of immobilized electrochemis-
try POM structures on solid surfaces, observed that the physicochem-
ical features of POMs were frequently conserved after immobilization. 
Analytical devices, including a POM-based sensor that includes a POM 
rendered immobile on a solid surface are known as the transducer [61, 
63]. Unless the POM’s characteristics and structure after immobilization 
are preserved, this will catalyze and identify the analyte. The chemical 
process method caused by the distinction between both the analyte and 
then the immobilized POM would be converted to an electric signal, that 
will be amplified and transformed into a demonstration via a signal pro-
cessing instrument (Fig. 2). The detection limit and stability, response 
time, sensitivity, linear range, and selectivity are all important properties 
of a POM-based sensor, the same as other sensors [64].

3. Insertion of dopant ions in POMs

Chemical modification of the POM formation, such as the incorpora-
tion of redox-active metal centers, can fine-tune the exact electrochem-
ical characteristics including the number of electrons stored and redox 
potentials [65, 66]. Shi et al. [67] created polyoxometalates (POMs) and 
TiO2 nanostructured materials by combining various POMs, including 
K5 [PW11TiO40] and titanium-substituted POMs K7 [PW10Ti2O40] with 
TiO2 nanoparticles to modify the crystalline structure of TiO2 nanopar-
ticles. In addition, the photoconductivity of TiO2/POM nanocomposites 
is proportional to the difference in conduction bands between TiO2 and 
POMs. Furthermore, TiO2/PW11Ti demonstrated excellent acetone gas 
sensing capabilities. These findings show that TiO2/POM nanocompos-
ites have excellent photoelectric characteristics as compared to pure 
TiO2 nanoparticles, which is due to the interface modification with var-
ious POMs. Using cationic poly (diallyl dimethylammonium chloride) 
functionalized reduced polyoxometalates clusters K8P2W16V2O6 com-
bined with anionic Au nanoparticles (P2W16V2-Au) and graphene oxide. 
Bai et al. [68] developed an accurate electrochemical biosensor for UA 
detection (PDDA-rGO). The effective combination of PDDA-rGO and 
P2W16V2-Au offers several advantages in electrochemical detection, in-
cluding more sensing sites, unimpeded diffusion pathways, and faster 
electric charge transfer. Under optimal circumstances, the amperometric 
i-t sensitivity of a modified PEI/[P2W16V2-Au/PDDA-rGO] electrode 
was used to add different densities of UA to a swirling 0.2 M PBS (pH 
= 7.0) for 1700 s at 50 s former at a potential range of +0.43V, result-
ing in good analytical results for UA. The electrode has a consistent 
and well-defined amperometric response to the supplied UA, with the 
responsiveness of lefewerhan equal to 3 seconds. The calibration plot 
demonstrates a satisfactory linear correlation in the range of 2.5 × 10-7 - 
1.025 × 10-4 M, with R2 = 0.9912. I = -0.01406 + 0.24092 × CUA, which 
denotes the linear regression model. The limit of detection (LOD) is 1.4 

Table 1.
Some characteristics of POM composite-based sensor systems

Author/Ref. Composite Target Substance
Linear range

(μM)
Detection limit

(μM)

Qian et al. [74]
POM@mrGO NADH 5.0  10-9 M-5.0 10-4 M 0.4 nM

Yokus et al. [75]
POM-rGO/GCE

l-tyrosine (l-Tyr) and 
l-tryptophan (l-Trp) 

1.0×10−11−1.0×10−9 M 2.0×10−12 M

Yola, et al. [75] rGO/POM triclosan 0.5–50.0 nM 0.15 nM

Li et al. [76] MWNTs/PMo12 bromate 5 μM-15 mM 0.5 μM

Ertan et al. [77] PtNPs/POM/MWCNs/GCE simazine 1.0×10-10 - 5.0×10-9 M 2.0×10-11 M

Haghighi et al. [78] GCE/MWCNTs/[C8Py][PF6]-PMo12
IO3

− 2 × 10−5-2 × 10−3 M 15 μM

H2O2 2 × 10-5 -8 × 10-3 M 12 μM

Anwar et al. [79]
Cu2+/ POM- 2 mM

H2O2 up to 2 mM
0.3 μM

Fe3+/POM-doped polypyrrole 0.6 μM

Ayranci et al. [80] POM/PAAC glucose 0.1-10 mM 0.099 mM

Babakhanian et al. [81] PPy–α-POM–AuNPs folic acid - 12 nM

Wang et al. [82] Pd/POMs/NHCSs acetaminophen 0.63 µM -0.083 mM 3 nM

Karimi-Maleh et al. [83] PtNPs/POM/2D-hBN N hydroxy succinimide 0.1-300 µM 60 nM

Zhang et al. [64]
Ru(bpy)3Cl2·6H2O

H7P2Mo17V1O62 (P2Mo17V)  (Ru(bpy)3) /chitosan-palla-
dium (Cs-Pd),  

ascorbic acid 0.125–118 μM 0.1 μM

Zhou et al. [65] (P2W16V2-AuPd/PEI)8

dopamine 2.1 × 10−6-2.06 × 10−3 M 8.3 × 10−7 M

ascorbic acid 1.2 × 10−6-1.61 × 10−3 M 4.3 × 10−7 M
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× 107 M, and the responses are 0.24 A M1 based on a signal-to-noise 
ratio of 3 (S/N = 3).

Shen et al. [69] produced L-cysteine-doped tungstosilicate (Lcys-
SiW12) microtubes by altering them slightly. The ammonia gas sensitiv-
ity of synthesized Lcys-SiW12 microtubes is demonstrated by the unique 
color change of microtubes from a purple color after being exposed to 
ammonia gas turning to a dark blue color throughout the skin. The ad-
sorbed ammonium molecules may raise the basicity of the Lcys-SiW12 

microtubes, hence enhancing the redox process between L-cysteine and 
polyoxometalate, as a possible method for the coloration. The proton 
capture agent initiates a pH-dependent solid-solid redox process. Alka-
line gas chemical sensors have been developed using Lays-SiW12 mi-
crotubes.

Sensitive analytical procedure enhancement, which is significant 
for a healthy lifestyle, was reported by Medetalibeyolu et al. [70]. The 
electrochemical behavior of electrodes was studied using hexagonal bo-
ron nitride (2D-hBN) nanosheets, molecularly/polyoxometalate (POM), 
and gold nanoparticles (AuNPs). Cyclic voltammetry (CV), differential 
pulse voltammetry (DPV), electrochemical impedance spectroscopy 
(EIS), and imprinted polymer (MIP) were also employed in their work. 
The DIA imprinted electrode had a highly sensitive response to DIA 
as-fabricated and presented a wide linear range. In addition, the LOD 
was 3.0×10-12 M. The modified detector was successful in detecting DIA 
in fruit juices [68]. 

Triacetone triperoxide (TATP), a homemade explosive, is simple to 
make and sensitive to the selection, but difficult for detection directly. 
Vapor sensing using arrays made up of only a few distinct sensor mate-
rials can differentiate TATP; however, manufacturing a stable sensor has 
always been difficult since each sensor may experience a device mal-
function [71, 72]. To identify TATP from other explosives, a sensor array 
built on a single photonic TiO2/PW11 sensor was created initially, with 
the excitation wavelength being controlled. Situ doping of Na3PW12O40 
on TiO2 resulted in the production of a Keggin type of PW11, which in-
creased the sensor film detection sensitivity and response time, and fa-
cilitated photo-induced electron-hole separation, according to Lu et al. 
[72]. The TiO2/PW11 sensor film has TATP sensitivity at 81, 37, and 42% 
under 365, 550, and 450 nm illumination, respectively. The TiO2/PW11 

sensor has TATP selectivity and can measure concentrations of less than 
50 ppb. The amount of bending also demonstrates the stability and flex-
ibility of the flexible sensor film. Moreover, ambient air with a relative 
humidity of less than 60% cannot influence the sensing response [73].

4. POM-based composites for sensor systems

Over the last decade, several PCM architectures have been devel-
oped under various preparation conditions. According to their various 
hybrid structures, PCMs are divided into three groups in this review: (1) 
POM-based conductive polymer composites, (2) POM-based nanocar-
bon composites, and (3) POM-based metal composites, which are all ex-
amples of POM-based composites. The characteristics of various POM 
composite-based sensors are indicated in Table1.

4.1. POM-nanocarbon composites

The enhancement of developed composition materials based on 
nanostructured carbons and POMs has garnered a lot of attention be-
cause they combine the incredible electronic properties of nanocarbon 
with the desirable chemical reactivity of POMs. The ability of POMs to 
initiate changeable multi-electron redox processes makes them appeal-
ing for amperometric sensor applications. Because of their capacity to 
trigger variable multi-electron redox reactions, POMs are intriguing for 
amperometric sensor usages. To achieve low selectivity, POMs must be 
immobilized or anchored on conductive substrates to maximize amper-
ometric response while preserving molecular distribution. As a result, 
graphene and CNTs make excellent sensor substrates [25, 67, 84].

4.1.1. POM-graphene composites 

Carbon compounds enhance the conductive surface area. Because 
of the strong electrical interactions among carbon materials and POMs, 
electrochemical features of carbon materials and POM compositions 
have been developed significantly [85-87]. Ji et al. [88] have recently 
proposed a highly advanced technique for nanocarbon layered elec-
trodes/POM that could be used for automated and large-scale produc-

Fig. 3. The schematic of LbL 
growth via inkjet printing is used to 
fabricate (rGO/POM)n multi-layer 

films.
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tion. The team used inkjet printing and a combination of layer-by-lay-
er (LbL) processes for assembling the layered PW12/rGO composites 
(Fig. 3). LbL growth of a thin-film composition was linear, regular, and 
uniform. A POM-driven photo-reduction transformed GO to rGO under 
ultraviolet light, and the components were employed as high-response 
dopamine sensor devices.

Zhang et al. [89] used a layer-by-layer inkjet printing technique 
to make a multilayer film out of polyoxometalates such as H3PW12O40 
(PTA) and graphene oxide (GO) nanosheets. The composition of PTA/
rGO film has an excellent electrocatalytic activity for the oxidized do-
pamine DA, according to cyclic voltammograms measurements. The 
oxidation peak current (Ipa), which can be used in electrochemical bio-
sensors, increases gradually as the dopamine concentration rises.

The composition of polyoxometalate (POM) versatility coated re-
duced GO (POM@mrGO)/magnetic Fe3O4 as an embolization com-
posite for the electrochemiluminescence (ECL) agent by bpy32+ was in-
vestigated by Qian et al. [90]. When compared to Ru(bpy)32+ /Nafion@
mrGO, which is increasing due to POMs high electro-catalytic inter-
action towards NADH oxidation, the efficient modification of POM@
mrGO/Ru(bpy)32+  hybrid easily implicated a magnetic electrode for 
about the equal density of nicotinamide adenine dinucleotide (NADH), 
which also resulted in a 10-fold increase in ECL intensity. The stable and 
ultrasensitive ECL monitoring of NADH at concentrations as low as 0.1 
nM was made possible by this sort of finding. The manufactured bio-
sensor has an extraordinarily decreased LOD of 0.4 nM and outstanding 
efficiency, with a linear curve range extending from 5.0  10-9 M to 5.0 
10-4 M. This sensing technique may be defined as a biocompatible and 
novel substrate for dehydrogenase-based ECL biosensors since it com-
bines facile sensor production with enzymatic selectivity. This research 
demonstrates a simple method for immobilizing ECL types within the 
versatile POM@mrGO support matrix and encourages the enhancement 
of magneto-controlled ECL biosensing for use in bioanalytical and an-
alytical fields [32].

Yukos et al. [91] developed a polyoxometalate (H3PW12O40, POM) 
and reduced graphene oxide (rGO) to change glassy carbon electrode 
(GCE) voltammetric sensor for concurrent determination of l-tryp-
tophan (l-Trp) with l-tyrosine (l-Tyr). One of the developed methods 
was also used to successfully determine l-Tyr and l-Trp in spiked serum 
samples, with the LOD of 2.0 × 10−12 M and the linearity range of 1.0 
× 10−11 - 1.0 × 10−9 M. Because of its widespread use in medical equip-
ment, personal care products, and household cleaning products, triclosan 
(TCS) poses a significant risk to the environment and human health due 
to its toxic effects on aquatic organisms and leakage into groundwater 
supplies, surface water, and sediments.

Yola, et al. [76] invented a molecular-imprinted reduced GO/gold 
nanomaterials electrochemical sensor decorating polyoxometalate (H3P-
W12O40). The functionalization of rGO using POM to produce a pho-
tocatalyst (rGO/POM) in an aqueous solution for detecting traces of 
TCS within wastewater via electrostatic interaction between rGO  and 
POM nanosheets. Without using any reducing agent, gold nanoparticles 
(AuNPs) were deposited on the rGO/POM, and the synthesized nano-
material (AuNPs/POM/rGO) was used for the modification of a glass 
carbon (GC) electrode (AuNPs/POM/rGO/GC) under infrared light. 
TCS-imprinted film was created on AuNPs/POM/rGO/GC using TCS 
and phenol polymerization and characterized using cyclic voltammetry 
(CV) and electrochemical impedance spectroscopy (EIS). TCS limit and 
linear detection range of the sensor were found to be 0.15 nM and 0.5 – 
50.0 nM, respectively. When compared to other complicated methods, 
the molecularly imprinted sensor performed well on lake water samples 
and wastewater.

4.1.2. POM-carbon nanotube composites 

Iodate and bromate are suspected carcinogens that are formed in 
drinking water as a result of ozone treatment. As a result, in situ de-
tection is a hot topic in the industry. Li et al. [76] solved the problem 
by developing an MWNTs/PMO12 composite film based on an ampero-
metric bromate sensor. The device feature has a 5-15 mM linear range, 
reaction times of less than 2 s, a sensitivity of 760.9 μA mM-1.cm-2, and 
a LOD of 0.5 M. 

Based on this research, Qu et al. [77] conceived and developed 
MWNTs methyl silicone oil and a set of electrodes made of carbon 
nanotube paste (CNTP). Direct and indirect methods were used to as-
semble Keggin and Dawson types of POM anions on the CNTP elec-
trode surface. The Dawson-anion of P2MO18 structure proved to be a 
promising device, demonstrating effective bromate and iodate electro-
catalytic reduction. A follow-up study used the LbL approach to create 
multilayered films of (P2Mo18/PDDA)n on CNTP electrodes, and com-
parative studies demonstrated that the LbL-assembled composites had 
higher electro-catalytic activity than the direct electrostatically gener-
ated composites.

Gue et al. [78] devised a chemically modified electrode with the dis-
tribution of CNTs in cationic chitosan films and applied it for electrostat-
ically-immobilized Dawson anions of the P2W18 structure. Electrochem-
ical investigations showed that the P2W18/CNT/chitosan electrode had 
strong electrocatalytic activity, a fast response to reduce peroxodisulfate 
iodate, anions in acidic aqueous media. It was also stated that the sen-
sor performed in acidic solutions, enhancing its application in different 
industries. 

Fig. 4. Schematic design of a sensor platform contained metal/organic hybrid 
composite film based on POM/PAAC.

Fig. 5. The schematic of the synthesis of PPy–α-POM–AuNPs film; the Au 
electrode is shown schematically.

.
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To assess simazine (SIM), novel molecular imprinting voltammetric 
sensors are built on a glassy carbon electrode (GCE) altered with plat-
inum nanoparticles (PtNPs) included in polyoxometalate (H3PW12O40, 
POM) functionalized multi-walled carbon nanotubes (MWCNs) sheets 
as reported by Ertan et al. [79]. SIM imprinted GCE was synthesized by 
electro-polymerizing 100 mM pyrrole as the unit in 0.1 M acetate buffer 
(pH 4.0) with 25 mM SIM LOD. The linearity ranges of the developed 
method were determined to be 2.0 × 10-11 M and 1.0 × 10-10 - 5.0 × 10-9 
M, respectively. Water samples were also tested using the voltammetric 
sensor. 

Sahraoui et al. [92] successfully designed a Keggin-type metatung-
state hybrid POMs ((APy) 6[H2W12O40])/carboxylic acid-synthesized 
SWCNT-based amperometric sensor for hydrogen peroxide sensing. In 
the existence of SWCNTs, the sensitivity of hydrogen peroxide detec-
tion enhanced by a factor of 38.5, demonstrating their strong effect on 
peroxidase-like mimics of (APy) 6[H2W12O40]. Answer time, repeat-
ability, and shelf life were 10 seconds, 4%, and 60 days, respectively. 
The LOD was 0.4 M in the presence of covalently bonded SWCNT. 
A linear plot was achieved in both aspects when the experimental data 
were viewed as Lineweaver-Burker plots, indicating Michaelis-Menten 
actions.

Dip-coating n-octyl pyridinium hexafluorophosphate ([C8Py][PF6]) 
and 1:12 phosphomolybdic acid (PMo12) on glassy carbon electrodes 
modified using multiwall carbon nanotubes (GCE/MWCNTs) resulted 
in the formation of n-octyl pyridinium hexafluorophosphate ([C8Py]
[PF6], as reported by Haghighi et al. [93] who generated a robust and 
stable layer. The cyclic voltammograms of the GCE/MWCNTs/[C8Py]
[PF6]- PMO12 system exhibited three well-defined pairs of redox peaks 
attributable to the PMO12 system. The reduction of H2O2 and iodate was 
electrocatalyst with high efficiency by the GCE/MWCNTs/[C8Py][PF6]- 
PMO12. With a correlation coefficient of 0.9999, the calibration plot for 
H2O2 determination is linear between 2 × 10-5 and 8 × 10-3 M. The LODs 
for H2O2 (signal to noise ratio = 3) and sensor sensitivity are 12 M and 
73 A mM-1 cm-2, respectively. Amperometric tests were also performed 
to determine IO3

−. The IO3
− detector calibration plot was linear between 

2 × 10−3 M and 2 × 10−5 M, with LODs and sensibility of 190 A mM−1 
cm−2 and 15 M, respectively.

4.2. POM-conductive polymer composites 

The redox-active substrate binding sites of the molecularly scattered 
POMs signal the presence of substrates, whereas the CP translates the 
signal into electrical information for greater (quantitative) detection, 
making POM/CPs ideal composites for substrate sensing [80, 81, 94]. 
A composite film of Dawson anions trapped in electropolymerized PPy 
has recently been claimed by Anwar et al. [95]. With a 0.3 mM LOD, 
the compounds were employed as hydrogen peroxide amperometric sen-
sors. In a pH range of 2–7, voltammetric analyses of redox processes 
were connected to all components, indicating highly stable redox reac-
tions. Only transition-metal-functionalized Dawson anions (M = Fe3+, 
Cu2+, Co2+) ([P2W17O61M]n-) were used to detect H2O2. Fe3+ and Cu2+ 
substituted in POM-doped polypyrrole films had LODs of 0.6  and 0.3 
μM in order, with a linear region ranging from 0.1 - 2 mM H2O2. H2O2 
was detected using only transition-metal functionalized Dawson anions 
(M =Fe3+, Cu2+, Co2+) ([P2W17O61M]n-) . Cu2+ and Fe3+ substituted POM-
doped polypyrrole films having a linear area extending from 0.1 to 2 mM 
for H2O2 had LODs of 0.3 and 0.6 μM, correspondingly.

Ammam et al. [96] reported using the composition of POM/CP  
for gas sensing, demonstrating that the nanostructured composition of 
POM/PPy can be utilized for the detection of NOx. The Dawson anion 
P2Mo18 was used as an oxidant to polymerize pyrrole in situ. The resul-
tant semiconducting composite had high selectivity for gaseous NOx de-
tection and a wide NOx-concentration-dependent linear response. They 
used a hybrid material made of polypyrrole and K6P2Mo18O62.nH2O to 
create sensitive and selective NOx sensors with broad linearity (up to 
5500 ppm NOx).

Ayranci et al. [97] devised a new composite film-based amperometric 
glucose sensor, made via electrochemical polymerization of carbazole 
derivatives with free amino groups being of the Keggin kind of POM 
anion, (nBu4N)3[PW9O34(tBuSiOH)3]. POM was entrapped in the pro-
duced PAAC polymer film during the electropolymerization process of 
3-amino-9-ethyl carbazole (AAC) on the graphite electrode. Negatively 
charged POM structures were used to create a metal/organic conducting 
polymeric composite and a positively charged PAAC-based conducting 
polymer. The amperometric response of the POM/PAAC-GOx mod-
ified electrode was investigated by varying concentrations of glucose 

Fig. 6. The schematic 
design of the layer-by-layer 

self-assembly method.
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at a potential of -0.7 V (Ag/AgCl). Among the composition structures 
synthesized at different ratios, the composite structure of POM/PAAC, 
owing to the best sensor response, had the lowest oxidation potential. 
The POM/PAAC sensor device had a sensitivity of 66.66μA mM-1cm-2 

for actual glucose detections, with a LOD of 0.099 mm and a linear LOD 
of 0.1-10 mm. Because of the multiple redox reactions, rapid electron 
transfer, and high reactivity of POMs, the composition of POM/PACC 
possesses a desirable structure. This composite, in particular, showed a 
rapid response time with high electrocatalytic activity for amperometric 
glucose detection, reproducibility, and good sensitivity, as well as simple 
preparation as prepared and acceptable recovery (Fig. 4).

By using the cyclic voltammetry (CV) approach, Babakhanian et 
al. [82] electrochemically produced (-POM) (K7PMO2W9O39.H2O) 
and AuNPs doped into electropolymerized polypyrrole (PPy) film. The 
PPy–POM–AuNPs modified gold (Au) electrode was used to determine 
folic acid (FA) using square-wave voltammetry (SWV). With an elec-
tron transfer rate constant (ks) of 1.15  1019 s-1 at 0.3 V (vs. SCE), the 
improved electrode demonstrated better electrocatalytic capability in 
the reduction of FA. Common coexisting chemicals did not affect the 
changed electrode response to FA. The LOD and RSD measurements of 
the proposed method achieved 0.12 nM and 5.3%, respectively, for eight 
repeated measurements. During the experiments, the modified electrode 
demonstrated high-level stability and repeatable behavior, making it ide-
al for analytical applications (Fig. 5).

The synthesis of polypyrrole-polyoxometalate hybrid polymer films 
and their performance for resistive-type humidity sensors were reported 
by Miao et al. [98]. Co-electrodeposition of free pyrrole units with metal 
oxide groups resulted in hybrid polymer films of various thicknesses. A 
59 nm-hick sample with a sensing range of 11-98% relative humidity 
revealed a sensing answer of 1.9 s and a healing process of 1.1 s at 98% 
humidity levels and a sensing range of 11-98% humidity. The physico-
chemical properties of the oxidation doping component and the proton 
acid doping component might be explained by considerable sensitivi-
ty in the polypyrrole chain. Even after two months, the nanocompos-
ite-based humidity sensor was repeatable, with recovery times and good 
response. It was discovered that as the humidity level rose, the sensor 
conductance rose as well.

4.3. POM-metal composites 

Because of their proton and electron storage and/or transfer abili-
ties, POMs can emerge as effective acceptors or donors of numerous 
electrons in reduced forms without undergoing any structural changes. 
Reduced POMs have been shown to act with both capping and reduc-
tants for POMs, and noble-metal NPs have also been identified as green 
reduction/oxidation and environmentally friendly agents [64, 83, 99].

Wang et al. [100] synthesized Pd/POMs/NHCSs tri-component 
nanohybrids with the catalytic rate constant (kcat) of 2.34103 M-1s-1 and 
electrocatalytic activity for oxidized acetaminophen (AP) with a diffu-
sion coefficient (D) of 6.1810-5 cm2s-1 due to the synergistic actions of 
NPs, Pd, and NHCSs. They evaluated the usage of POMs/Pd/NHCSs as 
an effect on determining the template of AP for electrochemical detec-
tion, which demonstrated exceptional analytical performance, including 
a linear region of 0.02-0.63 µM with a sensitivity of 508.46 AmM-1, a 
linear range of 0.63 M to 0.083 mM with a low LOD of 3 nM, and sen-
sitivity of 154.27 µAmM-1.

They produced a Pd/POMs/NHCSs-GCE-based sensitive electro-
chemical sensor for AP that had a broad linear range, superior sensitiv-
ity, low LOD, and high stability. Karimi-Maleh et al. [101] developed 
an N-hydroxysuccinimide sensor using a  carbon paste electrode (CPE) 
amplified with a 1-hexyl-3-methylimidazolium chloride (HMICl) and 
tri-component nanohybrid composite (Platinum nanoparticle/Polyoxo-
metalate/two-dimensional hexagonal boron nitride nanosheets) (PtNPs/

POM/2D-hBN) as conductive mediators. HMIClPtNPs/POM/2D-hBN/
POMBNS/CPE led to a remarkable reduction (110 mV) in oxidation 
overvoltage and a considerable increase (2.4 times) in the N-hydrox-
ysuccinimide current. Moreover, the HMICl- PtNPs/POM/2DhBN/
POMBNS/CPE showed high linearity from 0.1 to 300 µM and a LOD of 
60 nM for N-hydroxysuccinimide determination. The ability to promote 
electron exchange between HMICl-PtNPs/POM/2D-hBN/POMBNS/
CPE and N-hydroxysuccinimide demonstrated a novel analytical trend 
to fabricate a water pollutant sensor. In comparison to other electrodes, 
the PtNPs/POM/2D-hBN presented excellent characteristics such as 
great specific surface area and high electrical conductivity, as well as 
the role of HMICl as a conductive binder, helping to modify the oxida-
tion signal of N-hydroxysuccinimide at the surface of HMICl-PtNPs/
POM/2D-hBN/POMBNS/CPE.

Zhang et al. [102] developed a remarkably sensitive non-enzymatic 
electrochemical sensor based on an inorganic-organic nanocomposite 
film made up of chitosan-palladium (Cs-Pd) that was used to measure 
ascorbic acid (AA) and H7P2Mo17V1O62  (P2Mo17V), Ru(bpy)3Cl2·6H2O 
(Ru(bpy)3). Because of the composition of three active components in 
the latest film, the non-enzymatic sensor has some benefits, including 
excellent sensitivity, simple production and operation, and good repro-
ducibility, which overcome the disadvantages of enzyme-based sensors 
such as fast inactivation and limited immobilization. The sensor has ex-
cellent sensing performance for ascorbic acid detection with a low LOD 
of 0.1 μM (S/N = 3), a fast response time of 2 seconds, and a wide linear 
range of 0.125 – 118 μM. The sensor was also used to detect AA in juice 
with success. Zhou et al. [65] produced a new composite film based on 
Dawson-type phosphovanadotungstate K8P2W16V2O62·18H2O (P2W16V2) 
decorated with Au–Pd alloy nanoparticles (Au–Pd) on quartz, ITO and 
silicon by the layer-by-layer self-assembly technique. The mixture film 
can be used to identify ascorbic acid and dopamine at biological pH in a 
simultaneous and sensitive determination (pH 7.0). Linear curves were 
achieved in the ranges of 1.2 × 10−6-1.61 × 10−3 M and 2.1 × 10−6-2.06 
× 10−3 M for ascorbic acid and dopamine in order, by DPV procedures. 
Dopamine and ascorbic acid had low LODs of 8.3 × 10−7 M and 4.3 × 
10−7, respectively. Ascorbic acid and dopamine determinations in real 
samples were performed successfully using the composite film. The 
proposed electrochemical sensor has high selectivity and sensitivity, 
making it a simple method for determining ascorbic acid and dopamine 
simultaneously in practical applications (Fig. 6).

5. Conclusions and future insight

This literature review provided an overview of the promising perfor-
mance of POMs and POM-based composites as well as their structures 
and properties. The structure of these materials varies from Keggin and 
Dawson to a variety of other structures such as wheels, sandwiches, ba-
nanas, and other forms. POMs-based composites have attracted much at-
tention because of their multitudinous architectures and excellent redox 
activities as well as convenient proton and electron transport capacities, 
which are one of the candidates for functional components in a variety of 
functions, according to the findings. This review specifically highlighted 
the use of POM-based composites as sensors. A more detailed focus has 
been made on the combination of POMs and nanocarbon structures ow-
ing to the extensive availability and cost-effectiveness of POM/nanocar-
bon composites. A combination of nanostructured carbons and POMs, 
combining the excellent electronic properties of nanocarbon with the 
outstanding chemical reactivity of POMs, has led to its application in 
amperometric sensors mainly due to their alterable multi-electron redox 
behavior. The future growth of POM/nanocarbon compositions is not 
limited. There are joint projects that combine polyoxometalate chemists, 
device fabrication experts, and experience of nanocarbon expertise fo-



H. Khalilpour  et al. / Journal of Composites and Compounds 3 (2021) 129-139 137

cusing on real-life technology that can produce self-assembled POM and 
nanocarbon components. As it can be seen, investigating novel materials 
with higher proton and electron conductivity, activity, and stability is 
always essential in promising technologies and is found to capture the 
way for future development of POM science, for which POMs are one 
of those promising materials.
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