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HIGHLIGHTS

e Keggin-based POMs in photocatalysis was systematically introduced.

o Effects of different preparation methods were discussed.

e Practicality enhancement and process intensification were addressed.

e Photochemistry and mechanisms of binary and ternary POMs were recapitulated.
e Overview of POMs were summarized and future prospects of POMs were outlined.
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ABSTRACT

Photocatalytic remediation of industrial water pollution has courted intense attention lately due to its
touted green approach. In this respect, Keggin-based polyoxometalates (POMs) as green solid acids in
photocatalytic reaction possess superior qualities, viz. unique photoinduced charge-transfer properties,
strong photooxidative-photoreductive ability, high chemical and thermal stability, and so forth. Unfor-
tunately, it suffers from a large bandgap energy, low specific surface area, low recoverability, and scarce
utilization in narrow absorption range. Therefore, the pollutant degradation performance is not satis-
factory. Consequently, multifarious research to enhance the photocatalytic performance of Keggin-based
POMs were reported, viz. via novel modifications and functionalizations through a variety of materials,
inclusive of, inter alia, metal oxides, transition metals, noble metals, and others. In order to advocate this
emerging technology, current review work provides a systematic overview on recent advancement,
initiated from the strategized synthetic methods, followed by hierarchical enhancement and intensifi-
cation process, at the same time emphasizes on the fundamental working principles of Keggin-based
POM nanocomposites. By reviewing and summarizing the efforts adopted global-wide, this review is
ended with providing useful outlooks for future studies. It is also anticipated to shed light on producing
Keggin-based POM nanocomposites with breakthrough visible- and solar-light-driven photocatalytic
performance against recalcitrant organic waste.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic pollutant is generally recalcitrant, and it degrades the
environment substantially, particularly to water bodies. Indeed, a
large number of polluting organic compounds such as methanol,
aniline, p-nitroaniline and o-chlorophenol, are intractable, exhib-
iting mutagenic and oncogenic effects. Their biodegradation or
removal process becomes extremely challenging, as these organic
pollutants are highly soluble and stable within the water bodies.
Moreover, organic pollutants in water systems are bio-
accumulative, non-biodegradable, and highly harmful to living
lives (Sagban, 2014; Xu et al., 2016). Various remediation methods,
such as membrane filtration (Hir et al., 2017), adsorption (Bjorklund
& Y.Li, 2017), biological treatment (Chowdhary et al., 2017), pho-
tocatalyts (Wu et al., 2013; Xu et al., 2016; Yahya et al., 2019), have
been employed. Among the plethora of water treatments, photo-
catalytic degradation has been widely utilized to maintain the high
quality of water and prolong the eco-friendly environment by
controlling the concentration of wastewater, without causing sec-
ondary pollution (Lu et al., 2012, 2017; Rohani et al., 2017; Salavati
et al,, 2018; Shi et al., 2012; Yahya et al., 2019; Yan et al., 2017).

Essentially, an effective and versatile photocatalyst, commonly a
semiconductor material, is used for organic pollutants degradation.
There are various highly promising metal oxides (also semi-
conductors) examined as photocatalytic candidates. Recently, a
cluster of metal oxide anions, i.e. polyoxometalates (abbreviated
POMs), have been identified as suitable photocatalysts. Poly-
oxometalate is a polyatomic anion or heteropolyanion, comprised
of oxygen atoms shared or linked together by early transition
metals (usually Group V or VI) at their highest oxidation states and
traces amount of heteroatoms (P, As, Si or Ge) (Ammam, 2013;
Nikoonahad et al., 2018; Suzuki et al., 2018). It is a conjugate anion
to heteropolyacid (abbreviated HPAs), forming a heteropolyacid
upon associated with a hydrogen ion (H"). Literally, heteropolyacid
is a combination of ‘hetero-‘, ‘poly-’ and ‘acid’, which explicitly
described its molecular structure. For instance, “hetero” signifies
trace element (P, Si, As or Ge), which is different from addenda

metal oxide anions; “poly” denotes more than one addenda tran-
sition metals (W or Mo) linked by oxygen atoms; “acid” represents
acidic hydrogen atoms. Succinctly, heteropolyacid is that hydrogen
atoms coupled with a cluster of addenda transition metals linked
by oxygen atoms with heteroatom inside it.

POMs are designed and configured into a few common struc-
tures, such as Keggin ion, Dawson ion, Preyssler ion, Anderson ion,
etc. These POMs’ design could have two anion structures of (i) fully
occupied and (ii) lacunary (Fig. 1). POMs are basically formed by
condensation of many addenda transition metal oxides (MO,
M = addenda transition metals) surrounding a central heteroatom
in acidic solution and then presented, in generally, as a cluster of
poly(metal oxides). By further exploring the coordination of POMs,
several types of chelation or linkage can be observed. Keggin and
Well-Dawson structures display tetrahedral or 4-coordination
(PO3~, Si04~, AsO3™), Anderson structure exhibits octahedral or
6-coordination (Al(OH)2~, TeO "), and so forth (Omwoma et al.,
2014). Unlike most of the metal oxides, POM-based nano-
composites typically contain of tens to hundreds of metal atoms,
with nuclearities reaching up to 368 metal atoms in a single cluster
of nanoparticles (Ammam, 2013; Nikoonahad et al., 2018; Suzuki
et al., 2018). Its structure is characterized by the ratio of the het-
eroatoms to metal (X/M, where X = P>* or Si*"; M = W®* or Mo®™),
instead of oxygen, which possesses high tunability based on the
desired properties and applications. This endows the POMs with
excellent versatility and accessibility to various applications in the
field of electrochemistry (Ammam, 2013; Dianat et al., 2019; Liu
et al, 2011; Tang et al., 2000), drug delivery (Gao et al., 2016;
Karimian et al., 2017; Li et al., 2014), biosensors (Boussema et al.,
2018; Mercier et al.,, 2015; Wang et al., 2012;Zhou et al., 2013)
and catalysis (Heravi et al., 2013; Hill, 2007; Li et al., 2017; Lv et al.,
2012; Mizuno et al., 2005; Taghizadeh et al., 2019; Wang and Yang,
2015). In addition, POMs also attracted considerable attention as
photocatalysts (Bamoharram et al, 2013; Huang et al., 2017;
Kazemi, 2017; S. Kazemi et al., 2017; Lu et al., 2017; Lu et al., 2012;
Nikoonahad et al., 2018; Rohani et al., 2017; Taghavi et al., 2018;
Yoon et al., 2001), bestowed to their unique photoinduced charge-
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Fig. 1. Anion structures of (a) fully occupied and (b) lacunary POMs. The light-green and gray polyhedra represent 4-coordinated, [MOg] and 6-coordinated [XO4] metal oxides,
respectively. The red spheres represent oxygen atoms at the vacant sites of lacunary POM. Reprinted with permission from (Suzuki et al., 2018). Copyright 2018 American Chemical
Society. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

transfer properties, the oxidation of O3-based HOMOs and the
reduction of Group 5 or 6-based LUMOs properties, and reactivity
(Ammam, 2013; Suzuki et al., 2018).

Keggin-based POM nanocomposites has emerged to be green
and eco-friendly catalysts that expanded abruptly in various ap-
plications. The photocatalyst is easily dissolve and dispersed ho-
mogeneously in water solution, enhancing its ability to dope or
functionalize with other compounds. Moreover, the photocatalytic
reactions are well carried out under mild conditions, such as under
flow of oxygen, atmospheric pressure and room temperature. Its
blooming could be also attributed to their chemical stability,
versatility in composition and physical-chemical features (Kazemi,
2017). It is touted for its high chemical and mechanical resistance
under reaction conditions due to its strong covalent dative bond of
oxygen atoms towards metal ions (Holclajtner-Antunovic¢ et al.,
2019; Oliveira et al., 2019; Salavati et al., 2018). Besides, the
lowest vacant d molecular orbital in octahedral (MOg) of this
structure is a non-bonding metal-centered which accounted for the
reversible reduction to form multivalence species (Keita et al.,
2006; Wang et al., 2019; Yang et al., 2009). In addition, it also
acts as a good electron acceptor for efficient electron storing (Chen
et al,, 2019; Gu & Shannon, 2007; Magueres et al., 2000) that fa-
cilitates the photo-generated charges separation in photocatalysis.
Therefore, it has been extensively explored as photocatalyst in
recent years, arises as one of the most popular research areas in
inorganic chemistry.

Although it is bestowed with a number of superiorities, appli-
cation of pristine POM-based photocatalysts is still hindered from
issues such as large bandgap energy (UV light responsive), low
specific surface area, tend to dissociate with pH, which leading to
low recoverability and low effectiveness in visible or solar light
region. Therefore, modification to the existing POM structure is
paramount to its wider applications. For example, the limitations of
the POM nanocomposites, mainly Keggin-structured POM-based
photocatalysts, could be overcome by amalgamating metal oxides
(Gu and Shannon, 2007; Li et al., 2019; Lu et al., 2017; Lu et al., 2012;
Niu et al., 2018; Shi et al., 2012; Tiejun et al., 2009; Yoon et al.,
2001), transition metals (Fang et al., 2012; Kato et al., 2012;
Nicholson et al., 2012; Ogo et al., 2012; Zheng et al., 2012), noble
metals (Lu et al., 2017), rare earth ions (Huixian Shi et al., 2012),

metal-organic frameworks (Buru et al., 2019; Ma et al.,, 2018;
Stuckart and Monakhov, 2018), lanthanide series (Hu et al., 2012),
cation exchange (Assran et al., 2012; Li et al., 2012; Qian et al., 2012;
Tong et al., 2012), organometallic (Sokolov et al., 2012) and porous
silica (Yahya et al., 2019).

Significantly, a critical and comprehensive review regarding
practicality of Keggin-based POMs in environmental remediation, is
still absent in the present context. Consequently, the current review
can cast a light on structural tuning of the Keggin-based POM
nanomaterials, conferring better charge separation, faster charge
transfer, higher specific surface area, wider pH stability and higher
recoverability in polar environment. To surmise, the significant
previous research works on Keggin-based POMs photocatalysis
have been critically reviewed herein. This encompasses strategized
synthetic methods of Keggin-based POM nanocomposites, execut-
able hierarchical enhancement and intensification process, and
intelligible fundamental working principles. In addition to that, this
review aims to shed a light on producing advanced Keggin-based
POM nanocomposites with excellent photocatalytic properties in
the near future.

2. Synthesis methods for Keggin-based polyoxometalate
photocatalysts

The most commonly used methods to prepare Keggin-based
POMs are chemical precipitation, sol-gel, wet impregnation,
ultrasonication-assisted, sol-gel spin coating and hydrothermal.
These synthetic techniques produce well-integrated Keggin-based
POM nanocomposites with synergistic effects. A few other types of
POMs, such as Preyssler and Wells-Dawson, are rarely reviewed.
Despite that, an in-depth study of the design and synthesis of these

Table 1

The thermal stability of various commonly used POMs (Kozhevnikov, 1998).
POMs Decomposition temperatures (°C)
H3PW2049 (PW) 465
H4SiW 12040 (SIW) 445
H3PM01204O (PMO) 375

H4SiMo;,04 (SiMo) 350
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POM nanocomposites are crucial in improving their structure-
properties (Nur et al.,, 2014; Razali et al., 2014).

2.1. Chemical precipitation

One of the conventional and convenient approaches for pro-
ducing Keggin-based POM photocatalysts is the chemical precipi-
tation method. In this method, all the precursors are dissolve at
room temperature or refluxing the mixture solution at the tem-
perature around the boiling point of the solvent used (thermal
treatment). This dissolution is followed by magnetic stirring for
several hours to obtain the precipitate (product). Calcination is then
performed in order to activate the photocatalysts by removing
contaminants present on the surface of photocatalysts, eliminating
organic directing templates, or enhancing the structural crystal-
linity. The calcination environments can be adjusted based on the
characteristics of respective photocatalysts, some might be calcined
under air flow, O2/N; mixture flow or pure O, flow. Moreover, the
calcination temperature could also become a consideration factor.
This is because the decomposition of POM can cause a loss of ac-
tivity; thus, their thermal stability needs to be studied. The thermal
stability of commonly employed POMs is listed in Table 1.

Several researchers have adopted this method to synthesize the
POM-based photocatalysts (Giannakoudakisa et al., 2019; Huang
and Liu, 2020; Lan et al., 2016; Song et al., 2020). For examples,
Lan and co-workers (Lan et al., 2016) had used this method to
synthesize polyoxometalate (POM)@Co304 composites, accommo-
dating a Keggin ion cluster into each confined space of a metal-
organic-framework (MOF). They have developed a two-step, in-
situ route in: (i) synthesis of POM@ZIF-67 and (ii) the subsequent
calcination treatment (350 °C for 3 h) under air flow to produce
(POM)@Co304. By adopting this chemical precipitation method,
FESEM images showed that the POM@MOF retained similar pore
size and smooth morphology of its surface. Furthermore, calcina-
tion at 350 °C was used to remove the organic compound. This can
produce metal oxide framework to accommodate POM. The size of
the framework can swing open and close to match with the size of
the POM. This co-precipitation method is excellent in controlling
the surface morphology and uniformity of the topology of the
desired composites. The visible light driven photocatalytic activity
was enhanced due to POM can accept electrons from porous Co304
and transfer the electrons to attack the substrate, in a confined,
uniform cage of MOF. This electron transmission phenomenon can
be further proven by using transient photocurrent response, as it
exhibited an increase of photocurrent density when larger con-
centration of POM incorporated with Co304 in the MOF framework.
This showed the electron storage ability of POM from the conduc-
tion band of Co304 could be enhanced with its concentration.

Huang and Liu Huang and Liu (2020) also utilized this chemical
precipitation method to synthesize nanostructured carbon-doped
ammonium phosphotungstate photocatalysts, using urea phos-
photungstate (UPW) and thioureaphosphotungstate (TPW),
whereby urea to HPW ratios were denoted as UPW, 3UPW, 5UPW;
thiourea to HPW ratios were labelled as TPW, 3TPW and 5TPW. The
phosphotungstate was mixed well with (i) urea and (ii) thiourea
after chemical precipitation process. Nevertheless, low photo-
catalytic activities were observed for these series of composites.
Subsequently, the calcination temperature at 390 °C for 4 h was
implemented to polymerize carbon nitride onto phosphotungstate.
It is found that all the listed ratios of urea/phosphotungstate hy-
brids and thiourea/phosphotungstate hybrids are different from
their morphology appearance and chemical compositions. Urea
carrying N-C=0 and thiourea bearing N-C=S, both containing ni-
trogen atom, could form ammonium phosphotungstate. The visible
light can be harvested by 5UPW and 5TPW, to photogenerate
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electrons (0%~) at valence band to mid band gap of W5d conduction
band, thus mixed valence POM may be formed. The photo-
degradation of imidacloprid was greatly enhanced (0.34 h™! for
5UPW). Although chemical precipitation method is feasible under
ambient condition, energy of bond breaking and bond forming at
higher temperature is required to induce chemical interaction to
improve the photocatalytic degradation efficiency. Besides this,
considering the decomposition temperature of phosphotungstate,
the calcination temperature should be kept below 465 °C (refer to
Table 1); meanwhile, the polymerization of urea could be initiated.

2.2. Wet impregnation

Wet impregnation method is also extensively used in the
preparation of POM-based photocatalysts (Jin et al., 2013; M and M,
2017; Tayebee et al., 2019; Wang et al., 2017; Zhang et al., 2020).
This process involves mixing of two interactive phases: (i) homo-
geneous solution containing active metals, and (ii) solid phase
containing solid support. The metals are dispersed onto the solid
supports after stirring and followed by evaporation process. A past
study showed that the phosphotungstic acid grafted SBA-15 was
synthesized by blending phosphotungstic acid and SBA-15 at 40 °C
for 30 min. After that, BiOBr solid was added into phosphotungstic
acid/SBA-15 suspension. Then, the mixture solution containing
BiOBr and phosphotungstic acid/SBA-15 was undergone 30 min
mechanical stirring. Then, the mixture suspension was ultra-
sonicated for 30 min, and subsequently stirred for another 30 min.
The stirring and ultrasonication processes were repeated thrice to
ensure homogeneity. Finally, the suspension was evaporated at
slightly high temperature, i.e. 60 °C for 4—5 h, and followed by
vacuum drying for 10 h at 60 °C (Wang et al., 2017). This prepara-
tion method is time-consuming and tedious due to the repetitive
steps of ultrasonification and mechanical stirring.

Due to some limitations of wet impregnation method, such as
inhomogeneous distribution of active sites onto solid supports and
weak physical interaction between two compounds, hence, an
adhesive agent was commonly added (Zhang et al., 2020). Adhesive
agent well functions as a bridge-mimicking intermediate to
chemically crosslink two unmixable compounds into one com-
posite associated with the changes in physio-chemical properties.
Polyoxometalate ((NH4)4[PMo11VOg40])/graphitic nitride was suc-
cessfully prepared by using sodium carboxymethyl cellulose (CMC)
as an adhesive agent to link ((NH4)4[PMo011VO40]) and graphitic
nitride together. Without CMC, POM and graphitic nitride might
interact weakly as both compounds have high electron density;
hence slight repulsion forces. CMC has negative ion, which can
adhere to metal cations in the POM. Furthermore, hydroxyl group of
CMC can also form hydrogen bonds with nitrogen tethered on the
surface of graphitic nitride. The chemical interactions between
((NH4)4[PMo011VO40]) and graphitic nitride can be confirmed via
FTIR absorption peaks, XRD diffraction peaks and DRS absorption
bands. Based on infrared spectrum, Keggin POM displayed peaks at
782, 863, 960, 1109 and 1400 cm™. The functional groups of C-N
and C=N of g-C3N4 stretched at 1100-1700 cm~! while NH,
or = NH stretched at 3200 cm™~ . However, the bands were shifted
after the integration of POM and graphitic nitride. Based on XRD
diffratogram, the diffraction peak of g-C3N4 at 27.4° was weakened
and POM at 26.4° was gradually decreased with increasing the
amount of g-C3N4. The red-shifting of POM/g-C3N4 was also sup-
ported by DRS results, in which the absorption peak of g-C3N4 at
389 nm was slightly red-shifted to 391 nm after formation of POM/
g-C3N4 (Please refer to Fig. 2). The performance of POM/g-C3Ny4
with 1:1 ratio showed degradation efficiency of 85.7%, 1:3 ratio
yielded 94.7% and 1:5 ratio produced 91.5% degradation. The POM/
g-C3Ng with 1:3 gave the best results among three of them.
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Fig. 2. (a) and (b) FTIR spectra; (c) XRD patterns and (d) DRS of different samples. Reprinted with permission from (Zhang et al., 2020). Copyright 2020 Elsevier.

However, POM/g-C3N4 with 1:5 unexpectedly showed poorer result
which might due to the excessive presence of graphitic nitride that
has blocked the POM'’s active sites (Zhang et al., 2020).

The same strategy was adopted by Kazemi et al. (Kazemi et al.,
2018) whereby tetraorthosilicate (TEOS) firstly interacted with
NiFe,04 nanoparticles to form nanocomposites. Next, Keggin-based
POM, HsPMoV,049, was functionalized onto tetraorthosilicate
(TEOS)-NiFe;04 nanoparticles to produce a magnetically-separable
catalyst. TEOS acted as the adhesive agent to chemically link POM
and NiFe;04 by its hydroxyl groups. The Keggin-based POM was
prepared by stirring and refluxing at 80 °C for 2 h. To ensure that
TEOS has successfully form a bridge between Keggin-based POM
and NiFe, FTIR is a tool to observe the bonding alteration. There is
shifting of peak observed in the FTIR spectrum compared to the
bare Keggin-based POM. Tayebee and co-workers (Tayebee et al.,
2019) have also reported the same strategy as reported in
(Kazemi et al., 2017) and (Zhang et al., 2020). They used 3-
substituted indoles, i.e. 2-[(1H-indol-3-yl)(phenyl)methyl]malo-
nonitrile, as the linking intermediate between H3PW1,040 and SBA-
15. Due to the high dispersion of H3PW1,04¢ over SBA-15, the result
offered five-fold enhancement than that of the unsupported
H3PW12040.

2.3. Sol-gel

Sol-gel method is known as a wet chemical method to fabricate,
generally silica or titania, whereby the silica or titania sols (colloidal
solution) gradually polymerize into gel-like network over a certain
period of time. The hydrolysis of silica or titania source forms the
sols, whereas polycondensation of silica or titania sols forms the

gel. This method was also employed in the preparation of POM
functionalized supports (Li et al., 2019; Sampurnam et al., 2018;
Yahya et al.,, 2019). For instance, Yahya and co-researchers (Yahya
et al., 2019) have successfully produced mesoporous aerogel sil-
ica/polyoxometalate hybrid employing sol-gel method under mild
condition. The mesoporous aerogel silica was prepared by hydro-
lysis and condensation steps, subsequently, drying by CO, super-
critical. POM was then functionalized onto mesoporous aerogel
silica by methanol reflux for 3 h.

Another research group also reported a similar synthesis
method to produce H3PW1,040/TiO, composite film (Li et al., 2019).
In order to ensure well dispersion of H3PW1204¢ in isopropanol, the
solution was ultrasonicated for 10 min, then mixed thoroughly with
titanium isopropoxide (TTIP). As we know, TTIP undergo fast hy-
drolysis and condensation in polar solvent, thus white suspension
forms promptly, which indicating the large particles formed. With
this reason, adding acetic acid is taken into account, to control the
hydrolysis process of TTIP, in order to obtain small particle size of
TiO,. HCl was also added into the mixture solution so that
H3PW1,040 would not decompose easily under an acidic environ-
ment. The sol was subjected to hydrothermal at 200 °C in a Teflon-
lined autoclave. This step produced hydrogel. Finally, the
H3PW1,040/TiO, composite film was obtained by spin-coating and
aged for 7 days. A similar preparation method was also reported Lu
et al. (2012). This work has applied programmed heating to obtain
crystalline anatase TiO, at temperature, ie. 200 °C. Sols was
transferred into a Teflon-lined autoclave (473 K, 2 K min~! heating
rate) for 2 h heating. After that, the hydrogel was stirred for spin-
coating to form composite film. Conventionally, temperatures
from 400 to 500 °C, are essential to initiate the crystallization of
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Fig. 3. UV—vis/DRS of (a) absorption bands and (b) band gaps of the starting
H3PW13040, as-prepared pure TiO, film, and H3PW;2040/TiO, composite films with
different H3PW1,049 loadings. Reprinted with permission from (Lu et al, 2012).
Copyright 2012 Elsevier.
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Fig. 4. XRD patterns of bare TiO, and ZnO, TiO,/PW;, and ZnO/PW1, nanocomposite.
Reprinted with permission from (Taghavi et al., 2018). Copyright 2018 Elsevier.
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Fig. 5. The FT-IR absorption spectrum of TiO,/PW;, and ZnO/PW;, nanocomposite.
Reprinted with permission from (Taghavi et al., 2018). Copyright 2018 Elsevier.

TiO; at anatase phase; however, it was found that the programmed
heating rate could be manipulated to obtain crystalline, anatase
TiO, at lower heating temperature, i.e. 200 °C. In contrast, amor-
phous TiO, was obtained at 200 °C when there was no gradual
increment of transient heating temperature Guo & Hu, 2007.

H3PW1,040/TiO, composite films with their characteristics, such
as crystallinity, chemical interaction, surface area, textural
morphology, were studied and discussed as follows (Lu et al., 2012).
The crystallinity of H3PW1,040/TiO; composite films was remained
intact as pure TiO, film, it might owing to H3PW1,04¢ incorporation
into TiO, polymeric framework, thus forming one homogeneous
anatase composite. On the other hand, Taghavi and co-workers
(Taghavi et al., 2018) have done the similar work. The diffraction
peaks of base TiO, display tetragonal anatase with high crystallinity
after the hydrothermal treatment. However, the crystallinity of the
TiO2/H3PW12049 decreases compared to pure TiO,. This can be
attributed to the H3PWi;04 distribution over TiO, anatase
framework, thus retarding its anatase crystallinity development.

Fig. 3(a) and (b) illustrates the absorption peaks and band gaps
of TiO, and of H3PW12040/TiO; films with a series different amount
of H3PW1,049. Apparently, increasing amount of H3PW1,049 could
shift the absorption peak of TiO; to a longer wavelength. It is proven
that the bandgap of TiO, and H3PW15040/TiO; have been narrowed
and thus, more photogenerated electrons could reach the conduc-
tion band easily and then adsorbed by O, from the surrounding (Lu
et al.,, 2012).

Based on literature (Taghavi et al., 2018), there is no peaks of
H3PW12040 noticed in XRD diffractograms of TiO2/H3PW12040 and
ZnO/H3PW13040, but there is a decrease in crystallinity (Please refer
to Fig. 4), this is due to the reason mentioned beforehand. FTIR was
employed to distinguish the presence of H3PW1,040. Evidently, IR
spectrum of ZnO/H3PW1,040 nanophotocatalyst in Fig. 5 shows the
absorption band of §(0-P-0) at 592 cm~. Moreover, shifting and
broadening the band shapes of TiO;/H3PW1,04 and ZnO/
H3PW1,04 are definitely confirmed Keggin-based POMs are
chemically functionalized onto ZnO/TiO, support. The aniline
photodegradation efficiency in the presence hydrogen peroxide,
TiO2/H3PW12049 or ZnO/H3PWi12040 improved when it was
compared to bare TiO, and ZnO under UV irradiation.

Significantly, Huixian Shi and co-researchers (Shi et al., 2012)
have enhanced the photocatalytic activity of TiO, loaded rare ions
(La*>* and Ce3*) and POM under UV light irradiation, with the de-
notations as Ce-H3zPMo013040/TiO, and La-H3PMo012040/TiO3 com-
posites. Sol-gel synthesis was employed and the nanocomposites
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were calcined at different temperatures (400, 500, 600, 700,
900 °C) to enhance the anatase phase of TiO,, proven by XRD
diffraction peaks. It is discovered rare earth ions could act as a Lewis
acid to accept electron pairs from Lewis base, i.e. adsorbed O, to
form complexes. Thereto, embedding rare earth ions into semi-
conductors could enhance the charge separation and hence,
reducing the charge recombination possibility of the photocatalyst.
Furthermore, the light absorption of the semiconductor can be
extended, shown by UV—vis DRS spectra. These effects can promote
the photodegradation rates as reported in previous literature, i.e.
La-TiOz (Huang et al., 2017), Nd-TiO, (Rengaraj et al., 2007), Pr-TiO;
(Chiou and Juang, 2007). The same effect of light extension also
conferred towards POMs. It is suggested that researchers may
explore the rare earth ions doped with TiO,/H3PW13,040 under
visible light illumination since several characteristics presented by
this combination is very convincing in this direction.

The last synthesis method that is introduced here is reported by
Nan Lu and co-researchers (Lu et al., 2017). The employed approach
is the coupling of sol-gel and hydrothermal syntheses. It is the
similar procedures mentioned beforehand (Li et al., 2019). The
purpose of coupling these two approaches is to enhance the crys-
tallinity of TiO, in the programmed heating process (2K min~},
heated up to 200 °C for 2 h) of hydrothermal method, whereas as
sol-gel’s role is to ensure titanium tetraisopropoxide (TTIP) was
well mixed with H3PW1,040 and silver nitrate (AgNOs) in the so-
lution. Besides this, slowing down the hydrolysis and polymeriza-
tion process of TiO, has been taken into account; thereby, acetic
acid was added in TTIP solution. In addition, HCI (2 Molarity) was
also added in the TTIP solution to control the pH lowering down to
2 to 3. It is owing to H3PW12040 can remain its structural stability,
without decomposition, at the acidic condition. Sol was formed
after stirring TTIP, H3PW1,049 and AgNOs for an hour; subse-
quently, hydrogel was formed after the mixture solution was pro-
grammed heated for 2 h in Teflon-lined autoclave. Despite this,
composite film is recently considered as a better choice compared
to powder form, due to the film is ease in separation of photo-
catalyst from the pollutants. Hence, spin-coating was adopted to
transform the hydrogel into composite film, which was undergone
7 aging days prior to get a dried composite film for photocatalytic
testing. The photocatalyst formed was Ag-TiO2/H3PW12040.

Based on literature (Lu et al., 2017), the characterization data are
discussed here. There are several proofs of Ag, TiO, and H3PW1,049
were homogeneously dispersed. This Ag-TiO,/H3PW120409 com-
posite film showed a very smooth surface morphology compared to
TiO,/H3PW 1,049 based on FESEM images. The lattice fringes of TiO,,
0.35 nm (101) and Ag, 0.236 nm (111) were clearly depicted side-
by-side in TEM image. In XPS spectra, the shifting of TiO,/
H3PW1,049 compared to bare TiO, spectra showed that TiO, and
H3PW1,049 were chemically interacted (Ti-O-W) to form TiO,/
H3PW1,040. The crystallinity of bare TiO, was considerably high but
it was decreased after bonded to Ag. It is worth noting that cubic Ag
has the ability to retard the crystallinity growth of anatase TiO,. The
narrow band gap was proven by the combination of TiO, and
H3PW12040 with a slight red-shift of DRS absorption peak. None-
theless, the electron-hole recombination rate can be further
improved by adding Ag. It is note-worthy that Ag is responsive to
photons and causes surface plasmon resonance (SPR). The oscil-
lating of electrons can enhance the electromagnetic field of Ag and
create potential energy difference between Ag and TiO,. This could
result in the oscillating electrons of Ag flow to conduction band of
TiO2 and hence, remaining the charge separation effect. This effect
were proven by Surface-Enhanced Raman Scattering (SERS), TEM
and UV—Vis DRS.

To conclude literature studies on sol-gel synthesis, it is exten-
sively used to prepare POM-based nanocomposites, meanwhile
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coupling with another assisted methods, including hydrothermal
reaction in an Teflon-lined autoclave, ultrasonication, calcination,
spin-coating and so forth, to ensure the design and structure of the
resulting product are strictly achieved. Undeniably, sol-gel is an
excellent method in tuning the morphology and topology of com-
posites, yet it presents some limitations too. For an example, it
takes several days or weeks for hydrogels to under aging process.
Then, the aged gel will be calcined at high temperature or evapo-
rated at 60 °C under vacuum condition, to yield solid powder. To
overcome this shortcoming, there are also other methods have
been evaluated in recent years, such as photopolymerisation (Ghali
et al., 2019), in situ hot-pressing synthesis method (Li et al., 2019),
carbonization method (Ramalingam et al., 2019) and photo-
degradation of surfactant template (Zi et al., 2016). Moreover, it is
obvious that sol-gel and hydrothermal are inseparable approaches
to prepare composites. It is owing to the Teflon-lined autoclave
with hydrothermal temperature ranging from 150 to 200 °C, could
produce well dispersed mixture solution and chemically interacted,
even to induce crystallinity of TiO,/POM when heating rate is
applied. Nonetheless, the Teflon-lined autoclave has its reaction
temperature limitation, with not exceeding ca. 200 °C. Considering
this deficiency in the hydrothermal treatment, polypropylene
(PPL)-lined autoclave could be used to replace Teflon-line autoclave
if the desired hydrothermal temperature is more than 200 °C, but
less than or equal to 300 °C.

Here, we summarized key findings from the various synthesis
techniques employed for the preparation of Keggin-based POM
nanocomposites:

1. Chemical precipitation is a feasible and convenient method as
all the precursors are prepared in one-pot to obtain the solid
precipitates. The obtained solids are generally good in surface
morphology and topology. Nonetheless, some precaution steps,
such as mixed ratios of precursors, heating temperature, prep-
aration duration, etc., have to be taken into account, as these are
crucial to achieve the desired morphology and topology.

2. Impregnation is a simple method. It involves mixing of solid
supports and solution containing active metals to form a solid
product; nonetheless, it does not yield homogeneous dispersed
metals on the solid supports. To overcome this shortcoming, the
solid support and the solution may be linked by an adhesive,
which can chemically bond to both of them.

3. Sol-gel-hydrothermal is generally favored by researchers in the
synthesis of POM photocatalysts. In spite of this, it is quite time
consuming and uneventful. Thus, other approaches such as
polymerization, carbonization, in-situ hot pressing methods
could be adopted too. Other than this, to increase the hydro-
thermal temperature, the Teflon-lined autoclave can be replaced
by Polypropylene-line autoclave.

Other assisted methods, such as ultrasonication, spin-coating,
calcination, evaporation, and vacuum drying also act as the com-
plementary tools for the abovementioned approaches.

The data and descriptions by different research groups are
actually in agreement with each other. Detailed discussion of op-
tical properties is presented as below because it is the vital factor to
relate to photochemical behaviour (photoinduced charge separa-
tion and charge transfer), which can enhance the practicality and
photodegradation efficiency. Other physicochemical properties are
also exhibited and summarized in brief to show the homogeneous
integrity of the POM binary and ternary structures. Below are the
recapitulations of the main characterizations of Keggin-based POM
photocatalysts:
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1. Optical properties (DR UV—vis, Photoluminescence and Elec-
trochemical Impedance analyses): The characteristic charge
transfer absorption band (0*~—Wsq) of Keggin-based POM is
around 260—270 nm and edge absorption at ca. 380 nm (Huang
etal., 2017; Yang et al., 2012) but it could be red-shifted to region
600 nm after immobilization of PW1;, onto SiO, support, with a
hump appeared at 440—450 nm due to charge transfer of 0*~ to
SiO,. The extended absorption is varied depending on the types
of support. For instances, the edge of g-C3N4 was extended from
500 to 580 nm (Zhang et al., 2020) whereas graphene oxide
absorption edge was redshifted from 500 to 520 nm (Liu et al.,
2018). Additionally, PMo1,/TiO, absorption band displayed at
400 nm, but it redshifted to 900 nm after Pt photodeposited
onto PMo1,/TiO, composite. This effect was attributed to the
surface plasmon resonance of Pt nanoparticles, causing nar-
rower bandgap with 3.177 eV, compared to PMo,/TiO, com-
posite, 3.242 eV. Photoinduced charge separation and charge
transfer of Pt/PMo1,/TiO, were enhanced compared to PMo1,/
TiO, and TiO,, shown by photoluminescence and electro-
chemical impedance spectra (Shi et al., 2019). AgzPO4/PW13/
Graphene Oxide (Liu et al., 2018) reported by Guodong Liu and
his co-researchers also showed the similar discovery as previous
(Shi et al., 2019). It could be observed that Pt/PMo1,/TiO, and
Ag3P04/PW1;,/Graphene Oxide triads have lower intensity in the
spectra compared to PMoq/TiO, and Ag3zPO4/PW;, dyads,
implying the photogenerated electrons are transmitted from
binary composites to Pt or Ag, respectively. This can enhance
charge separation and charge transfer, hence photoinduced
charge recombination could be retarded.

2. Chemical interaction (FTIR analysis): Keggin-based POMs
generally presented four to five characteristic bands at region
from 800 to 1200 cm™ ', including (Taghavi et al., 2018; Zhang
et al., 2020):

(i) H3PW12040: P-O 1080 cm ', O-P-O 596 cm™ !, W=0terminal
981 or 985 cm™!, W-OcornerW 890 cm™!, W-Oedge-W
805 cm™!; and

(ii) H3PMo012040: P-O 1080 cm ™", 0-P-0 596 cm ™, M0-Oedge-Mo
782 cm !, M0-Ocomner-Mo 863 cm™ !, Mo=0; 960, 1109 and
1400 cm™ .

However, the chemical compounds, such as SiO, (IR absorption
band ca. 960 to 1100 cm™1), with their bands at around that region
might mask these POM characteristic bands. Besides, we can notice
that the band shifting might occur if there is chemical interaction
between POM and supported materials.

3. Crystallinity (XRD analysis): The crystallinity of Keggin-based
POM could be weaken but without fully disappearing. This
proves that the chemical interaction happens once it has suc-
cessfully functionalized with other chemical compounds. In
other case, the peaks of POM might be totally disappeared,
owing to the well dispersion of POM into the supports.

4. Surface area (BET analysis): Keggin-based POM surface is
generally reported less than 10 m? g~!, however, it could be
increased up to 200 m? g~! after immobilized with supports.
The surface areas are varied according to the types of the
supports.

Table 2 summarizes preparation methods, physicochemical
properties and photocatalytic efficiencies of Keggin-based POMs.

3. Hierarchical enhancement of Keggin-based
polyoxometalate photocatalysis

POM-based materials have been widely lauded for excellent
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photocatalytic effects attributed to their preeminent photo-
electrochemical properties, tailorable physicochemical properties,
condensed redox density and strong acidity persistency. With
proper settings, complete mineralization can even be achieved
with zero-waste establishment. Despite, their practicalities are
highly hampered by the high tendency of bare POM in structural
dissociation in water and narrow light absorption range. In order to
tackle the drawbacks of POM materials, various techniques were
applied to maximize the degradation efficiency for practicality
prospect. Current section focuses on the techniques endeavored
recently, ranging from modification of POM-based photocatalyst to
process intensification, subsequently achieving the enhanced
photocatalytic efficiency and structural stability; hence the practi-
cality of POM photocatalysis.

3.1. Modification of Keggin-based polyoxometalate photocatalysts

As aforementioned, one of the major restrictions faced by POM
materials in heterogeneous photocatalysis is the tendency of
structural dissociation in substrate solution, causing secondary
pollution in addition to losses in photocatalytic activity. Consid-
ering the recyclability and practicality prospects, a lot of efforts
were attempted, including in-situ solid phase thermal trans-
formation (Huang and Liu, 2020; Meng et al., 2019), coupling with
semiconductors (Tang et al., 2020; Wu et al., 2020; Zhou et al.,
2019), immobilization onto selected supports (Farhadi and Zaidji,
2009; Guo et al., 2000; Kumar & Landry, 2007; Yue et al., 2002),
magnetization via Fe-based material for facile separation (Qiu et al.,
2007; Shi et al.,, 2006; Yu et al., 2019; Zhang et al., 2017). All these
modifications attempt to improve POM-photocatalysis from
following aspects: enhancements of performance and structural
stability, as well as facile post-reaction separation, for the sake of
practicality of POM-photocatalysis.

It is known that photocatalytic performance of POM is closely
associated to its optical properties. To enhance the light-harvesting
ability, Meng and co-workers (Meng et al., 2019) engineered the
stacked-layer carbonitride/tungstophosphate (TCN) via solid-state
conversion of melamine phosphotungstate (MPW). Typically, dis-
solved phosphotungstic acid hydrate (HPW) was mixed with mel-
amine solution, then subjected to heating, washing, and drying to
obtained white solid powder prior to calcination process. The ob-
tained photocatalysts exhibited better light absorbability as
opposed to bare constituent (carbonitride (CN)) prepared under
similar outline, attaining 13.5 times of photoactivity enhancement
the coupling of POM-material (tungstophosphate). Specifically,
around 80% of imidacloprid removal was achieved after 6 h of
visible light irradiation (225 W) in the presence of 2 g/L of opti-
mized photocatalyst (13TCN, whereby 13 is denoted for mol ratio of
melamine to HPW). However, a gradual loss of photocatalytic ac-
tivity was observed after 3 recycle of photoreaction, mainly
attributed to the blockage of active sites by the substrates and
intermediate.

The instability of the above POM-based photocatalyst can be
improved by switching the carbon-based precursor to urea. Huang
and Liu Huang and Liu (2020) synthesized a series of urea phos-
photungstate (UPW) photocatalysts with the similar outline, except
changing the carbon-based precursor from melamine to urea.
Similarly, all the POM photocatalysts exhibited enhanced photo-
catalytic effects in degrading imidacloprid. Compared to melamine-
synthesized photocatalyst, current urea-synthesized UPW recorded
similar imidacloprid removal of 76.30% with only 3 h of visible light
irradiation, even with lesser chemical needed during photocatalyst
synthesis (urea to HPW ratio of 5). Authors claim that the carbon
content incorporated in the 5UPW (5 denotes for ratio of pre-
cursors) optimally extended the absorption range towards the



Table 2

Preparation methods, physicochemical properties and photocatalytic efficiencies of Keggin-based POMs were summarized.

Composites

Synthesis methods

Physicochemical properties

Photocatalytic
reactions

Substrates or pollutants

Photocatalytic References

efficiencies

((NH4)4[PMo011VO40])/g-C3N4

Carbon-doped H3PW1,049
UPW = urea phosphotungstate;
TPW = thiourea phosphotungstate

[H502]2[Hpip]2.5[BW12040]-4H,0 or
protonated piperazine POM
Pip = piperazine, C4H1oN>

Pt/H3PMo012040/TiO; nanofibers
PMo,; = H3PM01,049

H3PMo12040/polymer
SiM012040(IPh;)4/polymer

Dipping method with
wet impregnation (no
thermal treatment);
sodium carboxymethyl
cellulose (CMC) as
adhesive

Co-precipitation and
thermal treatment
(inert calcination at
390 °C); Carbon sources
consisted of urea and
thiourea

Co-precipitation with
refluxing

H3PM012040/T102 by
electrospinning,
calcination at 450 °C
and followed by Pt
photoreduction or
photodeposition.

Photopolymerisation of
TMTPA monomer
under visible light

e Absorption bands of POM
were at 240 and 404 nm; while
g-C3N4 was in the range of 200
—500 nm. After POM templated
with g-C5N4, new hump
appeared at 389—391 nm and
the absorption edge at 500 nm
was extended to 580 nm

e Bare HPW band gap was
recorded at 3.4—3.6 eV; 5UPW-
390 band gap at 3.16 eV; 5TPW-
390 band gap: 3.14 eV, inferring
the bandgap was narrowed
with urea and thiourea
interrupted the bandgap of bare
HPW.

e Mid gap states exhibited
upon carbon doping, shown by
photoluminescence spectrum.
e N-H group of Pip and O atoms
in POM can be linked together
via hydrogen bonding, proven
by FTIR vibration shifting of N-
H and C-H in the organic-
inorganic POM.

e PMo4,/TiO; absorption band
displayed at 400 nm, but it
redshifted to 900 nm after Pt
photodeposited onto PMo12/
TiO, composite. This effect was
attributed to the surface
plasmon resonance of Pt
nanoparticles.
e Pt nanoparticles presented
localized surface plasmon
resonance to PMo1,/TiO,
causing narrower bandgap with
3.177 eV, compared to PMoy,/
TiO, composite, 3.242 eV.
e Photoinduced charge
separation and charge transfer
of Pt/PMo+,/TiO, were
enhanced compared to PMoq5/
TiO, and TiO,, shown by
photoluminescence, transient
photocurrent responses and
electrochemical impedance
spectra.
e TMPTA with the aid of
photoinitiator and iodonium
salt to form polymer. The

300 W Xenon lamp
eVisible light
irradiation

e Methylene Blue (MB)
e X—3B

225 W Xenon lamp
eVisible light
irradiation

e Imidacloprid

200 W LED lamp;
eVisible light
irradiation

e Methylene Blue (MB)

300 W Xenon lamp
eVisible light
irradiation

e Methyl Orange (MO)
e Tetracycline
e Bisphenol A

e LED@375 nm
e UV irradiation

e Eosin-Y

e 94.7% in 120 min
(0.79 min1)

(Zhang et al., 2020)

e 76.29%(034h71)
e Photocatalytic
reaction was recycled
for three times
consecutively with
similar
photodegradation
efficiency

Huang & Liu, (2020)

e 97.08% after 24 min

(4.05 min~1)

e Photocatalytic

reaction was recycled

for five times
consecutively with
similar
photodegradation
efficiency

e Photodegradation
efficiencies of Methyl
Orange, 0.011 min~!;
Tetracycline, 0.043
min~!; Bisphenol A:
0.00615 min~!

e The similar
photodegradation
efficiencies shown
after recycling five
times consecutively

Jamshidi et al. (2020)

(Shi et al., 2019)

e 93% of Eosin-Y was
degraded by
H3PMo;2040/polymer

Ghali et al. (2019)

(continued on next page)
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Table 2 (continued )

Composites Synthesis methods Physicochemical properties Photocatalytic Substrates or pollutants  Photocatalytic References
reactions efficiencies
Polymer: poly(TMTPA) = intensity of TMPTA in in 87 min (1.069
poly(trimethylolpropane triacrylate) infrared spectra was reduced min~!); meanwhile,
after undergone degraded by
polymerization process. SiM012040(IPh;)4/in
200 min (0.465 min~")
H3PW12040@MFM-300(In) composites In-situ hot-pressing, e H3PW;5040@MFM-300(In) e Visible light e Sulfamethazine o 98% degradation  (Li et al, 2019)
MFM-300(In) is a type of MOF solvent free synthesis absorption edge was irradiation activity in 120 min
synthesized by In(NOs)3.5H,0 stretched out to 450 nm e HyO, was added as (0.82 min1)
and biphenyl-3,3’,5,5'-tetracarboxylic acid compared to MFM-300(In) an initiator e 85% of
and new band appeared at photodegradation

oL

[CA(TTPB-4)(DMF)3]4[PM012040]2
[HPMo012040].6DMF.4H,0

TTPB-4 = 1,3,5-tris(4-(4H-1,2,4-triazol-4-yl)
phenyl)benzene]

TiO,/POM/Fe304@SiO, microspheres
PW1; = H3PW12040

SiW;5 = HyPSi12040

PMo1; = H3PMo01,049

Hydrothermal
synthesis

TiO2/H3PW15040 thin
film was constructed by
electrostatic layer-by-
layer method onto
FE304@Si02
microspheres

550—600 nm due to oxygen
in POM exhibited charge
transfer to In(Ill) in MOF.
Photoluminescence spectra
showed the intensity of
MFM-300(In) decreased after
interaction with PW,,
implying efficient electron
transfer from MFM-300(In)
to PWy,.

UV-—vis spectra proved there
is no POM leaching after the
composite recycled several
times.

PXRD pattern proved the
structure of the composite
remain intact after eight
consecutive cycles

TTPB is a ligand, acting as an
electron shuttler, to transfer
electrons to POM, as proven
by the photoluminescence
result showing a reduced
intensity of TTPB after
coupling with POM.

POM guest interconnected
with MOF via TTPB-4 can
give a very stable and
confined framework.

Low degradation efficiency of
FE304@5102@(Ti02/SiM012)10
is due to the reduction
potential of its reduced form
is more positive than 0,/03,
so itself is hard to re-oxidized
and reused.

Synergistic effect of POM/
TiO; could be proven by
improvement of quantum
efficiency, in which
photoinduced electrons
transferred from conduction
band of TiO, to POM and
thus, retarding the
recombination process.

e 500 W Xenon lamp;
e H,0, as the oxidant;
e UV irradiation

¢ 300 W medium-
pressure Mercury
lamp

e Inorganic  oxidants
were used, including
KCIOs3, KBrO3 and
KIOs.

e UV irradiation

e Methylene
(MO)

e Crystal Violet (CV)
e Basic Red 2

Orange

efficiencies shown
after recycling eight
times.

Crystal Violet: 94.3%
in 36 min (2.62
min~');

Basic Red 2: 95.0% in
18 min (5.27 min~!)
Photocatalytic
reaction was recycled
for three times
consecutively with
similar
photodegradation
efficiency.

o Fe304@Si0,@(TiO,/
PW13)10 degraded
83.91% of MO in

100 min (0.84
min~1).
FE304@Si02@(T102/
SiW13)10 degraded
62.07% of MO in

100 min 0.62 min~').
Fe504@Si0,@(TiO,/
SiMo13)10 degraded
13.55% of MO in

100 min (0.14
min~1).

(Liu et al., 2018)

Niu et al. (2018)
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Ag3P04/PM012/GO
GO = Graphene Oxide;
PMo1, = H3PMo01,049

TiO2/H3PW15040 ZnO/H3PW150.40

H3PW1,040/Si0; sensitized by H,0;

Ag-TiO2/H3PW1,040 composite film

La-H3PW1 2040/Ti02
Ce-H3PMo015040/TiO2

One-pot approach with
chemical precipitation

Sol-gel and Teflon-lined
hydrothermal
treatment

Sol-gel and thermal
heating (calcination) at
200°Cfor4 h

Sol-gel and spin coating

Sol-gel and thermal
heating (calcination) at
400, 500, 600, 700 and
900 °C for 3 h
respectively

e Due to the reduction
potential of AgsPO, is more
negative than PMo,, thus
PMo1; can fast capture
electrons from Ag3PO4.

e PMo;; and GO  were

introduced into AgsPO, to

enhance the charge transfer
and separation of Ag3POg,
proven by low intensity of
photoluminescence and
electrochemical impedance
spectra.

Bandgap of AgsPO; was

2.40 eV, however it was

narrowed to 2.10 eV after

combined with PMo;, and

GO.

Integrity of the binary

composites were studied

using XRD and FTIR.

Absorption band of bare
H3PW;,040 depicted at

260 nm and its edge at

380 nm, but it was extended
to around 600 nm after
H3PW;,04 functionalized
with SiO,.

Compared to TiO,, Ag-TiOs,
TiO2/H3PW12040,
electrochemical impedance
spectra showed that Ag-TiO,/
H3PW;,049 composite film
displayed the smallest arc
radius, indicating it has the
least charge transport
resistance.
Ag-TiO,/H3PW12040
composite film displayed a
weak and broad band from
400 to 500 nm, which is due
to surface plasmon effect of
Ag to accept transported
electrons from hybrid
HgPW12040 and TiOZ.
Specific surface area of TiO»
was increased from 30 to 72
—74 m? g~ after it was
incorporated to form La-
H3PW13040/TiO2
Ce-H3PM012040/TiO5.

e Anatase TiO, can be obtained
by calcination up to 600 °C,
however, further higher
calcinated temperature can
form rutile TiO, caused a

e 500 W Xenon arc
lamp
o Solar light irradiation

e 11 W low-pressure
Mercury lamp
e UV irradiation

e 500 W Xenon lamp
Solar light irradiation

e 300 W Xenon lamp
Solar light irradiation

e 125 W high pressure
Mercury lamp
e UV light irradiation

e Rhodamine-B (RhB)

e Aniline

Methyl orange
Methyl red
Methyl violet
Rhodamine-B
Malachite green
Methylene blue

e O-chlorophenol (O-
CP)

e Methylene blue

RhB was degraded by
AgzPOy4 at 0.1 min~ !,
Ag3P04/POM at rate
of 0.15 min~! and
AgsP0,4/POM/GO at
rate of 0.18 min~".

(Liu et al., 2018)

Aniline degraded by
TiO,/PW,; at rate
0.28X10~2 min~!; by
ZnO/PWy, at rate
0.26X1072 min~!
Degradation
efficiencies were
ranging from 84.6%
to 98.3% in 120 min
(0.705—0.819
min~1).

Taghavi et al. (2018)

(Huang et al., 2017)

82.40% O-CP was
degraded by Ag-
TiO2/H3PW12049
composite film in 240
min-1 (0.34 min~")
The composite film
remained structural
stable with 80%
above degradation
efficiency after three
consecutive recycling
used.

Lu et al. (2017)

96% MB was
degraded by Ce-
H3PM012040/TiO2
(0.96 min~') and 98%
was degraded by La-
H3PW12040/TiO>
(0.98 min~') in

100 min respectively.

(Shi et al., 2012)

(continued on next page)

0 39 8udy) N SN HY 0T k'S

vbzsel (120) €92 a1aydsoway)



S.Y. Lai, KH. Ng, CK. Cheng et al. Chemosphere 263 (2021) 128244

visible light region, hence effectively enhanced the photo-
degradation efficiency. Despite having more carbon content, 8UPW
does not display a better photocatalytic activity, owing to the
blockage of photo-active sites induced from excess carbon species
doped on the surface of photocatalyst. Compared to the above
study (Meng et al., 2019), the performance stability of urea-doped
POM photocatalyst in present study is greatly enhanced, whereby
the degradation efficiencies maintained at ~70% even after three
consecutive of photoreaction. However, the reason of improvement
in term of performance stability is not mentioned in the report.

In addition, the structural and performance stabilities can also
be enhanced via coupling with other semiconductors. Similar with
POM material, implementation of CdS photocatalyst in visible light
region is highly suppressed by the structural instability upon
photon irradiation. To solve this problem, a noble metal free binary
photocatalyst was innovated by combining the Ta-based POM
(NagTagO19) with the metal sulphide semiconductor (Cdg7Zng3S) to
synergically enhanced the stability of the composite (Zhou et al.,
2019). Interestingly, the coupling of NagTagOi9 and Cdg7Zng3S
into a binary composite synergically improved the H,-photo-
evolution upon comparing to its own constituents. Upon
orientated-coupling, the binary composites exhibited auspicious
visible-light absorption that affirmatively augmented the solar
utilization. Based on the results, the highest photocatalytic Hp-
evolution (43.05% mmol/h/g) was recorded by composite with
optimum NagTagO19 content (0.1 g). Further increasing the POM
content in the composite would adversely affects the efficiency of
NagTag019/Cdo.7Znp 3S composite due to light-blocking effects ari-
ses. Furthermore, performance stability is greatly enhanced too
with the same formulated photocatalyst, despite the constituents
are both unstable on its own. Recyclability evaluation proves that
the performance of NagTagO19/Cdg7Zng3S was well-maintained
after four consecutive cycle of water-splitting experiment, with a
minor fluctuation around 225 mmol/h/g H; generated in 6 h of
photoreaction in all experiments.

Similar strategy was employed by Tang et al. (Tang et al., 2020)
in establishing the enhanced photocatalytic performance and
structural stability. Accordingly, the stability of Fe-POM was greatly
improved upon bridging with TiO, semiconductor. Fe-POM-
modified TiO; in this study was fabricated via two-step operation
and subjected to the bisphenol-A (BPA) photodegradation evalua-
tion. Experimentally, Fe-POM-modified TiO; exhibited an improved
photocatalytic degradation compared to bare-TiO,, recording
almost 3-fold enhancement to 40% of BPA degradation under the
same reaction conditions. The involvement of persulfate in the
photoreaction further enhanced the catalytic activity, resulted from
the formation of the highly reactive SOz radicals. Among the
photocatalysts prepared, TiO, modified by 15 wt% of Fe-POM out-
performed the rest, emerged as the best performed photocatalyst,
exhibited the highest activity in degrading BPA (complete removal
in just 20 min). In addition, the stability of photocatalyst is also
closely monitored through the ICP measurements of reaction so-
lution. Results confirmed that the Fe-content in reaction solution
remained arbitrarily low, implying the suppressed dissociation of
Fe-POM, hence confirming the structural stability of POM in the
synthesized photocatalyst.

In addition to coupling with semiconductor material, the sta-
bility of POM can also be improved through anchoring into metal
organic frameworks (MOFs). Generally, MOFs are arranged in long-
range ordered topological structure with tailorable porosity, which
highly beneficial in promoting the stability of POM under stringent
conditions, even in tempered environment. Generally, there are
four categories of POM-MOF composites:

(Yang et al., 2005)

References

Photocatalytic
efficiencies
Degradation
efficiencies of the
substrates are shown
below:

e CR:92%in2 h

e MO: 72.4%in4 h
e PG:94.8%in3 h
e OIl: 67.2%in4h
e EB: 75.8%in3 h
e AS:72.8%in4h
e MB:96%in 1h

e RB:98%in1h

e FA: 75% in4 h

Blue

Black B (EB)

e Alizarin S (AS)
e Methylene Bule (MB)

Substrates or pollutants
e Methyl Orange (MO)
e Ponceau G (PG)

e Orange II (OII)

e Neutral Red (NR)

e Eriochrome
e Rhodamine B (RB)
e Fusin Acid (FA)

e Congo Red (CR)

light

e 400 W Xenon lamp
irradiation

Photocatalytic
e Visible

reactions

of

decreased in degradation
environment

efficiency.
eBandgaps of La-H3PW 1,040/

at the region 200—450 nm,
compared to sharp peak of
H3PW 15040 at 280 nm and
200—300 nm of TiO, band.
e Programmed temperature at
200 °C successfully induced
anatase TiO, incorporated
with H3PW;,040, which the
crystallinity of TiO, and
electron storage ability of
PW1, could enhance the

waste degradation

H3PW15040/TiO, was broad
efficiencies.

TiO; and Ce-H3PMo01,040/TiO>

were reduced compared to
TiO,, due to f electrons of rare

earth ions and TiO, having
charge transfer to-and-fro at
visible region.

Physicochemical properties
e Local

Synthesis methods
temperature (200 °C)
hydrothermal synthesis

Sol-gel and
programmed

Composites
H3PW15040/TiO2

Table 2 (continued )
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Fig. 6. Schematic diagram for (a) [Cu'u(trz)g(HzO)z][oc—SiW12040]~2H20 and (b) [Cullz(trz)gcl][d—PW12040]. Reprinted with permission (Zhao et al., 2018). Copyright 2012 Elsevier.

(i) POM directively-architectured with d/f-block metal and
organic units into MOF skeleton;
(ii) POM anions dwelling amid MOFs-templated framework;
(iii) spongey inorganic-organic skeleton with POM-pillars, and
(iv) POM-MOF nano-crystal composites

Despite having incredibly high stability, such structure is
shadowed by its large bandgap, hence remain inactive under irra-
diation of low energy spectrum, especially visible light. Current
speculation is confirmed by the research conducted by Wu et al.
(Wu et al., 2020). The Mo-based POM-MOF was synthesized by stir-
mixing H3PMo12040 (0.16 mmol), AgNO3 (0.88 mmol), BPTD
(0.05 mmol), ammonium tetramethyl hydroxide (100 pL, 1.1 mmol)
in distilled water (8 mL) for 1-2 h at constant normal temperature,
subsequently heated to 180 °C for three days under acidic condition
(pH = 1.76), until dark blue rhomboid block crystals obtained.
Evidenced from elemental analysis, the newly structured compos-
ite is given by chemical formula of Ag;C4gN16H33S4PM012040. The
inclusion of S-element into the amalgamation is mainly for the
widening of responsive spectrum to visible light region. As ex-
pected, the obtained binary composite of POM and MOF exhibited
almost nil photocatalytic effects in decomposing RhB under irra-
diation of visible light even after 6 h of irradiation. To overcome this
limitation, a layer of conductive polypyrrole (PPy) was deposited
onto the surface of the composite, combined into a ternary pho-
tocatalyst. PPy is allegedly responsive to visible light and excel in
transmitting charges, hence touted as one of the potential material
in enhancing the photocatalytic effects (Tarmizi et al., 2018). Upon
deposition of PPy, the activity of the ternary composite is absurdly
intensified, degrading 93% of RhB under the same photoreaction
conditions. It is inferred that the charges transfer processes was
efficiently facilitated with PPy-coating, subsequently promoted the
photocatalytic effects. In addition, the structure of ternary POM
composite is also well-preserved after five cycles of photoreaction,
as evidenced by both post-reaction solid XRD analysis. Further-
more, the degradation efficiencies experienced only minor depre-
ciation, from 93.0% to 83.9% after five consecutive photoreactions in
recyclability test, which however, still sufficiently high to justify the
structural and performance stability.

In addition, the POM-MOF composite can also be obtained by
lodging POM into the pores of pre-synthesized MOF. To synthesis
this kind of POM-MOF hybrids, the frameworks structure is highly
depended on the geometry, length, and coordination ability of the
organic ligand. Zhao et al. (Zhao et al., 2018) constructed two
distinctive but stable 3D POM-modified MOFs, viz
[Cula(trz)s(H20)2][0-SiW12040] - 2H20  and  [Cu'yp(trz)sCl][o-
PW12040], whereby Htrz is abbreviated for 1-H-1,2,4-triazole. The
basic units of both POM-MOFs are [Culy5(trz)g] and templated into
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two distinctive structures that resulted into different properties,
upon the incorporation of different Polyoxoanions (POA) precursors
([0-SiW12040]* and [0-PW120401%"). Fig. 6 shows the molecular
structures of both POM-MOFs.

Structurally, the POM in [Culi2(trz)g(H20)2][0-SiW12040]- 2H50
was embedded in the nanopores of the MOF frameworks, while for
[Culyx(trz)sCl][e-PW12040], the POM acted as building unit and
ionically bonded to the MOF. Subsequently, both photocatalysts
were subjected to RhB degradation under irradiation of visible light
and attaining superior degradations, 91% and 81% for
[Cu'iz(trz)s(H20)][-SiW12040] - 2H20  and  [Cu'p(trz)sCl][o-
PW1,040] respectively. These enhanced photocatalytic effects are
mainly attributed to the coefficient effects exhibited by the POMs
and MOFs. The amalgamation of MOF units in the composite
further facilitate the charges transfer upon photoexcitation, hence
enhances the photocatalytic effects. In addition, the high stability of
[Culyo(trz)s(H20),][2-SiW12040]- 2H20 was also confirmed through
the recyclability test, whereby no obvious activity loss after 5 cycles
of RhB degradation. Structural prevails was excellently preserved
too as confirmed by post reaction XRD analysis. Such high perfor-
mance and structural stabilities are mainly derived from the su-
perior 3D frameworks that encapsulating the reduced POMs, hence
stabilizing it via rapid re-oxidization process by donating electrons
to the dissolved oxygen. Current findings in stabilizing POM-MOF
composites are also well accepted and further confirmed by other
literatures (Li et al., 2018; Zhao et al., 2018). In addition, the recent
advances of POM-MOF composites, including the design strategies
and potential applications are well summarized in review pub-
lished by Li and group (Li et al., 2019).

In addition to performance and structural stabilities, the
recoverability of photocatalysts is also crucial for the consideration
of practicality. Generally, synthesis of nano-sized POM photo-
catalysts is highly favorable for its large reactive surface, which
however deriving into another huge challenge of recovery diffi-
culties. Conventional recovering techniques employed are pro-
longed vacuum filtration and centrifugal separation that accom-
panied with intensive energy requirements, hence leading to
impracticality of nano-photocatalysis. To solve this problem,
immobilization of nano-sized POM photocatalysts onto a larger
supports grain could be one of the effective ways in advocating
facile separation. Among the supports, SiO; is commonly employed
(Guo et al., 2000; Kumar & Landry, 2007; Yue et al., 2002), owing to
its high surface area, outstanding optical properties and highly
tunable structures. For instance, Guo et al. (2000) synthesized
microporous silica-immobilized POM photocatalysts by evenly
dispersing H3PW12049 and H4SiW1,04¢ into silica bulk phase,
separately, through sol-gel technique. As results, two set of POMs/
SiO, photocatalysts were successfully obtained and exhibited
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improved properties, such as high insolubility (structural stability)
and readily separable behaviour. Furthermore, the photocatalysts
were also complimented by high specific surface areas adopted
from the microporous structure of SiO, support. Based on the re-
sults, both microporous silica-supported POM photocatalysts yiel-
ded considerable of hexachlorocyclohexane removal (circa 50%
both cases), synchronously featured with enhanced practicality
from the photocatalyst recovery prospect. It is claimed that pho-
tocatalyst is readily to be separated by only gravitational sedi-
mentation. Similar finding was also reported by Yue et al. (2002). A
series of silica-immobilized POM photocatalysts were prepared by
using different POM-precursors, viz NagW;034, H4W1O33,
H3PW12040, and HgPo,W1g0s, via sol-gel method. By comparing
with their corresponded bare POM, all the immobilized POM
photocatalysts manifested promoted photocatalytic effects in
degrading 4-chlorophenol upon the inclusion of SiO, support. It is
reported that the advantageous large area-to-weight ratio of SiO;
facilitated the chemisorption of the substrate, hence accelerated
the photocatalytic degradation process. Similar with previous
study, the separation of all the photocatalysts was performed by
energy-free gravitational sedimentation and satisfactory separa-
tion could achieved in just 30 min.

In addition to separation convenience, immobilization of nano-
POM photocatalysts onto larger support can effectively prevent the
agglomeration of photocatalyst, hence maximizing the utilization
rate of active surfaces. The strategies in constructing such
morphology were critically summarized and reviewed from the
perspectives of solid support selections, metallic precursors selec-
tions, as well as interaction between supports and dispersed par-
ticles by Zhao and co-workers (Zhao et al., 2018). In addition,
prevention of POM leaching from the support is also vital in
maintaining the performance consistency. To hinder the leaching of
POM, an ingenious immobilization method were proposed by
Kumar & Landry (2007), which encompassing chemical in-
teractions between Silica-support and POM-photocatalyst. Based
on the report, MCM-41 silica support was cationically-modified,
subsequently mixed with anionic PV,Mo1903y for the ionic in-
teractions. FTIR of resulting solid indicates the newly emerged band
at 870 cm~! and blue-shifting of POM bands upon modification,
hence evidences chemical bonding between POM and MCM-41
silica support. Such chemically-bounded structure effectively re-
tains POM on the surface of MCM-41 silica, at the same time pro-
motes the transfer of photo-generated charges.

In addition to immobilization, the recovery of photocatalysts can
be assisted by magnetic separation too. Generally, magnetite
properties can be fostered into POM photocatalyst via engraftment
of magnetic component, particularly Fe-based constituent. For
instance, TiO,/FeOx/POM photocatalyst was prepared by using W-
based POM (Na3[PWig040]) to accelerate the photocatalytic
removal of 2,4-dichlorophenol, at the same time cater the photo-
catalyst recovery after photoreaction (Yu et al., 2019). As opposed to
bare-TiO,, incorporation of 25 wt% of FeOx with NHs-assisted
deposition widens the light absorption spectrum to visible-light
region, thereby enhancing the photocatalytic activity of TiO,/FeOx
under solar light irradiation. Whilst, the doping of 1 wt% of POM
onto bare TiO, improved the absorption of UV spectrum and
stimulated the shuttling of photo-excited electron, hence signifi-
cantly enhanced the photodegradation of 2,4-dichlorophenol to
87.5% with 6 h of photoreaction. However, upon including both
FeOx and POM (25 and 1 wt% respectively) onto TiO,, a relatively
lower efficiency of 76.0% of 2,4-dichlorophenol removal was
recorded, as a trade-off for photocatalysis recovery convenience.
The slight hindrance observed herein could be ascribed to the
blockage of active sites on the surface of TiO, photocatalyst upon
the deposition of POM. In addition, other potential risk such as
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leaching of Fe-content from photocatalyst upon photon irradiations
could also lead to the activity loss and regarded as secondary
pollution (Ding et al., 2012; Feng et al., 2006; Liang et al., 2017).
Reasonably, Fe-content in photocatalysts is highly susceptible to
reduction by excited-electron, subsequently photo-dissociates in
substrate solution during photoreaction. Fortunately, these issues
are readily solved via the preparation of core-shell structures (Qiu
et al.,, 2007; Shi et al., 2006). Shi et al. (Shi et al., 2006) synthe-
sized the magnetical POM-photocatalyst via progressively coating
method, initiate with the magnetite Fe304 core, subsequently
coated with Ag and PW1,040-POM layer in sequence. By comparing
with bare POM, the double-layer-coated photocatalyst exhibited
enhanced photocatalytic degradation ability towards RhB when
irradiated by visible light. This is mainly resulted from the
chemically-linked of the shell layers and magnetite Fe-core that
facilitates the charges separations. In addition, ICP analysis of post-
reaction substrate solution reveals that such core-shell structures
sharply reduced the photo-dissolution of Fe-metal by eliminating
the direct contact of Fe-core with water substrate. Other methods,
viz photo/electrochemical-thermal method (Castaneda-Judreza
et al.,, 2019), integration of Fe-material into the support’s skeleton
(Hu et al., 2019) and complexation with chitosan (Zhao et al., 2020)
are also investigated and proven effectively preventing the leaching
Fe-content from the catalyst matrix. Despite not applying upon
POM, all these past researches still provide provisional guidelines
and strategies in retaining both structural stability and magnetic
properties in the POM photocatalyst.

As a summary, current section reviewed and summarized some
of the critical endeavors in improving the practicality of POM
photocatalysis. As mentioned, the practicality of POM-
photocatalysts is highly suppressed by its highly dissociative ten-
dency, hence leading to inferior performance and structural sta-
bility. In addition, recoverability of POM-photocatalyst also plays a
crucial role in ensuring the reusability and hence its practicality in
photocatalysis. Therefore, current section provides insightful stra-
tegies in improving abovementioned aspects. As summary, the
practicality of POM photocatalysis can be enhanced from the
following perspectives:

1. By improving the photocatalytic performance in degrading
organic pollutants. The performance of Keggin-based POM
photocatalyst can be enhanced by incorporation of optimum
amount impurities (either dopants, photocatalytic-supports or
co-catalysts). When acted as dopant, the typical optimum
amount of Keggin-based POM-dopant would be under 20 wt%
for the best photocatalytic activity. Upon taken as photocatalytic
support, the inclusion of dopants might induce enhanced pho-
tocatalytic effects, typically with optimum amount under 20 wt
% too. As for co-catalyst, the ratio of Keggin-based POM for op-
timum photocatalytic performance could be varied according to
different materials and hence detailed investigation is needed.

2. By improving the structural stability. Fortunately, due to its
highly tailorable molecular structure and properties, the disso-
ciative tendency can be greatly alleviated via different methods,
including coupling with other semiconductors, complexation of
POM-material, inclusion of MOF and others.

3. By improving the recoverability. The recoverability can be
improved via the immobilization of Keggin-based POM nano-
photocatalyst onto the surface of larger particle. However,
effective synthesis methods are required to impede the poten-
tial leaching issues. In addition, magnetic separation would be
another effective recovery approach, provided that photo-
catalyst must be magnetized in advanced.
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3.2. Process intensification of Keggin-based polyoxometalate
photocatalysis

In addition to modification of Keggin-based POM photocatalyst,
the design of experiments such as the operating catalyst loading,
initial concentration of substrate and pH are commonly investi-
gated for the establishment of enhanced photocatalytic effects and
hence, the practicality of the Keggin-based POM photocatalytic
system. Current section summarizes the findings from the past
researches herein (Du et al., 2019; Hu and Xu, 2004; Li et al., 2019;
Lu et al,, 2017; Mahmoodi et al., 2016; Meng et al., 2019; Qiu et al.,
2007; Rafiee et al., 2020; Shahrnoya et al., 2018; Zhao et al., 2013),
focusing on the effects of each operating parameter mentioned
above.

3.2.1. Initial concentration of substrates

Generally, substrate’s initial concentration is as of importance in
determining the overall photocatalytic efficiency of Keggin-based
POM photocatalyst. It is suggested that the initial concentration
of substrate contributes a positive effect to photocatalytic system
up to an optimum point only. Indeed, the concentration of substrate
is closely related to the utilization rate of the photo-active sites of
photocatalysts. The increment in initial concentration will theo-
retically facilitate the mass transfer of substrate across the liquid-
solid boundary, promote adsorption of substrate onto the active
sites, hence enhance the degradation rate resulted from the higher
coverage rate of the surface. This is particularly true when the
photocatalytic system is free from mass transfer limitations.
Evidently, most of the organic photo-degradation reactions adhere
to first order reaction kinetic (Cheng et al., 2016; Ng and Cheng,
2015, 2016; 2017; Ng et al., 2016a, 2016b; Ng et al., 2019), in
which increase in concentration leading to the enhanced degra-
dation rate. However, beyond the optimum point, further
increasing the concentration of substrate will lead to an adverse
effect onto the photocatalytic activity. Summarizing the past re-
searches, this phenomenon could be ascribed to:

1. Saturation of active sites. In the presence of excessive substrate,
the saturation of active sites on photocatalyst’s surface is
possibly encountered. The degradation, therefore, is limited by
the intrinsic kinetic of the photocatalyst and insensitive towards
the increment of substrate concentration.

2. The adsorption competition with the intermediate products.
Generally, the substrate, particularly big molecule organic
pollutant, will be subjected to decomposition into smaller in-
termediates prior to the total photo-mineralization. This elicited
the adsorption competition between these intermediate frag-
ments with the main substrate on the surface of POM-based
photocatalyst, particularly at high concentration; ergo, an
adverse effect is observed.

3. The induced light-scattering effects. Light scattering effects,
sourced from the refractory organic pollutants or dyes, are
widely impeached for the declining degradation trend at high
concentration. With the limited light penetration into substrate
solution, the activity of suspended POM-based photocatalysts
was reduced synchronously due to scarcity of driving force,
therefore leading to poor photo-degradation efficiency.

3.2.2. Operating photocatalyst loadings

The operating POM photocatalyst loading also exhibits a similar
trend in the photo-degradation of organic pollutants, whereby an
optimum point will be observed and separated the degradation
efficiencies into two distinctive regions. Theoretically, before the
optimum point, enhanced photocatalytic activity will be observed
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with increment of POM photocatalyst loadings due to the increased
reactive surface. Furthermore, by increasing the POM photocatalyst
loading, the degradation mean free path between the reactive
species, for instance the OH free radical, with the substrate (Ng
et al,, 2017). However, as the loading increase beyond optimum
point, the adverse effects would be aroused from the following
reasons:

1. The increased opacity of the substrate solution resulted from the
suspension of high dosage POM photocatalyst. The penetration
of light into the suspension will be greatly reduced hence
leading to the suppressed photocatalytic activity.

2. The agglomeration of POM photocatalyst. With excess POM
photocatalyst, there is high tendency of agglomeration occur-
rence, particularly for those that designed with high-energy
surfaces, to attain lower overall energy position for stabilizing
purpose. Losses of reactive surface from agglomeration would
also contribute to the reduced photocatalytic activity observed.

3.2.3. pH changes

Unlike the above mentioned two operating parameters, the
photocatalytic activity doesn’t manifest an obvious general trend
with respect to pH changes. Therefore, it is worth to summarize the
detailed and critical findings on effects of initial pH of substrates
towards the photocatalytic activity. Based on Qiu et al. (2007),
acidic environment is preferred for the formation and preservation
of OHe radical, hence inducing an enhanced photodegradation of
organic components. Accordingly, 1.6-fold of improvement was
discovered as the initial pH was lowered from 3.5 to 1.0 while
maintaining the other reaction conditions over H3PW1,04p-based
photocatalysis. This finding is also agreed by Hu & Xu (Hu and Xu,
2004). The research team investigated photodegradation of textile
dye X3B by several POM photocatalysts, including bare H3PW1,040.
Results reveal that the apparent reaction constant, Kkapp, for
H3PW1,040 significantly reduces from 114 x 1072 min~! to
5.29 x 103 min~' when the pH increases from 1.0 to 3.0. Such
declining activity could be correlated to the structural changes of
PW1, to PW1; in POM resulted from pH increment. This is totally
reasonable, considering POM is highly sensitive to pH change and
susceptible to hydrolysis as pH increases. Keggin POM-based acid
compound, such as H3PW1,049 mentioned, will progressively lost
metal-oxide octahedron (MOg) entities from its structure as pH
arises, forming the Lacunary compound (Cavani, 1998). A further
confirmation was also obtained from the past research herein (Yang
et al,, 2012).

However, wastewater containing organic pollutants does not
always come in low pH in real world. Chemically altering pH prior
to the photocatalytic treatment could be effective mean to preserve
the stability and catalytic performance, which however economi-
cally infeasible and potentially causing secondary pollution.
Fortunately, this issue can be readily solved via incorporation of
MOF or compositing with semiconductor, as presented in previous
sub-section. It is worth mentioning that a composite photocatalyst
(PW1,@MFM-200(In)) were isolated from the solvent-free hot-
pressing of H3PW12040, In(NO3); and Biphenyl-3,3',5,5'-tetra-
carboxylic acid into the POM-MOF hybrids (Li et al., 2019). Such
rapid and facile method successfully immobilized the POM material
into the pores of MOF by solely physical imprisonment, at the same
time renders it with relatively higher pH resilience indicated from
the high recyclability test. The photo-degradation of PhAC sulfa-
methazine (SMT) also evidences that such modification opens up
the pH-activity of PW1,@MFM-200(In) photocatalyst, recording a
considerable activity from pH 2.0—8.0, with optimal point located
at pH 6.0 (>90%). At pH 6.0, adsorption of SMT was electrostatically
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Fig. 7. The adsorption study of RhB on [Ni(bipy),]2(HPW1,040)] powder over different
pH, Initial concentration of RhB: 25 ppm; POM-powder concentration: 0.01 g/L;
Temperature: 25 °C Reprinted with permission (Li et al., 2015). Copyright 2015 Elsevier.

facilitated by pH-induced charges on the surface of PW1,@MFM-
200(In) (with reference to the pH for point-of-zero-charge,
pHpzc = 5.8). In addition, the authors also revealed that an unde-
sired electrostatic repulsion force will be established in between
SMT molecules and photocatalyst at pH out of 2.28—7.42, which
explained the relatively lower photodegradation efficiency
observed at pH = 8.0.

Such facilitation/inhibition of substrate adsorption theory is
further confirmed by Lu et al. (2017). POM-based photocatalyst was
prepared by depositing 10 wt% H3PW1,049 onto TiO film in the
presence of 1 wt% of Ag. Similarly, this formulated POM-based
photocatalyst exhibited an optimum stability and performance
activity at a relatively neutral condition for the photo-degradation
of ortho-chlorophenol (0-CP) under irradiation of simulated solar
light. Specifically, 82.40% of o-CP degradation was observed at
pH = 6.3 compared to 46.80% at pH = 3.1, 73.80% at pH = 12.1 and
79.70% at pH = 9.2. The dark experiment suggested that the su-
perior degradation observed at pH = 6.3 is largely attributed to the
synergetic effects from the high adsorption rate and pronounced
degradation tendency of o-CP at high pH. Theoretically, an acidic
environment would stimulate the positive-charged photocatalyst
surface, which promote the attachment of negatively charged o-CP
to it. However, under the extremely acidic environment (pH = 3.1),
the excess H' will be bonded to both photocatalyst surface and o-
CP molecule, subsequently plummeting the adsorption phenome-
non due to electrostatic repulsion forces. Therefore, the adsorption
of 0-CP molecules is favorable at mild acidic (pH = 6.3) environ-
ment as shown (Lu et al., 2017). These results obtained marked that
pH is highly significant, not only in affecting the stability of POM
photocatalyst and adsorption phenomenon, but also in interacting
with the pollutants for a more unassuming photo-degradation.

In addition, the interaction between pH and organic pollutant
would also lead to the different degree of distorted adsorption
process. One of the good example is the RhB adsorption study on
the [Ni(bipy)2]2(HPW12040)] powder conducted by Li et al.(Li et al.,
2015). The results obtained are adopted and portrayed in Fig. 7.

As indicated in Fig. 7, the adsorptive behavior of RhB fluctuated
interestingly across pH 2.0—10.0, correspondingly implied the
adsorption capacity of [Ni(bipy)2]2(HPW12040)] powder under
acidic/alkaline environment. This may attribute to the interaction
of pH with the surface of POM powder and/or the ionizative/
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dissociative tendencies of molecules. It is unsurprising that
different pH environment can induced several impacts to the sys-
tem, including pH-stimulated surface charges of powder, ionization
condition of adsorbate molecule and magnitude of dissociation of
functional groups on the active sites of adsorbent (Nandi et al.,
2009). Technically, RhB is an amphoteric component with both
amino group (-NHRj;) and carboxyl group (-COOH) covalently-
bonded in the chemical structure. At extremely acidic condition
(pH = 2.0), RhB is more prone to cationic and monomeric that
sufficiently small in size for the adsorption onto internal surface
within the pores. As the pH increased to 4.0, the absorption of RhB
hits the first low point, mainly due to the reduced monomeric
characteristic (bigger in size thus being has no accessibility across
the small opening pores) and the steric hindrance resulted from the
pH-induced charges. As pH increased further to a relatively neutral
environment (pH = 6.0), an increasing spike of RhB adsorption was
re-emerged due to the progressively-relieved electrostatic repul-
sion forces between RhB positive ion and cationic [Ni(bi-
py)2]2(HPW1,040)] powder. Subsequently, an absurd decrease in
RhB absorption to minimum point (~57.0%) was observed, possibly
resulted from bulky molecule formation due to the dimerization of
RhB zwitterions (Deshpande & Kumar, 2002). As more OH™ being
introduced (pH = 8.0), it will be electrostatically attracted to the
—N* in the zwitterion of RhB, thereby inhibited the dimerization
while preserving its tininess and susceptible to pores diffusion.
Unfortunately, further increasing the OH™ leads to the undesirable
electrostatic repulsion between RhB and [Ni(bipy)2]2(HPW12040)]
powder, hence the decreased absorption rate was observed in Fig. 7.

The adsorptive study presented above portrayed the importance
of pH interactions, whether with molecule or the adsorptive sur-
face, in affecting the absorption behavior, as well as the photo-
degradation of substrate molecules over a POM photocatalyst.
However, the optimum pH indicated herein is only provided as a
guideline and might not representable for all systems with different
POM photocatalyst or different targeted substrate. A detailed
experimental investigation is still required for more authenticable
data.

3.2.4. Boosting agents

Some researchers opted to enhanced the overall photocatalytic
efficiency via the addition of boosting agent, commonly H,0,, cited
herein (Antonaraki et al., 2002; Luo et al., 2016; Wang et al., 2013;
Yang et al., 2012; Zhai et al., 2016). It is touted that H,0 is added to
promote the formation of OH* radical via the activation of photo-
excited electrons or homolytical splitting under irradiation of UV
light (<370 nm) (Antonaraki et al., 2002). In addition, for Fe-
containing POM photocatalyst, photo-fenton-like process would
also be triggered thereby forming more OH- radical (Zhai et al.,
2016). These OH- radicals are highly unselective and reactive that
complete mineralization of organic pollutants is even possible
under the optimized conditions. However, the added H,0, will be
consumed in exchange of the enhanced photocatalytic effect and
successive additions, hence higher cost, are required to maintain
the satisfactory performance. Whether such operation is compen-
sable from the perspectives of economic feasibility and practicality,
we leave it as an open question to the researchers and advancement
of future technologies.

Concluding for current section, the process intensification is
indeed very important in enhancing the practicality of Keggin-
based POM photocatalysis. Commonly investigated operating fac-
tors, such as initial concentration of substrate, POM photocatalyst
loading, operating pH and addition of performance booster (H;0>)
are significant in affecting the photocatalytic activity. Apparently,
the agglomeration of Keggin-based POM photocatalyst particle can
be electrostatically controlled by pH, hence possibly exhibiting an
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Fig. 8. UV responsive through charge transfer from the Oz-based HOMOs and the
W6*_based LUMOs. Visible lights responsive POM catalysts through hybridization with
photosensitizer, metal substitution, and introduction of ligands (substrates) at the
vacant sites of lacunary POMs. Reprinted with permission from (Suzuki et al., 2018).
Copyright 2018 American Chemical Society.

entirely different optical property. Likewise, the stability of sub-
strate would also be affected by the pH, depending on the reactivity
and sensitivity of it, and so forth. Therefore, the interactions among
the factors are worth for examination and employment of the
established optimization techniques, such as Box-Behnken or
Central Composite Design in the Design Expert software, are highly
recommended for adequate and comprehensive statistical
evaluation.

4. Fundamentals of Keggin-based polyoxometalate
photocatalysis

After reviewing synthetic methods and intensified processes of
the nanocomposites, this section will discuss about the working
principles, encompassing photochemistry and mechanisms. The
binary and ternary structures of Keggin-based POM nano-
composites will be illustrated.

4.1. Photochemistry

Similar with other photocatalysts, POMs require the irradiation
of light with equals or greater than its bandgap for photo-
excitation. The photo-induced POM nanocomposites experience
electron excitation from ground state (valence band) to excited
state (conduction band). In details, the electrons excited are origi-
nated from oxygen atoms within POM nanocomposites, which is
accustomed to as a group of metal-oxo nanoclusters (Streb et al.,
2019; Suzuki et al., 2018). Then, the excited electrons jump to the
conduction band, which attributing to d-orbitals of early transition
metals with high oxidation states. For instance, Oz-based highest
occupied molecular orbital (HOMO) to d-orbital of W®*-based
lowest unoccupied molecular orbital (LUMO) in the POM frame-
work. This process generates electron-hole pairs that turn photo-
excited POM into oxidizing agent (holes) and reducing agent
(photogerated electrons on the surface) for the subsequent re-
actions (Suzuki et al.,, 2018). The excited electrons on the conduc-
tion band could photochemically reduce oxygen to produce
superoxides, ¢, anions. Subsequently, the superoxides attack
water molecules, hydroxyl radicals, OHe, are generated. The positive
holes generated by photoexcited electrons, also generate OH* rad-
icals after interacting with water molecules (Chiu et al., 2019;
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Nikoonahad et al., 2018; Streb et al., 2019). Those radicals are
exceptionally effective in degrading the recalcitrant pollutants in
water bodies.

For visualization purpose, Kosuke Suzuki and co-researchers
(Suzuki et al., 2018) have illustrated the working principle for
POMs upon irradiation of different light sources (refer Fig. 8). For
POMs which respond to UV irradiation, metal-oxo clusters bearing
early transition metals, such as tungsten (W) has high oxidation
state, resulting in d° electronic configuration upon oxidation; thus,
it has empty orbitals to accept electrons excited from 0?~. This has
demonstrated ligand-to-metal charge transfer (LMCT) phenome-
non, under illumination of UV light. Nonetheless, due to this wide
energy bandgap concern, many literature reports have intensively
focused on narrowing down the bandgap (Streb et al., 2019; Suzuki
et al., 2018) by structure modification so that POMs could respond
to longer wavelength (visible region) with lower energy absorption.
One of the enhancement method is to remove one or more addenda
metals in POMs, together with their shared oxygen atoms, therefore
creating the defective, vacant sites in POMs structure. This
defected-structure is named as Lacunary structures (depicted in
Fig. 8), and is highly reactive and susceptible to modification via
photosensitization, metals substitution and ligands hybridization
due to the presence of vacant sites. Visible light-sensitive materials
could be incorporated to extend the light absorbability of POMs,
hence reducing the band gap energy of the composite material.

Notwithstanding POM nanocomposites carry out the similar
mechanisms as other photocatalysts, POM nanocomposites surpass
others with their exceptionally structural stability during
photooxidation-photoreduction. The empty orbitals of metal ions
can transport electrons back and forth a variety of organic pollut-
ants. The oxidized oxygen (loss of electrons to conduction band)
can regain the electrons from H,O surrounding. More interestingly,
adding different rations of metal ions into the POM framework
could tune the band positions at the molecular level, to degrade a
range of unknown recalcitrant pollutants. This is particularly
important in tuning the redox potentials, and hence their oxidation
and reduction abilities according to the applications, particularly in
diversifying its photocatalytic effects. In addition, POMs can
accommodate multiple electrons due to the prevailing electronics
structure, allow the promotion of multi-electron redox reactions
that facilitates the conversion of sunlight into chemical energy
(Streb et al., 2019; Suzuki et al., 2018).

4.2. Photo-mechanisms

Based on past research works, it can be surmise that POM-based
photocatalysis exhibited different mechanisms under different
structural configurations. Typically, it is categorized into three
types, viz bare POM, POM-based binary and ternary nano-
composites. Notably, the mechanism of bare POM has been pre-
sented in Section 4.1. For the POM-based binary and ternary
nanocomposites, the mechanisms are presented in the following
sections to provide an insightful fundamental understanding,
particularly to new researchers.

4.2.1. Binary of POM/semiconductor

In a binary photocatalyst, POM is mainly incorporated as doping
agent and inserted into the interstitial of another species of semi-
conductor. Thus, this creates a new electronic state in between the
valence and conduction bands of semiconductor, resulted to a POM
composite with lower Eg. Furthermore, with proper preparation
methods, the chemical interactions between POM and other ma-
terials can be established. For an instance, photodegradation per-
formance of Crystal Violet over pristine Keggin-based POM was
79.7% in 36 min (2.21 min~'), however, it surged up to 94.3% in
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36 min (2.62 min~!) upon incorporated with MOF consisted of semiconductor are unavoidably interact with water molecules or
electron acceptor and shuttler, i.e. TTPB-4 or 1,3,5-tris(4-(4H-1,2,4- OH™, yielding highly reactive *OH for organic pollutant degradation
triazol-4-yl)phenyl)benzene] (Liu et al., 2018). TTPB-4 could accept after a series of reactions (Equations (6)—(9)).

the excited electron from conduction band of POM and transfer it to
adsorbed O, to form superoxide, eQ, . In addition, it is worth
noting that the intrinsic, individual Ru(Il) bis(terpyridine) photo-
sensitizer has a considerably short excited-state lifetime, in the
range of 124—250 ps, which varying with the solvents used. Semiconductor(e~) + POM — Semiconductor + POM™ (2)
However, the charge-separated state or excited-state lifetime was

enhanced to long-lived one, ca. 470 ns, detected by ns transient POM + O,
absorption spectroscopy. This infers that the interaction between a

photosensitizer, Ru(ll) bis(terpyridine) and Keggin-based POM,

[PW11039Ge]*, could prolong the lifetime of the photo-populated

SemiconductorL>Semiconductor(h+ +e7) (1)

—» POM+ 0O,

(3)

charge-separated states (CSS), to attack substrates or pollutants *O; +H0 — » °*OH+OH (4

surrounding it (Luo et al., 2018). Besides, the photoinduced electron

with longer lifetime could expedite its movement to the surface of ~ ¢Q, + Organic pollutants [0 , Degraded products

POM, due to its high electron storing ability, thus this can prevent a (5)

fast electron/hole reintegration (Nikoonahad et al., 2018).

Semiconductor (h*) + H,O —>  Semiconductor + *OH + H" (6)
Taking W- or Mo-based POM photocatalyst as model compo-

nent (Nikoonahad et al., 2018), the photogenerated electron (e™) at Semiconductor (h*+) + OH™ >  Semiconductor + sOH

the semiconductor after photons striking (Equation (1)), will be
cascaded into a vacated Wsq or Mosq state, to form POM™ (Equation 7
(2)). Given its reducing ability, the POM™ can transfer the photo-
excited electrons to adsorbed O, causing the O, generates super-

Semiconductors(h™) + Organic pollutantsLSemiconductors + degraded products (8)

oxides, e, (Equation (3)). POM™ hastens the transportation of
electron from the semiconductor to O, and simultaneously ob-
structs the electron-hole pairs reintegration (Nikoonahad et al,,

2018). The *O; produced possesses certain degree of activity, with *OH + Organic pollutants —IOL,  Degraded products

portion of it scavenged by water molecule according to Equation (9)
(4), subsequently forming *OH for degradation of organic pollut- In addition to electron-acceptor as abovementioned, POM can
ants. The remaining ¢, is consumed by the direct oxidation of also functionalized as photocatalyst upon appropriate light-
organic pollutant in accordance to Equation (5) to attain the  sctivation. In consequence, excitation of electrons from ground

degradation process. The photoinduced holes on the

0,+e— 0y

-0y + H,0 — -O0H + OH-

2-00H — 0,+ H,0,
-OOH + H,0 + & — H,0, + OH-

H,0, + ¢ — -OH + OH-

h* VB VB H,0, + 0, — ‘OH + OH-

Fig. 9. The photocatalytic mechanism of Ag-TiO,/H3PW;,049 system. Reprinted with permission from (Lu et al., 2017). Copyright 2017 Nature Publishing Group.
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state of Keggin-based POM-semiconductor nanocomposite also
prompts to occur. By taking the same W- or Mo-based Keggin POM
again, upon excitation, an electron will be generated from POM,
resulting to the charging transfer from 0>~ to W%+t or Mo®* (in W-
O-W or Mo-0-Mo, respectively), forming W>* or Mo>* ion (Equa-
tion (10)). The reduction of metals (W or Mo) in POMs effectively
trapped the photogenerated electron, at the same time forming a
O~ ion in POM structure (Equation (10)) (Nikoonahad et al., 2018).

This mentioned O~ ion exhibited a strong oxidation ability,
which is responsible for oxidizing pollutants by accepting an
electron. The water molecule and organic pollutants are competi-
tively adsorbed onto POM positive holes, thus giving electrons to
the holes and themselves get oxidized to form *OH, H" and
degraded products (Equations (11) and (13)). The *OH radicals
degrade those surrounding organic pollutants spontaneously
(Equation (12)). On the other hand, superficial electrons on POM™
react with O; to form superoxide radicals, e¢Q,  (Equation (14)). In
the subsequent step (Equation (15)), ¢Q, radicals are actively in
degrading those organic pollutants collide with them, hence the
pollutants are mineralized or degraded.

wo+ _ 02 — w‘ﬂL [w5+ — 0" —WS*| orPOM"  (10)

POM* + H,0 ———»  POM +e«OH+H'
(11)

*OH + Organic pollutants 1] 5 Degraded products
(12)

POM* + Organic pollutants&Degraded products (13)

POM™ + O, —_ POM + O,
(14)

*O, + Organic pollutants S () Degraded products
(15)

Summiarizing from aforementioned reactions, in binary photo-
catalyst, both POM and semiconductor constituents are effective in
generating reactive species for organic pollutants degradation upon
photo-excitation via appropriate light-irradiation. Furthermore, with
proper preparation methods, the chemical interaction between them
could be established, facilitating the transfer of photogenerated
electron, hence synergically enhanced the photocatalytic reactivity.
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towards organic pollutants, including large and stable organic
pollutants. However, for these recalcitrant organic pollutants,
photo-degradation process could be attributed to two major
pathways:

(i) the common photo-excitation of photocatalyst, subse-
quently, generation of hydroxyl radical for photo-
mineralization process, as presented in Section 4.2.1; and

(ii) the photoexcitation of large and recalcitrant organic pollut-
ants, followed by redox reaction of POM-based
nanocomposites

Current section focuses on the latter pathway, with particular
emphasize given to binary POM-based nanocomposites. Generally,
upon photo-excitation of substrate or recalcitrant organic pollut-
ants, an electron will be discharged from pollutant and accepted by
POM, owing to its excellent electron storing ability. The acceptance
of the electron induces a negatively-charged POM initially, then
undergoes a complexation process with the present oxidants, i.e. Oy
and H,0,, forming a very reactive peroxo-complex towards the
destruction of organic pollutants.

For instance, Lei and co-workers (Lei et al., 2005) prepared a
binary photocatalyst by immobilizing W-based Keggin-POM/resin
(PW1,035) on an anionic polymer, ie. resin, through electrostatic
interaction for Rhodamine B (RB) photo-degradation. Based on the
mechanisms illustrated in equations 16—19, the pre-association
between cationic RB and W-based Keggin-POM/resin is required
to facilitate the transfer of electrons (equation (16)). The ingenious
selection of anionic resin as support further promoted the associ-
ation of RB and POM/resin due to the charges interactions. Under
visible light irradiation, the excited electrons from RB accumulate
high energy and display high electron density at their region, then
they migrate to the lowest unoccupied molecular orbital (LUMO) of
the POM (equation (17)). As a consequence, a reduced POM/resin
and oxidized RB** radical pair can be generated from the electron-
transfer process.

The reduced POM/resin are susceptible to complexation process,
then they are slowly re-oxidized to PW;;0%3/resin in the presence
of 02 and co-produced *OO0H radicals adsorbed on the POM, hence
causing de-ethylation of RB (equation (18)). To further enhance the
process, H>0,-oxidant can be used under acidic conditions to ramp
up the complexation process, subsequently forming the coordi-
nated W-O peroxo species (equation (19)). Subsequently, the ob-
tained peroxo species exhibited high activity and chemically
interact with the RB™ radicals, resulted to the photocatalytic
degradation of the RB dye (Lei et al., 2005).

RB + POM / resin — [RB — POM / resin] (16)
4.2.2. Binary structure of POM/polymer sensitized by H0»
Photocatalysis is well-known for its versatility and effectiveness
[RB-POM/resin] hv__, [RB*-POM/resin] —» [RB"-POM /resin] 17)
to - . + +o .
[RB"~POM /resin] 0, H » [RB---POMOOH/resin] » De-ethylated products (18)

[RB"_POM /resin] ~ —He(» H,0,

/N

0, | Degradation
[RB'—"————o’\\w/ /rcsin] B U

products  +
(19)

POM/resin



S.Y. Lai, KH. Ng, CK. Cheng et al.

The photodegradation process of RB catalyzed by POM/resin
catalyst with H,O, under visible-light irradiation are listed as above
equations (16)—(19) (Lei et al., 2005).

It is worth noting that the above mechanism is only appropri-
ately describes the degradation of cationic dyes on POM-embedded
anionic resin. Anionic dyes, on the other hand, will undergo
another set of mechanisms, attributed to the repulsive forces
induced from the same charges. However, the mechanism of such
process remains uninvestigated and hence, it is not summarized in
current review.

4.2.3. Ternary structure of POM/semiconductor/metal

Ternary structured POM-based nanocomposites reported by Lu
et al. (2017) is denoted as such: Ag-TiO,/H3PW13049. Its reactivity
was evaluated under simulated sunlight with wavelength from 320
to 780 nm, with the aim to mineralize o-chlorophenol (0-CP). It is
claimed that the engineered ternary POM-based nanocomposite is
able to functionalize under both irradiations of UV or visible light
for the degradation of 0-CP. The mechanism of photodegradation of
0-CP utilizing Ag-TiO/H3PW1304g is illustrated in Fig. 9. It is very
stunning that the photogenerated electrons could be obtained from
TiO, under UV light illumination; on the other hand, the photo-
generated electrons could also be obtained from Ag under visible
light illumination. Thus, the issue of charge recombination is
resolved with this engineered ternary structure. Further de-
scriptions are in the next paragraph.

Under the UV-light region, the photons strike on the valence
band of TiO,, followed with the photogenerated electrons excited
and jumped to the conduction band of TiO,. There are two electron
trappers, i.e. Ag and H3PW1040, to capture the photogenerated
electrons from TiO;. Schottky junction is constructed between Ag
and TiO, and then, the electrons on Ag surface could be transferred
to adsorbed O; to form e, ion. Similar to Ag, the embedded
H3PW1,040 also acts as an electron trapping center by forming
H3PW1,070 through the consumption of excited-electron. Subse-
quently, the H3PW1,070 ion undergoes a self-regeneration process
by ejecting the electron to O, adsorbed. Consequently, H3PW1,049
is obtained and accessible for next cycle of electron transportation.
The redox cycling continues to ensure the effective transfer of
electron, hence prevent the recombination of the photo-generated
charges. Finally, the generated ¢, active groups from both Ag-
and H3PW1,040-assisted transport would be subjected to a series of
reaction to form °OH radicals, which helps in the degradation
process.

Contrarily, the photo-excitation via visible light irradiation is
entirely different from UV light. It is well-known that the band gap
of TiO, is very wide (3.2 eV), which is not accessible to the exci-
tation of electrons under the visible light irradiation. Ag, however,
is able to be activated under this low-energy activator by trans-
forming the hot plasmonic electron to the conduction band of TiO,.
In addition, H3PW1,049, as an excellent electron storage, would also
garner the electron from both Ag and conduction band of TiO5,
consecutively interchange between H3PW1,03 via the redox cycle
as aforementioned. Similar with UV-activated path, continuous
supply of O, molecules is essentially required to scavenge the
electrons generated to alleviate the charges recombination, and
hence ensuring the efficiency of the o0-CP degradation.

To surmise, the superiority of this ternary structure widely
extended the light absorption spectrum, covering both UV and
visible light region. Both TiO, and POM-based composites are only
UV responsive. Hence, provisionally encompassing a visible light
responsive element or metal, such as Ag, inventively extends the
responsive spectrum to visible light region. Similar strategy can be
employed in future study for the development of dual-
functionalized photocatalyst that works under both UV and
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visible light region for the degradation of organic pollutants. The
prospective materials are desirable to encompassing (Li et al., 2020;
Zhang et al., 2019; Zhang et al., 2020): (i) A suitable energy band
position, e.g. Bi,MoOg, BiOBr, g-C3Ny, etc., and; (ii) An accelerated
photoinduced charge carrier separation and migration efficiency,
e.g. Ti3Cy, carbon dots, carbon quantum dots, etc.

5. Conclusion and future prospects

POMs have emerged to be green and eco-friendly photocatalysts
that expanded abruptly in various applications. It is touted for their
high accessibility, reversible oxidation-reduction to form multiva-
lence species and efficient electron storing ability, which are
essentially needed in photocatalysis. Disregarding all the advan-
tages mentioned beforehand, it is undeniably that POMs are still
hindered from some unresolved problems, such as large energy
bandgap (UV light responsive), low specific surface area, high
tendency to pH-induced dissociation, low recoverability, and hence
scarce utilization in visible or solar light region.

Several undertakings have been scrupulously scrutinized to
resolve the issues aforementioned. Doping of semiconductors,
complexation with nonmetal elements, incorporation of organic or
inorganic frameworks and other assorted strategies to augment
photocatalytic performance of pristine Keggin-based POM photo-
catalysts. Below are critical factors in correspondence to the
insightful strategies in enhancing the practicality application of
Keggin-based POM:

1. Extension of light absorption to longer wavelength could be
achieved by chemical interlinkage of pertinent extrinsic com-
ponents of the conceived photocatalytic formulations;

2. Amount of active sites could be boosted with those bulk phasic
semiconductors, which contain larger surface areas;

3. The structural stability in alkali-prone solution could be pro-
longed and sustained by embedding stable scaffoldings or pH
impervious substances; and

4, The separation process with low energy consumption could be
accomplished by the magnetization synthetic approach
compared to centrifugation and vacuum filtration.

Solving these as-mentioned major issues would necessitate the
enhanced activity of Keggin-based POM photocatalysts, hence
diversifying the application potential and improving the practi-
cality for large-scale implementation. In this review, many inces-
sant endeavors are summarized and discussed. It was initiated with
the strategized preparation method, followed by hierarchical
enhancement, where the modification of POM photocatalyst and
process intensification were endeavored in the aim of improving
the practicality. It is believed that the current review work could
cast a light on structural tuning of the Keggin-based POM materials,
conferring better charge separation, higher specific surface area,
wider pH sustainability and higher recoverability in polar envi-
ronment by scrutinizing closely and thoroughly on others’ work.
With all the analysis or suggestions assembled, the performance of
this material, particularly on photocatalytic activity would be
greatly enhanced.

Indeed, researchers have developed a series of heterogeneous
Keggin-based POM photocatalysts through different approaches,
such as encapsulating of Keggin-based POM within the porous MOF
matrix, constructing self-assembly organic-POMs hybrids, immo-
bilizing of POMs on zeolite, SiO,, porous carbon and g-C3Ng.
However, all these Keggin-based POM photocatalysts were not
sufficiently practical for industrial implementation, often due to
scarcity of desired properties. A perfect POM photocatalyst should
be complimented with large surface area, good electron storage
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and conversion that facilitates the photocatalysis activity, at the
same time rendered with high structural stability and facile sepa-
rability for subsequent reactive cycles. Considering these
mentioned aspects, heterogenization of POM-based material into
MXene could be a potential solution to the problems. MXene is a
novel 2D nanomaterials which has a very large interlayer spacing,
large surface area and good electron storage. Encapsulating POM
into Mxene might induce another novel promising photocatalyst in
photodegradation of pollutants without causing environmental
issues as both of these materials are greener than others.

In addition to the support-modification, the potential of POM as
photocatalyst is still currently under-explored. Current published
reports are mainly focuses on the conventional Mo- and W-based
POM photocatalyst. Often, the pH-induced dissociation is pre-
vented via inclusion of dopant, support or co-catalyst, which
however rarely supported by the fundamental discussion. Most of
the time, the stability of the modified POM-based photocatalyst are
confirmed via post-reaction photocatalyst characterizations and
recyclability test that exhibited similarly as the fresh ones. There-
fore, the surface responses and fundamental in maintaining the
unchanged structures and performance remains mystery and
worth for in-depth investigations. Furthermore, we would like to
propose the alternative intrinsic modifications herein, which we
believe in their potentials in improving the structural and perfor-
mance stabilities:

1. Structural substitution of H* ion in Keggin-based POM with
alkaline or transition metal ions. Conventional POMs, such as
H3PW1,040 and H3PMo1,049 are acidic and readily to be hy-
drolyzed and dissociated in non-acidic environment. Substitu-
tion of H' ion with alkaline or transition metal ions could
effectively balances out the acidity of POM, which potentially
improving the pH resilience and dissociation resistance in the
non-acidic substrate solution.

2. Formation of mix-valence complexes. Accordingly, the prece-
dent POM photocatalysis reports rarely emphasize on the for-
mation of mix-valence POM complexes via metal-substitution in
the skeleton of POM structure. Theoretically, by partially
replacing the Mo or W (for H3PW1504¢ or H3PMo01,04¢ respec-
tively) with d- and f-orbitals metals such as vanadium and bis-
muth would potentially create more empty orbitals at the
conduction band for the enhanced acceptance of photo-
generated electrons. Non-metal elements, such as C, S, N, etc,
can also be taken into consideration for the introduction of mid
bandgaps. In addition to extending the responsive light spec-
trum, it is also vitally important in engineering the bands po-
sitions, hence tuning the redox capacity according to the
applications.

All in all, we aspire that this review will give the readers overall
ideas on the Keggin-based POM photocatalysis by presenting on the
strategized preparation methods, hierarchical enhancement viz.
POM modification and process intensification, and mechanisms
supported by the fundamental working principles. With this sys-
tematic review manuscript, we also heartily hope that the readers’
needs will be well-catered, particularly those that are new to the
field of photocatalysis over Keggin-based POM nanocomposites.
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