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A significant drawback of the traditional photocatalysts such as titanium dioxide (TiO2) is their inability to
absorb visible light from the solar spectrum due to their wide band gap energy. They are only photoactive in the
ultraviolet (UV) region which is just a little fraction of the solar spectrum and could be harmful with much
exposure to it. Due to its abundance in the solar spectrum, visible light needs to be harnessed for environmental
applications. However, we lack visible light driven photocatalysts with long-lasting energy storage capacity for
“round-the-clock photocatalytic” (RTCP) applications. For this reason, there is a growing need to find new
photocatalysts that can mitigate these bottlenecks. It is evident from some carefully selected published articles
(1976-2021) that tungsten oxide (WO3) and its composites have attracted popularity in recent years because of
its outstanding properties and particularly its smaller band gap energy of 2.8 eV. However, pristine WO3 is
limited due to relatively low energy density and smaller specific surface area. These drawbacks can be addressed
by developing various WO3 — based materials to improve their performance. This paper reviews and discusses
their recent development in surface advancement, morphology control, modification of nanostructured WO3 and
its composites, and their RTCP energy storage for photocatalytic activities in visible light and the dark for
environmental applications. Specific aspects focused on its nature, structure, properties, synthesis, coatings,
deposition, approaches at modifying and enhancing its visible light photoactivity for enhanced performance and
energy storage potential.

1. Introduction

The ever-increasing global population has brought about a corre-
sponding increase in environmental pollution and energy demand. This
has become a serious problem globally due to the negative health im-
plications the presence of pollutants in the environment poses to
humans, animals, and aquatic lives. Emphasis is on the organic pollut-
ants which have been reported to be detected in significant quantities in
drinking water obtained as either underground or surface water. These
organic pollutants include pesticides, industrial chemicals, pharmaceu-
ticals wastes, and personal care products [1-4].

Some of these pollutants are not biodegradable and thus pose serious
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health concerns. Some of these contaminants such as pesticides and
herbicides have been reported to have had adverse health and biological
effect on aquatic life among which involves inducing toxicity and
estrogenicity into these aquatic habitats [5]. Apart from aquatic habi-
tats, various studies have also reported the adverse health implication of
these pollutants from sources such steroids hormones, personal care
products, pesticides, flame retarders, etc to humans ranging from
endocrine disruption, oxidative stress, cancer, reproductive problem
among several others [6-10]. However, with the increasing human
population ever-expanding industrialization, it is expected that the
generation of these pollutants will continue to increase and find a way
into the environment and consequently the water body.
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Because of this fact, tremendous research has been carried out in the
field of purification studies in the case of water treatment to come up
with suitable and appropriate treatment technologies to remove these
pollutants from the environment and the water body. Although a variety
of physical treatment technologies such as adsorption, coagulation,
flocculation, reverse osmosis has been proposed for the removal of these
pollutants. These treatment technologies have encountered peculiar
challenges, which make them inefficient to remove target contaminants
from the aquatic environment [11]. This can be attested to by the fact
that most of these pollutants are still found in some reasonable quanti-
ties in treated effluents via the use of these treatment methods [12].
Other treatment technologies that have been developed for this purpose
and have witnessed tremendous progress include advanced oxidation
processes such as advanced electrochemical oxidation, homogenous and
heterogenous photocatalysis, photoelectrocatalytic oxidation, and Fen-
ton reaction [13-16].

Over the years, particular interest has been focused on heterogenous
photocatalysis and tremendous research has been conducted in this area
with specific interest on TiO; as the main semiconductor or photo-
catalyst. Heterogenous photocatalysis has been at the center of research
for the removal of organic pollutants and other contaminants including
oil-water emulsion which is known to be difficult to separate. This
technology is considered promising since it can completely oxidize and
mineralize a wide range of these organic pollutants into CO, and water
as well as degrade oil droplets and emulsion.

Titanium dioxide (TiO3) as a semiconductor photocatalyst have been
shown in the early 20™ century to exhibit the ability to absorb ultravi-
olet (UV) light for photocatalytic activity. However, its applications for
pollutant removal were only reported in the late 1970s and 1980s
[17-22]. TiO; has gained enormous attention over the years because of
its outstanding properties such as being chemically stable, non-toxic,
low-cost, and highly photoactive [23-27].

However, its major setback includes its inability to harness visible
light. Due to its large band gap (3.2 eV), TiO; has a low visible spectrum
utilization efficiency (only 4%) [28,29] As a result, it has low photo-
catalytic efficiency due to quick recombination of photo-reacted elec-
tron-hole pairs and poor photo-induced reaction performance. It also
lacks the energy storage capacity to convert and store the photoelectron
generated into useful energy in the absence of light irradiation. As a
result, many UV lamps are required to maximize the elimination of
target pollutants during treatment, raising the cost of operation. An ideal
photocatalyst should work within the visible light range and have a
band-gap of less than 3.0 eV to maximize the use of visible light. Various
attempts and different novel methods have been proposed to address the
setback experience by TiO, and these novel methods included the
introduction of elemental doping, morphology engineering, co-catalyst
hybridization, heterojunction formation, etc [30-34].

In addition, semiconductors with smaller band gap energy are still
been investigated. Some of these semiconductors been considered as
promising include g-C3N4 [35,36], BiOI [37,38], ZnFep04 [39-41],
BiVO4 [42,43], -Bi2O3 [44,45] BiOCl [46,47], Cu0 [48,49], BiOBr
[50,51], and WOgs [52,53]. Other materials or composites being
explored that can efficiently harness visible light from the solar spec-
trum include heterostructured WO18049 [54], ZnTiO3 [55,56], and
doped Sn304 [57]. For practical usage, the ideal photocatalyst should be
visible-light active and have a long lifetime. The use of the WO3- based
photocatalysts not only provides an environmentally responsible way to
remove organic pollutants especially from wastewater, but it also opti-
mizes the benefits of combining with other semiconductor photo-
catalysts as a composite, while also resolving TiOz’s limitation [29].

Tungsten trioxide (WOs3) has been one of the most important metal
oxides and as a visible light active semiconductor has gained tremen-
dous attention over the years which can be seen from the number of
publications on WO3 (Fig. 1) which is as a result of its outstanding
chemical and physical properties, its small band gap energy, exceptional
optical properties, resistance to photocorrosion effect, large surface
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Fig. 1. Statistical publications indexed in the Web of Science (ISI) by using the
term “tungsten oxide”. The number of publications from 1976 to 2021.
(Assessed in August 2021).

area, energy storage potential and its stable physiochemical properties
[58-60].

WOgs is considered a unique material because of its optical, chemical,
and electrochemical properties. In comparison to TiOz, WOs3 has a
relatively smaller band gap energy (2.8eV) as well as the capacity to
absorb a large range of the visible spectrum. Furthermore, its
outstanding photo-corrosion resistance and chemical stability in sus-
tained contact with solar light irradiation and its “round the clock
photocatalytic” energy storage ability sometimes referred to as “Mem-
ory catalysis” for various photocatalytic applications makes it a unique
material. WO3 has attracted a lot of interest. Because of its greater sur-
face area, particle size, and visible light use efficiency, a stable WO3-
based composite photocatalysts may have a favorable photocatalytic
activity from a practical standpoint.

WO3 semiconductor is one of the promising semiconductors for use
in photocatalytic applications. WOs5 is inexpensive, has low toxicity, and
high oxidizing ability of the holes in the valence band, stable physi-
ochemical properties, good response to solar light, has highly tunable
structures and stoichiometries, a narrow band gap of between 2.5 and
3.0 eV, and is readily available [61-63]. Apart from its application in
photocatalysis, WOs has broad applications in sensors,
high-temperature superconductivity, dye-sensitized solar cells (DSSCs),
photoelectrochemical water splitting [61,62,64,65].

Owing to global challenges of climate change and global warming,
cleaner energy sources have recently been explored to reduce the
damage done to the environment due to variables such as greenhouse
gas emissions and pollution, that result in global warming and climate
change. This needs requires the creation of new and more efficient en-
ergy storage devices.WOs- based photocatalysts have shown to be
promising in the development of energy storage devices from semi-
conductor photocatalyst having long-lasting energy storage effect for
climate change mitigation through energy storage for electrochemical,
electrocatalysis, and photoreduction as can be seen in the development
of Pd-Au/TiO2-WOs- based photocatalyst for photoreduction of carbon
dioxide (CO5) into methane (CH,4) and carbon monoxide (CO») [66,67].
WO3-based semiconductor photocatalyst has also shown application for
high energy storage devices for electrocatalytic conversion of CO, where
the photocatalyst is prepared to inform of ultracapacitors or super-
capacitors to withstand higher power requirement than battery without
damage to itself for the electro-reduction process as can be seen in the
preparation of WO3-based polymorphs [68].

However, like many other metal oxide semiconductors, WO3 has its



O. Samuel et al.

limitations such as rapid and fast recombination of photogenerated
charge carriers and having a relatively lower conduction band (CB) level
laying or existing above the reduction potential of O,/0%~ which leads
to less Oz molecule reduction during degradation of pollutants by the
photocatalytic process. This setback has led to much research in finding
suitable methods that could address these setbacks by possibly modi-
fying and adjusting the structure and reducing the band gap energy of
the semiconductor for enhanced photocatalytic performance through its
synthesis route and other enhancement strategies.

It is important to note that with a properly selected method of
improving the visible light absorption capacity of WO3, WOs-based
photocatalysts can absorb light energy and store this energy to be used
in the absence of light source or the dark for photocatalytic degradation
and mineralization of pollutants. Various research has reported the use
of WO3-based photocatalysts for pollutant degradation and mineraliza-
tion but only a handful of researchers have reported on the ability of
WOg3 to store energy after light absorption and utilize it even in absence
of light or in the dark for photocatalytic activity which is referred to as
“round the clock photocatalytic (RTCP) energy storage ability.

Generally, most reviews on WO3 have not reported or considered the
RTCP energy storage capacity of WOs. This review work aims to high-
light the RTCP energy storage ability of WO3-based photocatalyst for
pollutant degradation and other environmental applications which is
one important property of WO3 and an area of study that has been
neglected by a lot of research on WO3-based photocatalytic ability. In
summary, this review discussed the main properties, synthesis route,
morphology, visible light enhancement strategies, RTCP mechanism of
WOs3, and its RTCP energy storage for environmental applications.

2. Main properties of WO3
2.1. Nature of WO3

WOj3 is an n-type semiconductor that has its lattice structure
dependent on temperature [69]. It exists in the following crystal phases
ranging between —180 and 900 °C thus; exist at a temperature of be-
tween 17 and 330 °C for the monoclinic I (y-WO3) phase, < —43 °C for
the monoclinic II (¢-WO3), between -43 and 17 °C for the triclinic
(6-WOs3), between 330 and 740 °C for the orthorhombic (8-WOs3) and
>740 °C for the tetragonal (a-WOg3) [70] (Fig. 2). The monoclinic I

Fig. 2. Temperature-dependent crystalline phases of WO3 [83].
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(y-WOs3) phase has a band gap energy ranging between 2.4 and 2.8 eV
and the most investigated among the five phases which could be
attributed to its show of greater stability at room temperature [71,72].
As a result, the monoclinic I (y-WOs3) phase shows appreciably good
optical absorption characteristics for harnessing visible light. The band
gap energy value of the bulk semiconductor depends on its composition,
while it depends on its size in the case of the nanocrystalline structure.

For semiconductors of the nanocrystalline structure smaller in di-
mensions in comparison to the exciton size which is also known as the
electrostatically bound electron-hole pair, normally shows the band to
be wider and exhibit the quantum confinement effect [73,74]. The
conditions and route of synthesis of WO3 have a significant effect on its
size and structure and invariably on its electronic and optical properties.
The monoclinic I (y-WO3) phase is normally considered in the synthesis
of electrochromic devices due to its excellent efficient coloration prop-
erties [75]. The y-WOs is widely used in other areas including water
splitting [76], perovskite solar cell [77], photocatalytic disinfection
[78], gas sensing [79], hydrogen evolution reactions [80], organic
contaminant degradation in water by photocatalysis and photo-
electrocatalysis [52,53,81] and energy storage [82].

2.2. Electronic structure of WO3

As stated earlier, at room temperature (RT), which is considered its
most stable phase, WO3 exhibits a simple monoclinic I (y-WOs3) structure
having space group P2;/n. Fig. 3a shows the supercell structure (2 x 2 x
2) of WO3 [84]. A unit cell structure of WO3 at RT contains eight (8)
tungsten (W) and twenty-four (24) oxygen (O) atoms having eight (8)
sharing oxygen (O) atoms at the edges together with octahedral in a
barely sufficient disfigured cubic arrangement. The structure is some-
times referred to as perovskite ABO3 where A ions are lost hence suitable
form for doping interstitially. Fig. 3b shows the WOs3’s simple cubic
supercell (4 x 4 x 4) structure comprising the same number of atoms as
in the case of its monoclinic structure at room temperature. The
tetragonal structure of WO3 having a form of deformation from a simple
cubic structure to some extent consist of two (2) formula units in its unit
cell which has 8 atoms exhibiting a space group of P4/nmm. Fig. 3c
shows a (4 x 4 x 2) WOg tetragonal supercell structure having four (4)
equatorial (containing duo sets of an unequal oxygen atom) and two (2)
axial oxygen atoms existing in a deformed octahedron WOj3 structure.
The tetragonal structure of WO3 has a bandgap of about 1.5-1.85 eV
which is almost the same as the simple cubic structure due to little
deformation in its structure from the normal to the tetragonal. With the
variation in WOs3 structure due to temperature change, WO3 has a
monoclinic structure of very low temperature with space group Pc
having four (4) formula units in its unit cell having twelve (12) oxygen
with four (4) tungsten atoms as shown in Fig. 3d.

To compare this with other structures like the tetragonal structure,
the oxygen is more distorted in the octahedron with mobile off-center
tungsten atoms. Fig. 3f shows the orthorhombic structure of WO3 with
a Pmnb space group where the oxygen octahedron arrangement is dis-
torted. It consists of eight (8) tungsten and twenty-four (24) oxygen
atoms in the unit cell. Contrary to the structure of the triclinic phase of
WOs, it can be seen from Fig. 3e that the W-O bond having long-short
lengths could be altered in the y and z directions due to the move-
ment abroad of the W atoms from its equilibrium point [84]. The small
red and wide green sphere in Fig. 3 denote oxygen (O) and tungsten (W)
atoms individually and entirely denotes a 250-atom enclosed model.

2.3. Other properties of WO3

Some of the properties exhibited by WO3 that make it an attractive
and promising candidate for energy storage and environmental
pollutant removal via photocatalysis include its deep valence band,
excellent optical absorption capacity in the visible light region, the
relatively high electron mobility of about 6.5 cm?/V.s, less vulnerability



O. Samuel et al.

Ceramics International 48 (2022) 5845-5875

Fig. 3. The different configurations of WO3 (a) at room temperature; monoclinic (b) cubic (c) tetragonal (d) at low temperature; monoclinic (e) triclinic (f)
orthorhombic organizations (green spheres represent W, and red spheres denote O atoms) [85]. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

to photocorrosion, non-toxicity, stability in acidic aqueous solution, low
cost, and relatively low energy bandgap (Table 1) [86-88]. Hunge [89],
and Riboni et al. [90] in their separate studies, found out that combining
TiO5 and WO3 improved photocatalytic reactions and stability, implying
that incorporating them into a semiconductor composite could improve
charge separation by trapping photo-generated electrons. WO3 displays
varying oxidation state with high-power holes considered important for
visible light applications in organic pollutant removal from the water via
photocatalysis. However, its low conduction band level translating to
reduced potential makes it less efficient for light energy conversion [91,
92].

In addition, like other metal oxides semiconductors, the photo-
catalytic activity of WOs is limited due to the rapid recombination of
holes and photogenerated electrons. Because of this, various methods
that have been adopted to minimize this limitation and enhance the
photocatalytic activity of other photocatalyst has also been considered
for WOs3. This involved morphology engineering for enhanced perfor-
mance, metal doping, composite formation in combination with carbon

Table 1
Bandgap of WO3-based photocatalyst.

WO3-based photocatalyst Bandgap (eV) References

WO3 Monoclinic 2.57-2.58 [93]

WO3 nanowires 3.17 [94]

W1s0a0 2.42 [95]

{100} faced WO3 2.84 [96]

WOs3 films 3.30 [971

WOj3 hexagonal 3.47-3.65 [98]

WO3 orthorhombic 2.63 [99]

WO3 2.6 [100]
2.7 [101]
2.63 [102]
2.75 [103]
2.47 [104]
2.5-2.8 [105]
Pristine: 2.53 [106]
2.78 [107]
Nanosheet: 2.61 [106]
Monoclinic:2.53 [65]
Orthorhombic: 2.73 [65]

materials, heterojunction formation with another semiconductor, etc.
Table 1, summarizes the bandgap of WO3-based photocatalyst.

3. Synthesis route for WO3-based photocatalysts

The synthesis method plays a significant part in the preparation of a
photocatalyst. Various synthesis approaches can be adopted for the
synthesis of a photocatalyst having exciting and interesting morphol-
ogies, properties, shapes, structures, and sizes which are to a large extent
responsible for enhanced photocatalytic performance [108,109].
Several synthesis methods have been reported for WO3 and WOj3
grounded photocatalysts which are less expensive and environmentally
friendly in a bit to synthesize a photocatalyst with a functional structure
having an excellent and efficient performance for photocatalytic pur-
poses [58,110]. In this review, some common synthesis routes are
highlighted which include, hydrothermal techniques, co-precipitation,
sol-gel, solvothermal methods, calcination method, etc. Another
method considered to be a new and promising method referred to as
“green synthesis” is also briefly discussed.

3.1. Hydrothermal method

The hydrothermal method is broadly considered as the most versatile
technique in the synthesis of inorganic nanomaterials from aqueous
solutions which takes place under temperature above ambient temper-
ature and pressure conditions leading to chemical reaction [111].
Insoluble substances can be dissolved using this technique. The dis-
solved substance can equally be prepared from substances present in the
aqueous solution using the hydrothermal method [110,112]. Some
important parameters that need to be monitored and adjusted to the
characteristics of the nanomaterials when using this method include
temperature, precursor concentration, and pressure. In this method,
water is commonly used as the solvent.

In this technique, the temperature and pressure are very vital
because the water density and the dielectric constants are dependent on
these parameters. A decrease in the dielectric constant of water is closely
related to a reduction in pressure and an increase in temperature. The
reaction rate is enhanced significantly as the dielectric constant of water
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decreases which promotes the nucleation growth of crystals [113]. The
hydrothermal method offer some advantages which include environ-
mentally friendly, mild operating conditions, low-cost, good dispersion
in solution, one-step synthesis, production feasibility, inexpensive
instrumentation, and facile synthesis [114-116]. Another advantage of
this method is that it may avoid the use of Hy which significantly en-
hances safety. Because of its environmental friendliness and is a cheap
method for preparing WO3 and its composite-based photocatalysts, it
has been reported that most WO3 prepared using this method have
shown some high degree of particle purity, good dispersion in solvent,
and high crystallinity.

There have been studies that reported the preparation of tungsten
bronze such as K( 26WO3 and Csp.33WO3 nanorods by the hydrothermal
method. Ko 26WOs3 nanorods were synthesis with KoWO4, K2SO4, and
distilled water at 200 °C for 24hr under an atmosphere of Hy (5 vol
%)/Ny [117]. Distilled water mixed with CssWQ4, WO, WO3 as the
precursor was heated at 800 °C for 24hr in the preparation of Csy 33WO3
[118]. The preparation of graphene-bridge Z-scheme WO3/MoS2-rGO
composite for rhodamine B (RhB) degradation by the hydrothermal
techniques shows an enhanced performance of the photocatalyst under
visible light. The hydrothermal reaction was used to prepare the nano-
composite by reacting the thiourea, sodium molybdate dehydrate, and
graphene oxide together [119].

The result of the scanning electron microscopy (SEM) from Fig. 4a
reveals a micro-flower-shaped WO3 composed of plenty WOj3 sheets of 2
pm in size. Fig. 4b displayed the morphology of MoS,-rGO composing
several MoS; curved nanosheets braided or interwoven together. It can
be seen that WO3/MoS,-rGO composite displayed interaction of three
(3) components in which the sphere-like MoS;-rGO and flower-like WO3
can be seen (Fig. 4c). Images from transmission electron microscopy
(TEM) as seen from Fig. 5(d-h) show that the MoS,-rGO composite was
attached with WOg3. The dark WO3 and light MoS2-rGO can be differ-
entiated by a high magnification TEM image. Photoelectron spectros-
copy (XPS) and X-ray images analysis shows the presence of W, C, S, Mo,
and O, in the WO3/MoS,-rGO composite. The binding energy peak of
38.12 and 35.92 eV from the XPS spectrum of W were designated to W
4f; /5 and 4fs 2 independently. The XPS spectrum value of 530.4 eV for O
1 s spectra was designated to oxygen 0%~ lattice of WO3 and rGO while
the peak values at 286.6, 288.7, and 284.6 eV for C 1 s were assigned to
C-0, C=0, and C-C, respectively.

WO3/Ag>COs3 fabrication by hydrothermal method without the use
of template or surfactant in the removal of RhB under visible light

Ceramics International 48 (2022) 5845-5875

irradiation was also reported [120]. It can be seen from Fig. 5a that a rod
shape plus an identical size shape of AgCOs; was form having a
constructive dispersion with a radial and axial length of between 1.7 and
2.0 pm and 400 nm, respectively. In the meantime, it was observed that
several n-type WO3 nanoparticles (polyhedron-like) were combined
forming a hierarchical ordered arrangement of WO3 nano-flowers as
seen from the SEM images in Fig. 5b-e. In addition, it was also seen that
the surfaces of individual WO3 contained several important crystals
facet which consequently provided more reaction sites for the catalytic
degradation. In the case of AWp-20 samples, it was observed that
rod-shaped Ag>CO3 and polyhedron-shaped WO3 nanoparticles were
chiefly present in the composites and little WO3 nanoparticles were
attached on AgyCOj3 surface. As can be seen from the XRD patterns
(Fig. 5f) for the synthesized photocatalyst, all the diffraction peaks of the
pure p-type AgoCO3 can be well indexed with monoclinic phase Ag,CO3
without detecting peaks of other impurities like silver oxide and metallic
silver [121,122]. Furthermore, it was observed that there was a good
correlation between the monoclinic phase WO3 with the n-type WO3
(polyhedron-like WO3) nanoparticles [123]. Fig. 5g also shows the X-ray
diffraction (XRD) result of the polyhedron-like WO3/Ag>CO3 p-n het-
erojunction having distinctive AgoCO3 mass ratios indicating that by
combining it with p-type AgoCO3 nanoparticles, the respective diffrac-
tion peaks due to AWp-10, AWp-20, AWp-30, and AWp-40 composite
were obtained for WO3 and Ag2COs3 phases signifying the presence of n
and p-type WO3 and AgyCOj3 respectively [124]. Furthermore, the
amount of Ag>CO3 doping correlates with the intensity of {2 1 0} facet
indicating that the {2 1 0} facet diffraction peak gradually increases as
the doping amount of Ag>COg3 increases.

It is worthy of note that the hydrothermal method is less energy
consuming, controllable and convenient to adopt [125]. However, it is
also significant to note that in the various preparations highlighted
above, the different nanoparticles have varying reaction paths and
processing conditions. Therefore, it is important to determine the most
suitable chemical reactions with appropriate conditions for the various
nanoparticles for optimal results. The hydrothermal method has also
been reported to help in tailoring the morphologies and size of the
synthesized nanomaterials to a suitable range of between 10 and 100 nm
which is also applicable for the case of the WO3 [126].

3.2. Solvothermal method

The solvothermal method involves the use of ethylene glycol and

Fig. 4. SEM images of (a) WO3, (b) M0S,-rGO and (c) WO3/MoS,-rGO (mass fraction 10%); TEM images of (d) WO3, () WO3/MoS,-rGO (mass fraction 10%), (f)
high magnification graph of red box section in Fig. 4e, (g) HRTEM of WO3/MoS,-rGO (mass fraction 10%), (h) high magnification graph of red box section in Fig. 4g
[120]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. SEM images of fabricated (a) Ag>COs3, (b), (¢), and (d) polyhedron WO3, (e) AWP-20, (f) XRD patterns of fabricated Polyhedron-like WO3 and AWP-20. (inset
figure, & symbolizes crystal faces of a monoclinic phase of Ag;CO3; and 4 denotes crystal faces of the hexagonal phase of Ag>CO3), (g) XRD patterns of AgoCO3, WOs3,

AWP-40, AWP-30, AWP-20, AWP-10 [124].

ethanol as the solvent instead of water as it is mostly in the case of the
hydrothermal method. Ethylene glycol and ethanol are used to achieve
the dual purpose of solvent and reducing agent. It is possible in this
method to control the various variables by adjusting the pH, type of
solvent, use of various surfactants, filled volume of autoclave, changing
the reaction environment and reactant concentration to obtain a product
having high crystallinity, purity, varying crystal structures, and phases,
increased specific surface area, reduced size of particle and prevention
of particle agglomeration [127,128]. The Teflon-lined autoclave is
normally used for the solvothermal reaction of the precursor at the
desired temperature of 150 °C and for a duration of normally 6hrs after
which the obtained product will be centrifuged, washed with ethanol
and water several times then vacuum dried [129]. The solvothermal
method is commonly adopted for the fabrication of WO3-based photo-
catalysts which has been seen to improve and significantly enhance the
photoactivity and properties of the obtained photocatalyst. For the
synthesis of WO3- based photocatalysts using this method, tungsten
chloride (ClgW), tungstic acid (H,WOy4), and sodium tungstate dihydrate
(NagWO03.2H0) are mostly used as precursors. The solvothermal
method has the advantage of ease of use, low cost, products are free from
impurities (pure products are obtained), cyclic stability, excellent
adhesion, stable synthesis, simplicity of the process, and easy scalability
for applications industrially [130,131].

In the preparation of WO3/BiVO4/BiOCl porous nanosheet compos-
ite ternary heterojunction photocatalyst by solvothermal method for
visible light degradation of RhB, porous BiVO,4 nanosheets were firstly
synthesized via an immersion - calcination method which uses biomass
broomcorn core as a template. WClg was then used to react with the

prepared porous reticulated BiVO4 nanosheets which provide chlorine
(CD) and the tungsten (W) sources to fabricate the WO3/BiVO4/BiOCl
ternary heterojunction in a one-step solvothermal method. The fabri-
cated WO3/BiVO4/BiOCl photocatalyst (Fig. 6 (A-G)) was reported to
exhibit better energy level matching and created a gradient for charge
transfer and migration which effectively reduced the recombination rate
of photogenerated carriers, enhanced the electron separation process,
improve visible light harvesting and increasing number of active site on
the photocatalyst which consequently led to a considerable improve-
ment in the photodegradation of RhB under visible and simulated solar
light by approximately 2 and 1.5 times higher in comparison to BiVO4
and binary BiVO,4/BiOCI respectively and this was attributed to the
synthesize method [132].

In a study for the preparation of immobilized nanostructured WO3
photocatalyst from NayWO4 via the solvothermal method for visible
light degradation of methylene blue (MB), the result of the degradation
process as can be seen from Fig. 7a-b, indicated that WO3(EtOH)
exhibited high adsorption capacity of 14.1% and MB degradation rate of
90% after an hour. This photocatalyst also demonstrated the highest
photocatalytic efficiency for MB degradation under visible light of above
85% after three cycles. This superior photocatalytic performance was
attributed to have originated due to the strong photocurrent, high
crystallinity, and maturity of WO3 nanostructures because of continuous
conversion of the tungsten acid to WO3 consequently providing more
active sites for the photodegradation process. This also assisted in the
separation and transfer of photogenerated electrons and holes. The
ethanol solvent had a significant influence on the morphology, growth
mode, structure, and photocatalytic effect of WO3 filmed products in
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Fig. 6. (A, B) and (E) are SEM and TEM images of BiVO,, respectively; (C, D), (F), and (G) are SEM, TEM, and HRTEM images of WO3/BiVO,4/BiOCl (12.5 wt%),
respectively [132].
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Fig. 7. (a) Degradation efficiency of MB at different immobilized WO3; nanostructures; (b) Cyclic properties of WO3(EtOH) [133], (c) Photocatalytic degradation of
MO using pure SrTiO3, La-WO3, and various molar ratio La-WQ3/SrTiO3 under visible light [135].

comparison with other solvents which is of considerable importance for electrospinning method then the solvothermal synthesis for degradation
the controllability of immobilized semiconductor materials [133]. of RhB and Phenol in water. The photocatalyst demonstrated a high

WO3/BiOCl heterostructure photocatalyst was fabricated through the capacity for photogenerated charge carrier separation. The
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photocatalyst also demonstrated enhanced photocatalytic efficiency for
degradation of RhB and phenol by around 2.3 times in comparison with
BiOCI (0.113 min™ ) having a rate constant of 0.259 min-! for RhB
degradation. Its improved photocatalytic performance was attributed to
WOj3 nanofiber’s anti-agglomeration ability, its well-arranged band
structures for charge separation, high activity of BiOCl nanosheet, and
synthesis method [134].

In a related study as shown in Fig. 7¢, La-WOg3/SrTiO3 photocatalyst
was fabricated by the solvothermal method for visible light degradation
of methyl orange (MO). The La-WO3/SrTiO3 photocatalyst ability to
degrade MO was compared with pure WO3 and SrTiOj3, in which the La-
WO3/SrTiO3 demonstrated an excellent photodegradation ability of
100% decomposition of MO under visible light irradiation in 75 min and
still showed good stability and maintained high photoactivity after five
cycles of degradation. The improved photoactivity was attributed to
effective electron-hole separation, accelerated transfer of photo-
generated electron-hole pairs, and upon the three-dimensional hierar-
chical structure arrangement in the La— WOg3/SrTiO3 heterojunctions
[135]. However, the solvothermal method has the disadvantage of
safety issues during the reaction process which is process monitoring
challenges been that the reaction cannot be seen physically to access
some important parameters such as temperature, pressure, and solvent.
High equipment (autoclave) cost is also a disadvantage [136,137].

3.3. Co-precipitation method

The co-precipitation technique sometimes referred to as chemical
precipitation is a process whereby a solution is altered by converting it
into solid through transforming or converting the substance into a form
that is an insoluble or supersaturated solution. This method is mostly
employed in the preparation of Layered Double Hydroxides (LDHs), and
this can be done at a constant or varying value of pH. However, the pH
value of the co-precipitation mixture has a significant effect on the
structural, chemical, and textural properties of the final product [138].
Several researchers have used the co-precipitation techniques to fabri-
cate WOgs-based photocatalysts because of the simplicity of the process,
cost-effectiveness, enhanced visible-light photocatalytic activity of
fabricated photocatalyst for mineralization of various organic pollut-
ants, easy scalability, environmentally friendly, ease of operation con-
trol, and continues reproducibility [139-141].

In a study a novel WO3/Fe304 catalysts was fabricated via chemical
co-precipitation method using NapaWO4 as a precursor to study their
photocatalytic decomposition of thiacloprid under both simulated and
UV sunlight radiation [142]. In this study, four nanopowder samples of
WO3/Fe304 with varying quantities of WO3 were prepared via chemical
co-precipitation method. The result of the photocatalytic performance
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showed that the 6.1W0O3/Fe304/H205 photocatalyst had a good degra-
dation efficiency for thiacloprid decomposition than other synthesized
catalysts with a decomposition rate of 2.2 times higher in comparison to
bare Fe304. This was attributed to the existence of magnetite and he-
matite nano-dimensional Fe3Oy4 in the photocatalyst as shown from the
XRD analysis result (Fig. 8a) which shows increasing WO3 content as the
magnetite content increases and consequently as the BET surface (Sggr)
increases, WO3 tend to also increase because of its specific surface area
been small. Further analysis as shown in Fig. 8b, indicates a —196 °C
nitrogen isotherm for WO3/Fe304, unsupported WO3, and unmodified
Fe304 catalyst. Using aqueous solutions of NaSO4 and NagW04.2H50,
the XRD pattern at a pH of 1.8 showed the presence of hexagonal
nanoparticles of WO3, at pH 0.0, monoclinic while at pH 0.4, ortho-
rhombic WOs3.0.33H20 species were shown indicating that the meso-
porous structure of the catalyst is preserved with improved structural
parameter due to the presence of WO3 within the catalyst.

3.4. Sol-gel method

The sol-gel process referred to sometimes as the chemical solution
deposition process is a wet chemical method used for the synthesis of
doped inorganic-organic nanoparticles (NP), functional materials such
as supercapacitors, nonlinear optical materials, ferroelectrics, photo-
catalyst, and catalytic membranes. This process takes place through a
series of steps which includes hydrolysis and polycondensation, gela-
tion, aging, drying, densification, and crystallization in chronological
order [143-146]. The sol-gel method was first demonstrated by Graham
Thomas in 1864 [147]. This method is regarded as an efficient surface
modification process of substances. The ability of the sol-gel method to
create a large surface area with stable surfaces is considered the most
important advantage of this method as the physical and chemical
properties of the materials prepared through this method are associated
with the applied experimental conditions during the process [148].

The first step in this process which is the hydrolysis step involves the
formation of gel which depends on the quantity of water where for
higher bridging oxygen to non -bridging ratio requires much uptake of
water during the condensation to form polymerized branched structure
[149]. The formation of the liquid phase-based porous structure is
determined by the solvent viscosity while the pH and alkoxide precursor
determines their cross-linking pattern and size in the colloidal particles
[150]. Furthermore in this method, the calcination temperature in-
fluences the density and pore size of the material formed [151]. The
sol-gel method is widely considered because of its advantages such as
reduced production cost, lower operation temperatures, purity, and high
yield of the final product [152,153].

WO3 was used in a study to modify TiO, catalyst for the removal of
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Fig. 8. (a). Nitrogen isotherms at —196 °C of unsupported WO, unmodified Fe;04 and WOs3/Fe30, catalysts (adsorption — filled symbols; desorption — empty
symbols), (b). XRD pattern of unsupported WO3, unmodified Fe30,4 and WO3/Fe304 catalysts [142].
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amoxicillin and to reduce the bandgap energy of TiO, for enhanced
photocatalytic performance by the sol-gel method using ammonium p-
tungstate (ApT), tetrabutyl orthotitanate (TBT), sec-butanol (SB), and
glacial acetic acid (GAA) as precursors [154]. The effect of calcination
temperature on the photocatalytic degradation performance of the
photocatalyst in the solar spectrum was also investigated. For this pur-
pose, the experimental cycles were carried out in a compound parabolic
collector (CPC). The photocatalytic result of the degradation showed
that the highest removal of amoxicillin was 64% with 100 ppm of
amoxicillin concentration at 700 °C with 0.1gL! catalyst load. Though
the degradation performance was considered low due to the small sur-
face area of the photocatalyst and its particle size during the sintering
process, however, it was observed that the bandgap energy of the pho-
tocatalyst reduced with respect to the bare TiOy, and this was attributed
to the modification of the TiO crystalline structure due to the presence
of WOs3. The presence of WO3 added a localized state to the bandgap
energy between the valence and the conduction band. Its presence as an
electron acceptor also prevented the electron-hole recombination by
increasing the energy density holes and vacancies.

In another study, WO3/TiOo-N catalyst was fabricated for the
removal of diclofenac (DCF) sodium using the sol-gel method [155].
Tetrabutyl orthotitanate (C16H3604Ti), ammonium p-tungstate [(NHy4)
10H;W12042-4H50], and ammonium nitrate (NH4NO3) as the source of
nitrogen were used in the process. The Transmission electron micro-
scopy (TEM) images show the dispersion of tungsten atoms on the sur-
face of TiOy asWOs as can be seen in Fig. 9. The TEM images also
indicated that doping with the Nitrogen (N), resulted in smaller particles
for the coupled oxide in comparison with the TiO3 and TiO2/WO3. On
the other hand, as can be seen from Fig. 9(a, b, and c), the XRD patterns
for TiO,, TiO2/WO3, and WO3/TiO>-N show that the focal diffraction
peaks can be designated in all cases to anatase type structure. The

Ceramics International 48 (2022) 5845-5875

diffraction peaks (Fig. 9d) associated with the existence of W and N were
not seen and this is because of the little quantity of W or N in the sample.
However, the pattern indicated that the peak was 25.20 at 26 exhibiting
a shift a little higher in value of 25.35 at 20 (Fig. 9¢) as the peak of {101}
plane TiO2/WO3 and WO3/TiO>-N samples due to the heterojunction
between TiO3 and WO3 with its intensity decreasing with increase in the
amount of N showing a reduction in the crystalline size due to N doping.
The study also indicated a reduction in the bandgap energy and an
improvement in the photocatalytic activity of the modified photo-
catalyst in degradation of the diclofenac in which 92% degradation of
the diclofenac was achieved with 100% chloride release while the TOC
was above 80%. The reduction in the bandgap energy of the photo-
catalyst was attributed to the method of synthesis. Due to the simplicity
and other advantages of the method, it has been an attractive synthesis
method for the synthesis of various nanoparticles photocatalyst, simple
oxides, and nanocomposites [156].

3.5. Green synthesis

Conventional approaches involving both chemical and physical
methods for the synthesis of WO3 based materials and photocatalysts
have been considered over the years. Among these various methods,
green synthesis or technique is largely regarded as fast, efficient, cost-
effective, facile, and suitable to synthesize or produce new morphol-
ogies of the photocatalyst. Recently this technique has been developed
to prepare metal oxides having varying morphologies via the use of
various plant parts such as stem, starch, seeds, roots, flowers, leaves, and
fruit juice as fuel [30]. Green synthesis is used to prevent the formation
of unwanted and harmful side-products during preparation by adopting
more sustainable, environmentally friendly, and dependable methods of
synthesis [157].

Intensity (au.)

20 ]

Intonsity ta.w. 1

Fig. 9. Transmission electron microscopy images of (a) T, (b) TW and (c) TWNj 15, (d). Diffraction patterns of T, TW, and TWN samples. (e). Enlarged XRD pattern

showing the peak at 20 = 25.35 [155].
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In a study to fabricate SnO-WO3 composite using solution com-
bustion technique for methylene blue degradation, lemon juice was used
as a reducing agent while stannous chloride and sodium tungstate were
used as oxidizers [158]. The result shows an effective photocatalytic
performance of SnO3-WO3 composites under visible light for dye
mineralization. The photocatalytic removal of dye was carried out
varying the catalyst dosage from 20 to 80 mg and keeping the dye
concentration (5 ppm) constant. It was deduced from the result that with
an increase in the catalyst dosage, there was a corresponding increase in
the dye removal. It was also observed that there was an increase in the
active sites on the surface of the catalyst with a corresponding increase
in hydroxyl and holes resulting in fast degradation.

3.6. Template assisted synthesis

This method is one of the most important techniques for the
controlled and optimized synthesis of various nanostructured materials.
This technique directs the formation of nanomaterials into forms that
would otherwise be difficult to produce using a pre-existing guide with
desired nanoscale properties. This technique is capable of producing
nanostructures with unique characteristics, morphologies, and struc-
tures [159].

Mokhtarifar et al. [160] synthesized a Pt:TiO2/WOs3 photocatalyst by
the hydrogenated glucose template method for round-the-clock
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decomposition of methanol. This process involves; the templated syn-
thesis of TiO2/WO3, Hy treatment of TiO5/WO3 to obtain a defective
structure (Ho-TiO2/WO3) and finally loading of Pt on Hy-TiO2/WOs3.
They reported that the photocatalytic material synthesized can be
charged under light illumination after which it can continue its photo-
catalytic activity in the absence of illumination or the dark for over 6h.
They also reported that the photocatalyst had a higher surface area and
was photoactive in the visible light spectrum which they attributed to
the presence of oxygen vacancies in the WO3 matrix as a result of the
surface modification strategy used to synthesize the photocatalyst.

In another related study, Mokhtarifar et al. [161] fabricated a
dual-phase TiO2/WOs3 photocatalyst having post-illumination photo-
catalytic memory using the template method to investigate their round
the clock photocatalytic performance for the degradation of methanol
under light illumination and in the dark. They fabricated the TiO2/WOj3
composite photocatalyst from their precursor via the glucose-template
assisted method by varying the WO3 concentration. They reported that
the fabricated photocatalyst exhibited photo absorption in the visible
light due to the incorporation of the WO3 which was also confirmed
using other methods such as impedance response of the systems and
photocurrent measurements method. The fabricated photocatalyst
exhibited round-the-clock photocatalysis for the degradation of meth-
anol attributing this to the incorporation of the WO3 which resulted in
the formation of new energy levels in the TiO; structure as well as the

Table 2
Summary of preparation methods for WO3-based photocatalysts.
Methods Photocatalyst Shape Pollutant Degradation Time Radiation Precursor WO3 Reference
efficiency (%) (min)
Hydrothermal WO3 Flower-like, nanorods, RhB 95.3 100 Solar Tungstic acid [163]
nanowires
BiFeWO4/WO3 Small sphere with dense RhB 83 60 Vis Tungstic acid [164]
particle
WO3 Nanoflake and hollow sphere RhB 93 100 Vis Sodium tungstate [165]
dehydrate
CuBiz04/WO3 Sphere with flower-flake Tetracycline 60 120 Solar Sodium tungstate [166]
nanosheets dehydrate
WIgOy9 Polycrystalline MB 97 8 Solar Tungsten hexachloride [126]
S-doped WO3 Nanoscale block MB 79 120 Vis Sodium tungstate [167]
dehydrate
WO3-SnCl4.5H,0 Rods RhB 87 160 Vis Sodium tungstate [168]
dehydrate
Solvothermal WO3 Urchin-like MB 93 60 Vis ATP [169]
TiO2-WO3 TiO, spherical MB 80 60 Solar Tungstic acid [129]
WOs3sheet like light
La-WO3/SrTiO, Layer structure and sheet- MO 100 75 Vis Sodium tungstate [135]
stacks dehydrate
Methods Photocatalyst Shape Pollutant Degradation efficiency Time Radiation  Precursor WO3 Reference
(%)
WO3/TiOy/ Spherical Orange II UV (70) 180 uv Sodium tungstate dehydrate [170]
carbon fiber Sunlight (85) Sunlight
2D WC/WO3 Flower-like RhB, MB, MO, RhB: 89, MB: 96, MO: 240 Vis Tungsten chloride [171]
phenol 80, Phenol: 40
Co-precipitation WO3-GO Nanosphere MB indigo MB (97) MB Sunlight Tungsten hexachloride [172]
carmine (IC) IC (95) (180)
IC
(120)
CuWO4/WO03 Spherical- Sulfur 85 120 Vis ATP [173]
like
Ni-WO3 Nanoplates Methyl red 96 120 Vis Sodium tungstate dehydrate [174]
WO3/Fe304 Irregular Thiacloprid 66 120 uv Sodium tungstate dehydrate [142]
Sol-gel Pt/WO3-GO Mesoporous MB 94 70 Vis Tungstic acid [175]
Zn & Cu co-doped  Irregular Gentamicin UV: 90 30 uv AMT [176]
WO3 antibiotic Vis: 70 Vis
WO3 Spherical RhB 79 200 uv Tungstic acid [177]
WO3 Polyhedral Cr (VD 50 120 Vis Tungsten (V) ethoxide [178]
Green synthesis Citrus lemon Tetragonal MB 75 180 Vis Citrus Limon (lemon juice), [158]
SnO,-WO3 Sodium tungstate
Template assisted Pt:TiO5/WO3 Near Methanol 61 120 Vis Hexachloride Tungstate [160]
synthesis spherical
TiO2/WO3 Spherical Methanol - - Vis Hexachloride Tungstate [161]
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induced oxygen vacancies formed near the valence band of TiO,,

All the synthesis methods discussed above are aimed at developing a
good photocatalyst having great characteristics in terms of light-
harvesting, rate of diffusion of reactive molecules, the range at which
it can respond to light, excellent charge carrier migration and separa-
tion, crystallinity, and specific surface area. However, each photo-
catalyst has varying physiochemical properties making it have varying
morphologies interfacial properties, surface state, and exposed facets
which should all be present for their material synthesis [162]. The
various preparation or synthesis route discussed above are summarized
in Table 2. This table also shows how the various methods or synthesis
route affects the degradation time, efficiency, shape of the photo-
catalyst, type and rate of light absorption, choice of precursor, and type
of pollutant to be degraded.

It was therefore observed and concluded from the survey of literature
and publications on the synthesis of WOs-based photocatalysts that
hydrothermal methods are widely used by researchers for the synthesis
of WOs- based photocatalysts and this can be attributed to the fact that
though other synthesis methods just like hydrothermal synthesis
methods can produce photocatalyst with good photocatalytic activity,
high particle purity, high crystallinity, Hydrothermal synthesis can
boast of having the advantage of using water as the solvent which is not
the same in the case of solvothermal and other methods which uses
ethanol and as a result makes hydrothermal synthesis cost-effective.

Another important advantage of the hydrothermal method over the
other methods is its inexpensive instrumentation in comparison to other
methods which require slightly expensive instrumentation for the syn-
thesis process. The hydrothermal method in most cases involves one-
step synthesis with good dispersion in solvent (water) which makes it
easy, environmentally friendly, with production feasibility which how-
ever in the case of other methods, the synthesis involves more than one
step, and most times involve series of complex reactions.

4. WOs-based coatings/deposition techniques

WOg3 is a versatile material having numerous advantages which
include having low fabrication cost and being abundantly available. It is
suitable to be produced in the form of thin films or coatings which makes
it much more attractive for various applications [65]. Thin films are
layers of materials deposited on a bulk substrate to impart or introduce
properties that cannot be attained (or not easily attained) by the parent
or base material. The coating is done on a new surface or an already
deposited or coated layer. The application of WO3-based thin films has
the advantage of changing the interaction of the parent material to a
newly formed material or flatform preventing it from exhibiting the
properties of the bulk or base materials but to the properties that are
desired for a particular application. WO3- based materials in powder
form are limited due to difficulty in controlling the coating process, high
startup cost, and color changes over time. WO3 -based thin films have
important applications in the degradation of pollutants, in health care as
antimicrobial material, photoanodes for water splitting, and CO,
reduction.

4.1. Electrochemical deposition

Electrochemical deposition is an attractive deposition technique due
to its numerous advantages which includes the ability to coat large area,
low cost, and ability to control the coating thickness. The deposition
technique set up includes an electrochemical cell filled with an elec-
trolyte which contains the metal species to be deposited with two or
three electrodes: the anode (in general Pt), the cathode, as a conducting
substrate upon which the film grows, and a reference electrode in the
case of a three-electrode arrangement.

With the supply of a direct current (DC) to the circuit, the metal
species from the solution are migrated or driven to the cathode where
they are reduced and eventually electrodeposited forming the film
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[173]. By tailoring the electrolyte composition and the process param-
eters, the resulting or obtained film microstructure can be precisely
controlled and modified. Numerous works have been done to study
electrodeposition of WOs films after the work of Yamanaka which was
the first article publication [180]. Another study was then conducted 10
years later to study the mechanism of WOg electrodeposition from per-
oxytungstate solution [181]. Another study was reported to investigate
the influence of the deposition time and that of the peroxotungstic acid
on the photoelectrochemical and structural properties of WOg films. The
result shows nanoflake array films electrodeposited on fluorine-doped
tin oxide (FTO) coated with a seed layer having improved and
enhanced electrochromic and sensing to HyS properties [176,177].

In another related study to investigate the formation of nano-
particulate films as a function of the pulses characteristics variation in
a pulsed electrodeposition process, it was reported that they showed
improved and enhanced photoactivity in comparison to the coating
obtained through continuous electrodeposition. Habazaki et al. [178],
studied the effect of annealing temperature on the crystallinity of WO3
film which they fabricated by electrodeposition after which the film was
used as anodes in the electrochemical decomposition of phenol present
in wastewater.

4.2. Anodization

The anodization process of W involves the growing of a WOj3 layer
via the passage of a DC through an electrolyte solution. The release of
hydrogen takes place at the cathode (e.g., wire, mesh, or platinum foil)
while oxygen is produced at the anode (metallic tungsten) consequently
the formation of a tungsten oxide layer. Cristino et al. [178], in their
study proposed and reported that the oxidation in this process occurs
through multiple reactions which first involve the formation of oxides
with mixed stoichiometries (W205 and WO,), then by WO3 when the
applied voltage exceeds 2V only.

Because of definite growth control conditions, flexibility, availability
of electrolytes, and low cost of equipment set-up, much more work, and
attention has been put into studying WO3 formation having varying 2D
and 3D structures. Vergé et al. [180], in a related study investigated the
formation of anodically grown oxide in 0.1 M H3SO4 + 0.4 M NaySO4
electrolyte on both sputter and bulk deposited W films using rotating
and stationary disk electrodes. Numerous analytical techniques have
been investigated in getting detailed information about the dis-
solution/growth of oxides [187]. In a similar study, the photo-
electrochemical anodization of a W foil was investigated for several
hours in a two-electrode setup at 50V under illumination. The process
led to the formation of nanoporous WO3 with a thickness of 2.6 pm
having enhanced and improved photocurrent response. Ou et al. [183],
in a related work via anodizing sputter technique deposited W films in
an electrolyte containing NH4F and ethyl glycol, obtained 3D nano-
porous WO3 layers as can be seen in Fig. 10. The WO3 films they ob-
tained gave remarkable electrochromic properties which were
attributed to its high surface area in addition to crystallinity.

A similar study of the galvanostatic anodization of W in oxalic acid
showed porous structures formation [189]. Tsuchiya et al. [185], in
another work studied the formation of self-organized WO3 nano-tubes
for achieving regular pore diameter and arrangement in various con-
centrations of NaF electrolyte. Several works to investigate W- nano-
wires formation when exposed to various electrolytes from directionally
solidified NiAl-W eutectic alloys to create W-based nanostructures or
nano-sized filters for varying applications have also been investigated
[186-189].

4.3. Thermal evaporation
Thermal evaporation is a physical vapor deposition (PVD) technique

used for coating deposition purposes. The precursor or source of mate-
rial which is a metal oxide or metal is vacuum heated, and upon
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Fig. 10. SEM images of the surface and cross-section of a sputter-deposited W film, followed by anodization and subsequent annealing at 450 °C [188].

receiving enough or adequate thermal energy, the material sublimes or
evaporate. The substrate accepts or collects the atoms of the heated
source as they are directionally released onto it [190]. The source of
material in pellets or powder form can either be metallic WO3 or W to
obtain tungsten oxide films. The resulting coating will be metallic when
metallic tungsten is used as an evaporation source. To obtain the tung-
sten oxide, it is further required that post-deposition annealing in an
oxygen-containing environment is available and as well tungsten
trioxide can be directly used as the evaporation source. During the
vacuum heating process, tungsten trioxide sublimates, however, there is
the release of some oxygen because of the thermal energy supplied
which consequently forms substoichiometric tungsten oxide species.
The equation for this process can be represented as seen in Eqn. (1)

sublimate

WO (5) 2 W0, (g) + goz (2)=WO5_(s) ¢))

Accordingly, the coating formed can have varying stoichiometries (x
= 2-3) as a function of deposition parameters and in addition, oxide
films are generally amorphous because of the lower energy of the species
in the thermal evaporation process. It is required that annealing takes
place at a temperature exceeding or above 400 °C for stoichiometric and
crystalline WOs to be achieved [196]. For sensing application,
rough-surfaced evaporated WOg films is most suitable for this applica-
tion [197]. Thermally evaporated WO3 was reported to have been used
to fabricate smart glass windows having excellent electrochromic
properties and energy storage [193].

4.4. Sputtering

Sputtering is also a PVD technique used to prepare thick and thin
films. It has wide application in the industry because of its large-scale
coating ability and versatility. The coating process is done under a
pressure range of 10! to 10 Pa in a vacuum chamber achieved via the
introduction of sputtering gas (Xe, Ar, He, etc.) [190]. The process in-
volves the bombardment of the source material (the target) with ener-
getic ions from the sputtering gas (e.g., Ar") which results in the ejection
of the target atoms and consequently their deposition or coating on the
substrate. The source or precursor material can either be metallic WO3
or W in the radio frequency (RF) or DC configuration like the thermal
evaporation process. Reactive processes are possible in the sputtering
technique via the introduction of Oz in varying proportions with the
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sputtering gas. Therefore, tungsten oxide coatings can be obtained
directly with controlled stoichiometry from both oxide and metallic
targets during the deposition process. Heat treatments during or after
deposition can be used to obtain stoichiometric films in fully crystalline
form.

Numerous features such as coating quality, crystallinity, stoichiom-
etry can be controlled by changing, adjusting, or varying the sputtering
parameters like substrate temperature, power density, oxygen content,
and pressure [199,200].

4.5. Pulse laser deposition

Pulsed laser deposition (PLD) is considered an appropriate or suit-
able coating technique in the study of the fundamental properties of
materials [190]. Because of its versatility in turning materials from
amorphous to crystalline structures and its ability to reliably reproduce
the target stoichiometry from films, PLD has also been used for WO3
deposition. PLD principle is hinged on cutting off a ceramic target sur-
face using an excimer laser, leading to plasma generation. The substrate
placed in front of the plasma plum containing molten material droplet
and atom cluster receives the film as it is deposited onto it. WOj3 films in
either crystalline or amorphous form as well as varying sub-
stoichiometric oxides can be obtained as a function of oxygen content
and substrate temperature during the process [196]. By changing the
energy and laser fluence, turning the structure of the coating can be
done from continuous film to nanowires (Fig. 11). The formation of
varying polymorphs such as orthorhombic stabilization of WO3 and
monoclinic came with the change [202].

5. Visible light enhancement strategies for WOs-based
photocatalysts

Addressing current environmental pollution and global energy de-
mand requires advanced photocatalytic materials such as visible-light-
driven semiconductor photocatalyst. WO3 appears promising due to
some of its outstanding properties that have been studied which include
its tunable bandgap, excellent optical properties, having deep valence
band, its high ability to absorb visible light up to 480 nm, and high
oxidative-power holes which are advantageous for visible-light-driven
pollutant degradation. However, even with the excellent properties of
WO3 mentioned above, its low conduction band level (thus low electron
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Fig. 11. SEM images of different morphology obtained for WO3 coatings deposited by PLD using various laser energy values and the change of crystalline structure

corresponding to these morphologies as evidenced by XRD patterns [188].

reduction potential), as well as its visible light absorption performance,
is greatly hindered mainly by the rapid and fast recombination rate of
photogenerated electrons and holes constituting a major drawback in its
ability to efficiently convert light energy [88,92]. As a result, various
approaches have been adopted to minimize this phenomenon and to
improve its photocatalytic efficiency and performance in the visible
light range.

Thus, enhancing the photocatalytic activity of WO3 especially in the
visible light region is significantly important to fully utilize its numerous
excellent properties for environmental and other applications. The need
to address this drawback has received tremendous attention over the
years in which numerous enhancement and improvement strategies
have been employed and reported. This section discusses various visible
light enhancement and improvement strategies for WOs-based photo-
catalyst which includes active facet and morphology control, elemental
doping, controls in the crystal phase, loading of noble metal NPs, hy-
bridization with carbon materials, and stoichiometry/oxygen-vacancy,
constructing heterojunctions and coupling with other semiconductors.

5.1. Doping/noble metal loading

Loading of noble metal NPs such as Ag, Au, and Pt, have attracted
increasing interest for improving and enhancing the photocatalytic
effectiveness and efficiency of WOx [203-205]. WO3 was considered
unstable and not suitable to be used in efficient and effective oxidative
degradation and decomposition of organic pollutants and thought to be

5857

limited for a reaction involving strong electron acceptors because its
negative CB is not negative enough for single-electron oxygen reduction
[206]. The presence of metal ions in the crystal lattice of semiconductor
materials is believed to alter their electronic structure. These metal ions
are believed to create centers in the photocatalyst crystal lattice where
the trapping of photogenerated electron occurs and therefore extending
the lifetime of the photo-generated charge carrier [207,208]. A lot of
work has reported that metal doping can significantly improve the
photocatalytic activity and performance of WOs.

Mehta et al. [209], reported loading Ru metal into WOj3 crystal
structure in their work and that there was a considerable improvement
in the photocatalytic activity of the photocatalyst which they attributed
to the presence of the loaded noble metal which acts to minimize charge
carrier recombination. In a similar study, Dhanalakshmi et al. [210]
reported Ir noble metal loading into the WO3 structure and found that
there was a significant improvement in the photocatalytic degradation
of methyl blue and crystal blue of which this improvement was attrib-
uted to the efficient separation of electron-hole pair ability of the loaded
noble metal. In another study by Mohite et al. [211] where they doped
WOgs film with Yb found out that the WO3 exhibited excellent photo-
electrocatalytic performance in comparison with the pristine WOj3 film
in which they observed that a considerable difference was noticed in the
mitigation of chemical oxygen demand (COD) from the treated
contaminated water with the undoped and doped photoanode.

Abe et al. [206] in their work in which Pt nanoparticles was loaded
onto WO3, found out that Oz could be reduced by the photogenerated
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electrons present in Pt/WOs via multi-electron reduction ways (e.g., O
+2H" +2e” = Hy0; (aq), +0.682 V vs. NHE). Pt works in this process as
an electron pool where photogenerated electrons from WO3 are
accepted by the Pt and it as well acts as a cocatalyst to facilitate the Oy
multi-electron reduction producing HyO5. In another related study, it
was reported that the in situ reductive decomposition of HyO5 as a result
of O5 reduction upon the surface of Pt/WOs3 could be considered a sig-
nificant path for OH radical generation which is considered a key active
specie for organic pollutants and compounds degradation [205].
Au/WO3 and Ag/WOs3 composites have also demonstrated enhanced
photocatalytic activity via this mechanism which involves electron-hole
separation and transfer as shown in Fig. 12a [212,213].

A key factor contributing to enhancement in photocatalytic activity
or efficiency of WOs- based noble metal composite photocatalyst is the
effect induced by the noble metal NPs via a strong localized surface
plasma resonance (LSPR). The excited surface conduction electrons are a
result of electromagnetic radiation due to coherent oscillation of the
surface plasma resonance (SPR) and much smaller particles interact with
the incident wavelength in the LSPR [214]. The noble metal NPs prox-
imity to other nanoparticles, size, and shape are related to their plasmon
frequency. A decrease in the size of the particle could lead to plasmon
frequency reduction which means a redshift in the absorption rate of the
plasmon resonance [215].

A study by Gondal et al. [216] in which Ag was used to doping WOs,
discovered that the presence of the noble metal promoted carrier charge
generation which was as a result of the inducement of the surface
plasmon resonance and as well enhanced efficient photogenerated
electron pair separation. The result shows an increase of three-fold in
photoactivity of WOs in the degradation of atrazine herbicide with just
1% of the noble metal loading. Choi et al. [204] in their work discovered
that the addition of Au to the crystal lattice of WO3 minimized the hole
and electron recombination rate and created a redshift in the absorption
edge of the photocatalyst to a longer wavelength with an improvement
in the photocatalytic degradation of the pollutant by about 50%. The
redshift is a result of the noble metals’ ability to enhance excitation by
lowering the photocatalyst photons energy like visible light [217].

Generally smaller noble metal NPs less than 10 nm loaded on the
surface of WO3 absorbed in the NIR and visible region corresponds to
plasmon resonance absorption in that region. The LSPR tend to disap-
pear when the NPs size of the noble metal reduces to about 2 nm or less
as the band structure breaks down into discrete energy level and be-
comes discontinuous [215]. In plasmonic photocatalysis enhancement,
two mechanisms have mostly been studied; a local electric field and
charge transfer enhancement. Tian & Tatsuma [218], were the first to
study and propose the charge transfer mechanism of Ag-TiO, and
Au-TiO; systems. In this proposed mechanism, electrons present in the
noble metal NPs, are excited by the plasmon resonance after which they
are transferred to the CB of their adjacent semiconductor, meaning that
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Fig. 12. Schematic illustration of electron-hole transfer and separation in a
noble metal loaded WO3 photocatalyst: (a) the noble metal act as an electron
pool (b) the LSPR effect dominates [65].
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the NPs of the noble metal acts as electron donors as can be seen in
Fig. 12b.

Some researchers and authors have accepted and adopted the charge
transfer mechanism to explain and attribute the noble metal-WO3 based
photocatalytic activity enhancement behavior of the photocatalysts to
this mechanism [219]. In the case of the local electric field enhancement
mechanism, it has been revealed that irradiating the NPs close to their
plasmon resonance frequency, could generate an intense local electric
field close to or near the noble metal surface. Studies have also shown
that the local plasmonic “hot spot” electric field intensity can reach or
get to as much as 1000 times the value of the incident electric field as
revealed from studies by electromagnetic simulations using the
finite-difference time-domain (FDTD) method [220]. As stated above,
since the rate of electron-hole pair generation in the “hot spot” could be
as much as 1000 times in comparison to the incident electromagnetic
field, this means that due to the enhancement as a result of the local field
plasmonic NPs, there will be an increase in the amount of photoinduced
charge locally generated in the photocatalyst. Thus, the mechanism of
the local electric field has also been adopted to explain and justify the
photocatalytic activity enhancement of their developed WO3 noble
metal-based photocatalyst.

It is desired that there should be a uniform distribution of noble
metal NPs on WOj5 surface for better photocatalytic activity. Any loading
above the optimal level could lead to the noble metal NPs agglomera-
tion, resulting in deteriorating and inhibiting efficient photocatalytic
performance [219]. Various factors are responsible for the optimal
loading amount of the noble metal NPs for even the same noble metal.
This optimal loading value may vary considerably with the morphology
of the WO3 [88,221]. However, from the literature, the noble metal NPs
optimal loading value on the surface of WO3 has mostly been reported
not to be up to 5 wt %. Several other metals/noble metals like Cu [176],
Co [222], Fe [223], Mn [224], Eu [176], Bi [225], Zn [176], Ce [226],
Gd [227], etc have been studied as addition or dopants in a bit to
improve and enhance the photocatalytic efficiency of WO3 for degra-
dation and other purposes.

5.2. Hybridization with carbon materials

The coupling of WO3 with carbon materials to obtain highly efficient
and effective composite photocatalysts has received tremendous atten-
tion over the years. Several carbon-based materials having unique
structures have been considered and studied for this purpose. These
carbon materials include graphene and its oxide as well as reduced
graphene oxide (RGO), carbon fiber, multi-walled carbon nanotube
(MWCNT), carbon nanodot, and carbon nanotube (CNT) [87,228-231].

Some of the excellent characteristics of the carbon material include
its exceptional electron mobility exceeding ~15,000 m? V7! s—1,
outstanding mechanical strength, and excellent thermal and chemical
stability which makes it a superior and excellent supporting matrix for
photocatalysts. The photogenerated electrons generated or produced in
WOs3 in a WO3/carbon hybrid upon absorption of light irradiation could
be quickly transferred to the carbon material via the interface, leaving
behind photogenerated holes in WO3. The photogenerated electrons in
the WO3 undergo a redox reaction on the surface of the carbon material
with the adsorbed electron-acceptors which leads to efficient and
effective charge separation.

Amongst the numerous carbon materials, RGO and graphene have
drawn much attention because of their multilayer or a single layer of sp?
bonded carbon atoms and their honeycomb-like lattice structure, flex-
ible feature, ultralight-weight, and ultra-large specific surface area
(~2600 m? g—1). RGO is normally prepared from the reduction of gra-
phene oxide (GO), which itself is prepared by the modified Hummers’
method of which graphite is used as the precursor or starting material
which is oxidized strongly during a grinding process [232,233]. The
oxidation process of the graphite introduces numerous
oxygen-containing functional groups, like carbonyl, epoxy, carboxyl,
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and hydroxyl groups onto the basal plane of the carbon atom making the
prepared GO easy to stably disperse in water and hydrophilic. These
oxygen-containing functional groups on the GO surface act as active
sites for the deposition and growth of the WO3 catalyst. The preparation
of WO3/RGO composites can be classified into two categories or routes
based on the loading or deposition mechanism of WO3 onto the GO
surface. These routes involve; (i), the addition of GO into the precursor
used for the WO3 synthesis which makes the WO3 grow and nucleates
onto the GO surface during the synthesis process (e.g. hydrothermal
treatment process) [234]. The second route involves first synthesizing
the WOj3 after which it is mixed in solution with the GO and then the
solution undergoes a specific treatment that allows WO3 to be deposited
onto the GO surface. The reduction of GO to RGO in the as-prepared
WO3/GO composite then occurs via a specific reduction or thermal
decomposition process (e.g., as seen in chemical reduction using hy-
drazine vapor at 90 °C for 24 h) [235].

Sajjad et al. [236] in their work modified WO3 using GO and the
result showed that the photocatalytic activity of the obtained photo-
catalyst in the visible light region was significantly enhanced. WO3/GO
composite had a favorable lower energy band. In another related work
by Smrithi et al. [237] in which a monoclinic tungsten oxide (m-WOs3)
was modified with carbon nanodots (g-CDs) prepared by the green
synthesis via the hydrothermal method for the degradation of crystal
violet, they reported a 95% efficiency for the photocatalytic degradation
of the pollutant. The work also reported that even after four cycles, the
photocatalytic system had good performance and reusability.

Truong et al. [238] in their study to investigated under visible light
the photocatalytic degradation performance of C3N4-WOs composite
nanosheet (nsCW21) for the degradation of natural organic matter
(NOM). They compared the degradation performance of the nsCW21
photocatalyst to the pure WO3 and found out that the nsCW21 had a
better photocatalytic degradation performance and when Hy0, was
added as a co-catalyst a 71% degradation rate was achieved after 5h of
irradiation. The nsCW21 photocatalyst was also reported to have
exhibited good stability even after five cycles of degradation.

In a study by Song et al. [239] to investigate the influence of the
addition of carbon nanodots to WO3 on the photocatalytic performance
of the composite and its photoelectrochemical properties, they reported
that the composite exhibited a considerable reduction in resistance to
charge transfer with enhanced and improved photocurrent intensity in
comparison to the pure WOs. The study also reported an almost 7.7
times better pollutant degradation of some selected pollutants as
compared to pure WOs3. The study concluded that this performance was
because of efficient electron-hole pair separation which resulted in
improved absorption of light due to the presence of the carbon nanodots.

In another study reported by Zhu et al. [233] in which they prepared
a nanocomposite of RGO/WOs for the visible light degradation of Sul-
famethoxazole, they reported from the study that the nanocomposite
exhibited high photocatalytic activity in comparison with pristine WO3
and found out that the nanocomposite also showed enhanced optical
absorption capacity, lower value of bandgap energy and minimal
electron-hole recombination.

A separate study by Hossain et al. [240] and Prabhu et al. [241]
reported the enhanced photoelectrochemical and photocatalytic per-
formance of the GO/WOs3 thin film and RGO/WOs nanostructure
respectively for the degradation of organic contaminants. They attrib-
uted this enhancement to the presence of the carbon material incorpo-
rated into the WOj3 lattice. In a similar study, Zheng et al. [242],
synthesize a carbon-doped WO3-0.33H20 hierarchical photocatalyst
which exhibited improved photoactivity. The doping by the carbon
resulted in changing the band structure giving rise to defect in the lattice
of WOs which influenced the improved photoactivity of the
photocatalyst.

Shahzad et al. [243], investigated the incorporation of activated
carbon into the structure of WO3 and reported that this incorporation
resulted in WO3 bandgap reduction with enhanced light sensitivity. The
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as-prepared photocatalyst showed a 40% higher photocatalytic degra-
dation of paracetamol compared to the undoped WOs. Similarly, Isari
et al. [244] and Zhu et al. [231] in their separate study reported that
modification of WO3 with carbon nanotubes resulted in improvement in
the photocatalytic degradation capacity of the obtained photocatalyst
for the degradation of tetracycline and sulfamethoxazole respectively in
water. They both concluded that enhanced photocatalytic activity was
attributed to the presence of the carbon nanotube which inhibited the
charge carrier recombination. It can be concluded that the properties of
carbon material such as its high adsorption capacity and excellent
conductivity has made researchers to adopt its use as a dopant to WOs3
for enhanced photocatalytic performance of the semiconductor.

5.3. Doping/addition of non-metals

The influence of various non-metals like P, I, S, and N have been
studied to investigate how they can enhance the photocatalytic activity
of WO3 semiconductors. They have at various times been used to modify
the optical and electronic properties of the semiconductor to enhance
performance. Their positive influence in enhancing the photocatalytic
efficiency of WOg is similar to that of carbon materials. Huang et al.
[245] in their work studied the effect of doping nitrogen to WO3 and
they found out by both theoretical and experimental analysis that the
doped photocatalyst exhibited the excellent capacity to absorb light and
superior separation of the photogenerated electron-hole carrier which
resulted in narrowing the bandgap of the semiconductor as can be seen
from Fig. 13. They compared the reaction rate constant of the N-doped
WO3 and that of the undoped WO3 for phenol degradation and discov-
ered that the reaction rate constant of the N-doped was 4.6 times higher
than that of the undoped WOs3.

In a related and separate work by both Chen et al. [246] and Han
et al. [247], where they doped WOs3 with Sulfur (S) for enhanced
visible-light degradation of dye and other organic pollutants, reported
that the photocatalytic degradation capacity and light absorption ability
of the WO3 was significantly enhanced due to the doping of the WO3
with sulfur (S). Rettie et al. [248] in a similar study doped the WO3
crystal lattice with iron (I) and S for improved and enhanced visible light
harvesting by WOj3. The result of the characterization from the work
indicates that oxygen (O) in the metal oxide was substituted by both
non-metals, though other routes such as cation substitution and inter-
stitial incorporation were thought possible for I. It was also discovered
that a relatively shallow impure state was created by the S doping
resulting in higher visible light harvesting and absorption by the WO3
without having any negative effect on its crystal lattice. It was also
discovered on the other hand that at all concentrations of I doping, a
deep impurity band was created in the WO;3 crystal lattice which
negatively impacted its photocatalytic performance.

Another study by Sun et al. [249] in which they doped WO3 with P
found out that this doping resulted in the reduction in the bandgap
energy of the photocatalyst from 2.40 to 2.33eV and enhanced photo-
catalytic degradation of methyl blue by 96% within 120 min. However,
it is obvious that much work needs to be done in investigating the effect
of non-metal doping onto WO3 so has to gain more insight into its in-
fluence in enhancing the photocatalytic performance of WO3,

5.4. Heterojunction formation with other semiconductors

Numerous research works and studies have reported on the advan-
tages of adopting the technique of formation of heterojunction by
semiconductors in addressing the limitation of a single photocatalyst in
harnessing light especially visible light and utilizing it for efficient
photocatalytic activity [250-252]. Heterojunction(s) formation by
coupling two or more semiconductors has been observed to a large
extent to minimize charge carrier recombination and extend the light
absorption capacity of the resulting photocatalyst to the visible light
region [253,254]. An interface existing between two semiconductors
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Fig. 13. Plot showing the effects of nitrogen doping on electron-hole recombination rate, optical properties, and photoelectrochemical response, of WO3 [245].

having an unequal bandgap resulting in bang gap alignment is referred
to as heterojunction [255]. One advantage of this alignment is that it
aids charge carrier movement within the heterostructured catalyst
thereby extending the lifetime and long-term existence of photoexcited
electrons and holes [256]. It is possible to have a p-p (i.e heterojunction
between p-type and another p-type semiconductor), n-n (i.e hetero-
junction between n-type and another n-type semiconductor), and p-n (i.
e heterojunction between p-type and an n-type semiconductor) forma-
tion which depends on the type of semiconductor coupled. Double
heterojunction formation involving coupling three semiconductors
together is also possible and has attracted some attention. Another

categorization of heterojunction is based on the coupled semiconductor
(SC) bandgap structure alignment namely, Straddling gap (Type 1),
Staggered gap (Type II), and Broken gap (Type III) (Fig. 14a) [257].

In Type I, the valence band of SC-A is more positive than that of SC-B
while the conduction band of SC-A is more negative than that of SC-B. In
Type II, the valence band of SC-A is less positive than that of SC-B while
the conduction band of SC-A is more negative than that of SC-B and
finally in Type III, both the valence and conduction bands of SC-A are
higher than that of SC-B. It is believed that holes and electrons migrate
to the less positive valence band and less negative conduction band
respectively in a semiconductor/semiconductor heterojunction. In a
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Fig. 14. (a) Various types of band alignment in semiconductor heterojunction [258], (b) Formation of heterojunction between BiVO4 and WO3 for norfloxacin

degradation [259].
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Type, I alignment, holes and electrons tend to end up accumulating in
the semiconductor having the smallest bandgap which is the SC-B in this
case. As a result, there is the likelihood of recombination which could
lead to non-improvement in photocatalytic performance. In the case of
Type II alignment, holes and electrons will be separated in the two
semiconductors which means there will be better charge carrier sepa-
ration. However, in the case of Type III alignment, there is no hetero-
junction formation between the semiconductors, and as such both holes
and electrons present in one semiconductor are not able to migrate to the
other. Here the semiconductors are treated as individual semi-
conductors. Fig. 14b, gives an illustration of heterojunction formation
between two semiconductors BiVO4 and WOs.

Tahmasebi et al. [260], in their work, prepared p-n heterojunction
BioWO4/BiOCl composite via the hydrothermal method to investigate its
photocatalytic performance under LED lamp irradiation and/or simu-
lated/natural solar light irradiation for photocatalytic degradation of
Methyl orange (MO), Malachite green (MG) and Rhodamine B (RhB).
They reported an enhanced photocatalytic performance of the hetero-
junction photocatalyst under light source with nearly 100% degradation
of RhB molecules after 80 min in comparison to that of BiOCl and
BioWOg which was 20% and 91% respectively under the same condition.
They attributed the enhanced photocatalytic performance of the heter-
ojunction photocatalyst to the strong interaction between BiOCI and
BisWOg which effectively and efficiently inhibits and impedes the
photogenerated electron-hole pairs recombination at the two semi-
conductors interface.

A related study by Du et al. [259], prepared BiVO4/WO3 composite
film through the hydrothermal route and successive ionic layer
adsorption and reaction (SILAR) to investigate its photoelectrocatalytic
(PEC) degradation performance under visible light for norfloxacin
(NOR) degradation. They reported that the BiVO4/WO3 composite film
exhibited improved and enhanced PEC performance under visible light
irradiation with the degradation rate constant for NOR degradation
estimated to be 2.68 x 10~2 min~", which was found to be 2.39 and 3.52
times higher than that of BiVO4 film and WOgs respectively. They
attributed the superior performance of the PEC to the n-n heterojunction
formation between the two semiconductors which facilitated interfacial
separation rate and charge transfer leading to enhanced and improved
light absorption and harvesting capacity.

Wei et al. [261] prepared a series of TiO2/WOj3 hierarchical hollow
spheres via a simple one-pot method to investigate the photocatalytic
performance of the prepared heterojunction photocatalyst for the visible
light degradation of malachite green (MG). They reported an improved
and enhanced visible-light performance of the as-prepared TiOy/WOs3
microspheres with a 99% photocatalytic degradation of MG after just 60
min in comparison to that of TiO, and WO3 which were 58% and 92%
respectively after 180 min under visible light irradiation. They attrib-
uted this enhanced performance and highly effective utilization of
visible light to the efficient and effective charge separation across the
interface of TiO5/WO3 heterostructure.

Lei et al. [262] in a related work reported the synthesis of ZnO
nanoparticles which they deposited onto WO3 nanosheets arrays (NSAs)
via hydrothermal and impregnation technique followed by thermal
treatment for photodegradation under the sunlight of nonbiodegradable
methyl blue and azo dye. They reported that the as-prepared WO3/ZnO
heterojunction photocatalyst demonstrated good stability and as well
displayed superior and enhanced photocatalytic activities in the
degradation of MB in comparison with WO3 NSAs. They suggested that
the enhanced and improved photocatalytic performance should be
attributed to the strong light-absorption capacity, quick and fast pho-
togenerated electron-hole pairs separation as well as a favorable band
structure of the heterostructured photocatalyst.

In another work, Fukumura et al. [263] reported the synthesis of a
visible light CeO2/WO, thin layer photocatalyst and investigated its
visible light photodegradation for volatile organic compound (VOC).
They reported an improved and enhanced photocatalytic performance
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of WO3/CeO- photocatalyst for the photodegradation of the VOC under
visible light irradiation at room temperature and attributed this superior
performance to the CeOs electron scavenging property which aided the
charge carrier separation. As a result, WO3/CeO4 exhibited excellent
photocatalytic activity for volatile organic compound decomposition
under visible light at room temperature. Other visible light-sensitive
semiconductors which have been reported to have been coupled with
WO3 to form heterojunction in an attempt to enhance its visible light
performance capacity includes, Fe304, Ag3PO4, g-C3Ny, BiVO4 etc [142,
264-266].

5.5. Z-scheme systems

Despite type II heterojunctions’ better charge separation and trans-
port efficiencies, the system’s redox capacity is compromised during the
process because photogenerated electrons and holes are respectively
moved to CB and VB, which have lower reduction and oxidation po-
tentials [253,254,256,267-269]. To solve this problem, Bard devised
the Z-scheme mechanism in 1979, which mimicked the natural photo-
synthetic process [270]. Over the last 30 years, three generations of
Z-scheme photocatalyst systems have been developed: the mediated
Z-scheme [271], the all-solid-state Z-scheme (ASS) [272], and the direct
Z-scheme [273]. The mediated Z-scheme is made up of two photo-
catalytic semiconductors coupled together with a liquid redox mediator
like Fe?* /Fe3* or 1057 /1" [274]. The linked materials are not physically
in contact in this system, but the redox pair acts as a link between them.
Each photocatalyst with the highest reduction or oxidation potential
undergoes reduction or oxidation processes, and the redox pair functions
as a donor or an acceptor depending on the photosystem. Because of the
high positive potential of its VB (2.83-3.22 V), WO3 is commonly used as
an oxidation photosystem (OPS) [275,276]. Numerous studies have re-
ported significantly enhanced and improved visible light absorption
capacity and photocatalytic activity of numerous photocatalysts in the
visible light region using this method [256].

There have been reports of enhanced visible light absorption ca-
pacity of WO3- based photocatalyst developed via the Z-scheme such as
in the construction of combined Pt-WO3 and Pt-SrTiO3 (Cr-Ta-doped)
photocatalyst and I03™ /I as a mediator for the production of hydrogen
gas (Hp) under visible light via water splitting [277], Ag/AgPO4/WOs3
nanocomposite for rhodamine B degradation under visible light [272],
AgCO3/Ag/WO3 photocatalyst for efficient degradation of organic pol-
lutants under visible light [267], WO3 nanoplates decorated with
Ag/p-AgoWO4 for the photodegradation of methyl orange (MO), meth-
ylene blue (MB) and rhodamine B (RhB) under visible light [278].

5.6. Defect formation via vacancy creation

Lately, defect engineering of semiconductor photocatalysts has been
regarded as one of the most advanced and comprehensive approaches to
overcoming semiconductor material limitations. As a result, defect en-
gineering is a realistic way to understand the electrical, geometric, and
chemical properties of semiconductor photocatalysts, as well as their
synergistic interactions, to improve their photocatalytic activity [279].
To create efficient photocatalysts, defect engineering is a critical strat-
egy. In photocatalysts, defects are typically classed based on their
atomic structure or their effective position. A semiconductor photo-
catalyst can be induced with (i) OD point defects such as vacancy gen-
eration and heteroatom doping, (ii) 1D line defects such as screw and
edge modulations, (iii) 2D planar defects such as grain and twin
boundaries, and (iv) volume defects which involves void generation or
disorder in the lattice depending on dimensionality. Photocatalytic
water decontamination [280], energy storage devices, organic synthesis,
and electrocatalysis are among the many applications of defect rich
photocatalysts (such as graphene oxide, metal chalcogenides, carbon
nitride, metal oxides, and graphene among others) [281]. Various
studies have reported enhancement in visible light absorption capacity
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of WOgs-based photocatalyst fabricated via defect formation such as in
the fabrication of WO3 nanosheets for enhanced photoelectrochemical
performance and electrochromism [282], WO3 nanosheets for improved
photoreduction of hexavalent uranium (U(VI)) [283], Pt/WOs nano-
sheet for improved oxidation of gaseous toluene [284], defect engi-
neered Z-scheme WOs34/g-CsNy heterostructure for improved
photocatalytic CO5 reduction [285].

5.7. Morphology control

It has been widely accepted by many researchers that controlling the
morphology of a photocatalyst has a far-reaching effect and influence on
the enhancement of the photocatalytic efficiency and effectiveness of
the photocatalyst. Morphology control for enhancing the photocatalytic
performance of a photocatalyst is considered promising because basi-
cally, reactions are surface-based processes which means that a photo-
catalyst performance depends mainly on the relationship between the
morphology and microstructure of the photocatalyst, [286]. Surface to
volume ratio increase is considered one of the efficient ways of
enhancing the photocatalytic efficiency and performance of a
visible-light-driven semiconductor photocatalyst. Because of this
reason, numerous 1D nanostructured WO3 such as nanofibers, nanorods,
and nanotubes have been prepared and fabricated for various applica-
tions. Among several others, 1D-tungsten oxides have been widely
explored because of their optical properties for enhanced photocatalytic
performance and their lower dimensionality. WO3 nanowires and
nanorods are mostly prepared or fabricated by the simple solvothermal
method.

In a study by Choi et al. [110], they fabricated via the simple sol-
vothermal technique several nanoparticles of WO3 having varying
morphologies which include nanorods, nanosheets, and nanowires.
Tungsten hexachloride used as the raw material or precursor material
was treated with various solvent such as water, mixed solvents, and
ethanol at 200 °C for 10 h. They reported that they obtained morphol-
ogies of tungsten oxide which includes hexagonal WOg3 platelets,
monoclinic W;gO49 and monoclinic WO3 nanosheets by just changing
solvent compositions as can be seen from Fig. 15.

Another thing they observed was that, for determining the final
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phases, oxygen in water played a vital role. The monoclinic W;g049
nanorods changed into nanowires with a decrease in the raw material
concentration (WClg). By this fabrication method, it is possible to con-
trol the crystalline phases and morphologies of the nano WO3 photo-
catalytic system. It has been reported lately that tungsten oxide nanorod
and nanowire were prepared by the wet chemical reaction method and
results obtained show that the method could be used to control the
shape, particle size, improve the visible light absorption capacity of the
photocatalytic semiconductor as well provide an opportunity for the
likelihood of large scale production [287,288]. Nanofibers WO3 has
shown to be more desired among the various 1D Nanomaterials because
of its outstanding mechanical property and electrospinning is regarded
as the most adopted technique for its fabrication because it allows
large-scale production and helps improve its elastic property by altering
some basic technical parameters. Ofori et al. [289] used citric acid,
tungstic acid, and polyvinyl pyrrolidone (PVP) as precursors to fabricate
WOj3 nanofibers by the electrospinning technique in which they found
the nanofibers average diameter to be between 80 and 100 nm and
gradually increase with the increase in the concentration of PVP. They
discovered that the structure of WO3 nanofibers was transformed from
amorphous to orthorhombic and the diameter of a nanofiber of WO3 was
noticed to have reduced after sintering at 500 °C for 2 h. They also found
out that for the photodegradation of methyl blue in the visible light, the
WOs3 nanofiber exhibited an enhanced photocatalytic degradation per-
formance of about 2 times higher in comparison with the pure WOs.
In a related study by Zhao and Miyauchi [88] where they fabricated
nanoporous-walled WO3 nanotubes as can be seen in Fig. 16a, using an
economical and simple technique which they developed for the fabri-
cation of the WOs3 nanotubes. They found out that the as-prepared
nanotubes were monodispersed varying approximately between 2 and
20 mm in length and 300 and 1000 nm in diameter. They also found out
that the nanotubes had a specific WO3 nanoparticles linear arrangement
like building blocks. It was confirmed that the as-prepared nanotube
absorbed visible light at a wavelength above 400 nm as indicated by the
UV/Vis spectrum and a 2.6eV estimated energy band gap value. Upon
loading Pt, WO3 nanoparticles exhibited more enhanced and improved
photocatalytic degradation performance in comparison with pure WO3
and nitrogen-doped-TiO, for the photodegradation of gas-phase

Fig. 15. TEM images (top) and corresponding high-resolution atomic images (bottom) of tungsten oxide particles: (a), (b) sample ES, monoclinic W;g049; (c), (d)

sample MS, hexagonal WO3; and (e), (f) sample WS, monoclinic WO3 [110].
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Fig. 16. (a) Fabrication of Pt-doped WO3 nanotubes, (b) SEM images of WO3 nanotubes before (i-iii) and after annealing (iv, v), (vi) TEM image. The inset in (vi)

displays a TEM image of a single nanotube after annealing [88].

acetaldehyde. They attributed the enhancement in photocatalytic ac-
tivity to the annealing temperature which after annealing altered the
specific area and pore size resulting in enhanced photoactivity, the
distinctive tubular morphology or structure of the as-prepared photo-
catalyst which provided a platform for increased photon adsorption,
quick and advanced migration of charge carriers as well as effective and
large surface area as can be seen from Fig. 16b.

In another work by Rong and Wang [290] which they fabricated via
the hydrothermal method hollow nest-like WO3 nanostructure photo-
catalyst for tetracycline degradation under visible light. They found out
that the hollow nest-like WO3 nanostructured photocatalyst exhibited
better stability, improved visible light absorption as well excellent
photocatalytic degradation of tetracycline better than pure WO3 with a
degradation rate of 94.3% and 52% respectively under visible light after
60 min of photodegradation. They attributed the excellent photo-
catalytic performance of the hollow nest-like WO3 nanostructured
photocatalyst to its ability to quickly generate enough charge carriers
after absorbing more light energy, available large surface area which
provided more active sites for the photoreaction to take place, its hollow
cavity and perfect crystal structure as can be seen from Fig. 17.

6. Heterogeneous photocatalysis

Heterogeneous photocatalysis is a complex chemical process
whereby a photocatalyst absorbs photons energy (hv) greater than its
bandgap energy (Eg) upon light irradiation falling on it to generate
electron-hole pairs, which then migrate to the surface of the catalyst to
start or initiate redox reactions [291-293]. The photocatalytic process
involves three steps: (i) photoexcitation of semiconductors to create
electron-hole pairs, (ii) separation of electron-hole pairs, and (iii) sur-
face redox reaction [294]. The excited carriers can undergo redox re-
actions with a variety of substances, such as CO,, N3, H,0, and O3 which

makes its application widely used in solar fuel production [295], COy
reduction [296], organic pollutant removal [297], water and environ-
mental purification [291,298-300]. Heterogeneous photocatalysis has
gained tremendous attention now that environmental pollution is
increasing considerably because simple aerial oxidation and
self-purification processes are no longer efficient and sufficient to tackle
this problem. The photocatalysis process has the overall reaction equa-
tion (Eqn. (2)) thus;

semiconductor

Organic polutant + O CO, + H; + mineralacids 2
g p 2 uvVis 2 2 (2)
The photodegradation process mechanism is as shown in Fig. 18 is
represented by Eqn. (3) - (7). From Equations (4) and (6), the reaction of
e~ and h* with O, and H,O respectively result in the formation of highly

—__——"/
t
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Fig. 18. Mechanism of the semiconductor-based photocatalytic process [291].

Fig. 17. (a, b and ¢) SEM images of the as-synthesized HNWMs [290].
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reactive radical species, *OH and O, . Equation (5), shows the reaction of
these radical species with the organic pollutants leading to the degra-
dation of these pollutants.

Catalyst + hy—egy + Iy 3
ecy +0,—0; (€))
0, + ey +2H">xOH + OH™ (5)
hiy +H,O—H" + xOH (6)
Pollutants + «OH— Degradationproducts (C027H20, etc) 7

Photocatalysis has the advantage of low cost, ease of handling and
application, non-generation of toxic waste or sludge in most cases,
efficient, low energy requirement, high pollutant removal rate, and
environmentally friendly in comparison to other pollutant removal
methods which do not completely remove pollutants, has high energy
requirement and generate toxic sludge or waste in most cases [294,301].
Photocatalysis requires a continuous photo-assistance to perform or
undergo redox reaction, which greatly limits its wide applications
particularly in the absence of light, in the dark, or at night [302]. Once
there is no light source, the generation of carriers (electron-hole pairs)
within the semiconductor will cease or stop, which immediately results
in loss of their catalytic activity. As a result of this limitation, there is
currently a paradigm shift in this field from photocatalysis to round the
clock photocatalytic systems (RTCPS) or memory catalysis (MC) by re-
searchers with interest in how to maintain the catalytic activity under
dark conditions [303,304]. Just like how the reaction system of RTCPS is
diverse, so also the corresponding reaction mechanism.

Apart from the basic requirements for photocatalysis, the process
involves an additional component which is the energy storage substance
(ESS), required to initiate or take off the catalytic reaction in the dark or
the absence of a light source [305]. Here photo-generated carriers
generated by the photocatalyst under light irradiations can be stored
and released in the absence of light based on carrier storage mechanism
been a common reaction system. Electrons are briefly excited from the
valence band (VB) to the conduction band (CB) under light illumination
and some of the electrons move or migrate to the surface of the catalyst
to participate in the catalytic reactions while the excess carriers are
stored in the ESS. Then, these stored carriers can be released or dis-
charged to electrolyte solution to maintain or keep up the catalytic ac-
tivity through anodic or cathodic reactions in the absence of light or the
dark. This RTCPS can be achieved by combining (i) an ESS and (ii) a
semiconductor (SC). The performance of this RTCPS normally depends
on the kinetics of the carrier processes at the interface between the ESS
and SC and the relative energy levels of the SC. Some basic principles or
process to construct or develop an efficient and effective RTCPS includes
the following: (i) The CB of the SC should be above the CB edge or Fermi
level of the ESS for efficient electron transfer from SC to ESS, (ii) For
efficient and effective electron transfer, good contact is needed or
required in SC-EES inter-face; (iii) ESS should possess the property and
characteristic of slowly releasing electrons in the absence of light source
or the dark; (iv) The Fermi or CB level position of the ESS should equate
or match the redox potential of the specific reaction conditions. Addi-
tionally, it is worthy of note that this is not the only way to achieve RTCP
reactions. Other material systems based on peroxidase mimic mecha-
nism [306] and fluorescence-assisted mechanisms have also been stud-
ied and reported [307-311]. Metal oxides like WO3 having high valency
can mainly store electrons because of their abundant varying valence
metal ion (e.g W, W% etc.).

Most WO3-based memory photocatalysts reported have good stabil-
ity and reusability. Yang et al. [312], reported that the Bi;WOg memory
photocatalyst they fabricated exhibited continuous performance in
cycling Ho05 yield which did not deteriorate even in the dark indicating
that the photocatalyst had good stability and reusability. Zhao et al.
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[313], also reported stability in the MgZnO/WO3 QDs/GO composite
they prepared which maintained high memory and photocatalytic sta-
bility and reusability for more than 40 days indicating that the com-
posite is stable and reusable. Other memory WOs-based photocatalyst
reported to have relative stability and reusability includes; rGO/-
TiO2/WO3 [314],Bi4TaOgCl/W1g049 [315],WO3/g-C3N4 [316], Pt:
TiOo/WO3 [160], dual-phase TiOo/WO3 [161],

6.1. Mechanism of RTCPS: memory catalysis

Solar light-driven semiconductor photocatalysis has over the years
attracted increasing interest and attention in energy and environmental
applications [317]. However, a crucial problem that has been a limita-
tion to its application is that for photocatalysis to take place continu-
ously, it requires a continuous light source for the redox reaction. The
capability and need to keep catalytic reaction activity to proceed even in
the dark or in the absence of light has been the main goal for the wide
application of photocatalysis [302]. Continued efforts have been put
into developing photocatalysts that can support, and accomplish pho-
tocatalytic reactions under both dark and light conditions, which is
so-referred to as RTCPS [318,319]. RTCPS with the capacity for energy
storage can perform well both at night and daytime. These systems are
widely used for organic pollutant degradation, heavy metal ion removal,
hydrogen generation, disinfection, and many other photocatalytic ap-
plications using a round-the-clock photocatalyst (RTCPt) also called “all
day active photocatalyst” [319].

The general principle and mechanism of RTCPS of a semiconductor-
based photocatalyst also referred to as ‘memory catalysis’ (MC) involves
hole storage (a reductive mechanism), multi-electron storage, and
oxidative mechanism [319]. In memory catalysis, a catalytic material
requires a semiconductor (SC) and a supporting material to accept/store
electrons during light irradiation and release the stored electrons in the
dark for photocatalytic activity. The "catalytic memory" is a phenome-
non in which a part of photoinduced electrons stored in the material
under light combines with water molecules or adsorbed oxygen to
degrade pollutants in the dark at room pressure and temperature. This
potential for RTCPS is important for the degradation of pollutants in air
or wastewater which as well can be expanded toward material design
with lower energy consumption and at a lower cost. It is worthy of note
that the use of photocatalytic memory systems has emerged as a
promising field for developing more effective photocatalytic materials
for the breakdown of various harmful organic pollutants, anti-bacterial
activity, hydrogen generation via water splitting, self-cleaning concrete
and glasses, cancer treatment, bacterial disinfection, heavy metal ion
detoxification and fuel conversion [319,320].

It has been found that the memory effect mechanism in a continuous
photocatalytic system is finite which is detected via its remediation ef-
ficiency in the dark when the photo-charge catalyst is stored in the
absence of illumination or the dark for varied periods [321]. The find-
ings also show that the remediation efficiency of a continuous photo-
catalytic process in the dark is mostly dependent on the memory effect
created during exposure to a light source before the dark condition
rather than other interfering factors such as toxicity and adsorption. The
rate of electron release from the energy storage material determines the
dark storage time of this photo-charged catalyst [322].

6.2. WOs-based RTCPt electron energy storage mechanism

As stated earlier, most RTCPS are electron storage-based mecha-
nisms. This system consists of two types of materials, an ESS and a SC.
Under light irradiation, photo-generated electrons are provided by the
SC acting as the photocatalyst while ESS acting as the electron sink traps
the electrons migrating from the SC. When light is removed or in the
absence of light, the trapped electrons are released by the ESS to the
appropriate electron acceptors like H™ and O,, etc. “Dark catalysis” is
related to the electron storage capacity arising from the reaction activity
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involving the released electron and the acceptance of electrons which
has wide applications in the field of environment and energy, especially
in pollutant removal and disinfection. A photocatalytic material system
like TiO2-WOg stores electrons (“reductive energy storage”) via inter-
mediate reversible product formation (Equations (Eqn. (8)- (12)) [305,
323-326] where the WOg3 act as an electron storage material and the
TiO4 functions as a light-absorbing or harvesting material.

TiO, + hy — TiO>*(e” + h*)(carrier generation) (8)
e (TiO,)—e™ (WOs) (interfacial electron transfer) 9
WO; +xe” +xM*— M, WO; (charging) (10)
M, WO3; — WO; + xe” +xM* (discharging) a1
e+ 0, > *0; (dark reaction) 12)

Electron-hole pairs are generated in TiO upon light irradiation as
can be seen from Eqn. (1). Two possibilities occur here, on one part, the
holes remain on the TiO3 surface reacting with an environmental me-
dium like humid/adsorbed H,0 and another electrolyte. The other part
involves the injection of excited electrons to the WO3 CB where they are
trapped via the intercalation of M ions (M may represent Na+, Li™, K™,
H™ etc.) as can be seen from Eqns. (2) and (3). When in the dark or
absence of a light source, the electrons that were trapped can be released
as seen from Eqn. (4) and react with the electron acceptors like Oy (Eqn.
(5)). The mechanism of electron storage under light source in TiO2-WO3
and electron release in the dark is illustrated in Fig. 19a. It was found
that the amount of stored charge depends on the radii of the M" ion
[327]. As can be seen from Fig. 19b, as the ionic radii increase, there is a
corresponding increase in the charge storage capacity. This relationship
can be as well explained that larger ions stay longer in the structure
because the movement of the M ions is limited by the large ionic radii.
Consequently, as the ionic radii increase from H' to K, the charge
storage capacity is enhanced (Fig. 19¢).
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6.3. Round-the-clock electron energy storage ability of WO3s-based
photocatalysts for environmental applications

Tatsuma et al. [305] were the first to develop the TiO2-WO3 RTCPS
for anticorrosion application under both dark and light conditions. To
date, a lot of research has been going on in investigating the various
RTCPS by researchers. As a result, numerous areas of application of
RTCPS have emerged including the field of energy and environmental
applications. Some areas that have emerged as a result of numerous
researches in this field include pollutant degradation, heavy metal
removal from water, disinfection, etc.

6.3.1. Degradation of pollutants

In a study to investigate the degradation of methanol (MeOH) under
visible light irradiation and in the dark, Mokhtarifar et al. [160] syn-
thesized a Pt:TiO2/WO3 photocatalyst by the hydrogenated glucose
template method. They reported that the Hy-Pt-G:TiO3/WO3 photo-
catalyst degraded around 61% and 33% of MeOH in light and dark
conditions respectively in which they attributed its photocatalytic ac-
tivity in the dark to the synergic interaction of the hybrid system (Pt,
WO3, TiO2) which resulted in the extension of the absorption capacity of
the photocatalyst into the visible light region thereby enhancing pho-
tocatalysis and electron stored discharge due to the incorporation of
WOj3 and the presence of oxygen vacancies on the hybrid system.

In another related work, Mokhtarifar et al. [161] fabricated a
dual-phase TiO2/WO3 photocatalyst for the degradation of methanol in
both the presence of light illumination and also post illumination. They
reported that the photocatalyst exhibited photocatalytic memory even
in the dark for the methanol degradation. They attributed this to the
electron storage ability of WO3 which provided the stored electron for
degradation of methanol under dark conditions.

Li et al. [328] fabricated WO3/TiO5 hollow microsphere composite
photocatalyst to investigate its degradation capacity for the degradation
of methyl orange (MO) in the presence of both light and dark conditions.
They reported from their investigation that the WOg3/TiOy hollow
microsphere composite photocatalyst apart from exhibiting excellent
photodegradation of the MO in the presence of a light source was also
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Fig. 19. Electron storage mechanism in TiO,-WOj3 system. (b), The effect of ionic radii on the amount of stored charge and the photocurrent density generated after a
10 s off-on cycle from the respective alkali cations electrolyte. (c) Diagram showing the WO3 crystal structure and intercalated alkali cations to illustrate the effect of

ionic radii on the ability to store charges [327].
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able to achieve an excellent degradation of 22% of the MO in the dark
after exposure to visible for a period.

In another related work by Li et al. [329] fabricated a Pt-loaded and
hydrogen treated WOj3; (Pt-H:WOg3) photocatalyst for the photo-
degradation of formaldehyde under full sunlight spectrum. They re-
ported that the photocatalyst exhibited an excellent and strong
absorption capacity for the absorption of sunlight having a superior
long-lasting energy storage capacity for a period of more than 300 h to
have the formaldehyde degraded in the dark. They reported a degra-
dation rate of approximately 80%. They concluded that the hydrogen
treated WOs3 simultaneously functioned as energy storage and light
harvesting material and the Pt basically acted as a cocatalyst assisting to
display the energy storage effect. Pt nanoparticles also aided in pro-
moting the multielectron reduction of Oy over Pt for the formaldehyde
degradation. It can be seen from Fig. 20a, that the available oxygen
vacancies present in the tungsten oxide were because of the hydrogen
treatment which provided more trapping sites for light harvesting.
Fig. 20b demonstrates Fermi level upshift due to induced defect band in
the energy band gap. Fig. 20c (Process 1, 3 and 4) demonstrates transfer
of excited electrons to the defect band or conduction band (CB) from the
valence band (VB). The next process involves trapping of electrons to be
stored by the trapping sites of the defect band inhibiting recombination
of electrons and holes in the VB (process 2). The electron stored in the
defect band are then released in the dark and consequently migrated to
Pt (process 5). Multielectron reduction of O, is represented by the
equations (e.g., 02 + 2H' + 2™ = H,0 (aq), +0.682 Vnpg; O + 4H' +
4e” = 2H,0, + 1.23Vygg) (process 6, Fig. 20c), thereby facilitating
degradation of formaldehyde in the dark via formaldehyde oxidation.

In another work where the RTCP mechanism was investigated was in
the work by Khan et al. [330] in which they reported the preparation of
titania tungstated photocatalyst (TiO2/WO3) for the degradation of MB.
The result of the work showed that the degradation involved adsorption
and photolysis in which the hybrid photocatalyst TW ¢75 outperformed
other samples in degradation of the pollutant (MB) with a degradation
rate of 90% in 100 min under UV irradiation. They reported that the
degradation process of 100 min took place as 30 min in the dark, 40 min
with light, and 30 min in the dark demonstrating that the photocatalyst
exhibited energy storage capacity for degradation even in the dark.

Khan et al. [331] reported the fabrication of a UV-Vis light photo-
catalyst with Pt as support over TiO2/WOs for the photodegradation of
MB under both UV and visible light. They reported a degradation rate of
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78% and 56% for UV and visible light respectively after 120 min. Then
with an additional 1 h of degradation in the absence of light irradiation
to investigate the energy storage capacity of the photocatalyst, the
degradation reached a rate of 98% and 77% under UV and visible light,
respectively. With this performance, they suggest that the photocatalyst
exhibits energy storage capability to be used for degradation even in the
dark.

In another study, Xie et al. [332] prepared WO3-ZnO composite with
energy storage capability under UV-Vis light for methyl orange (MO)
degradation. They investigated the photocatalytic performance of the
composite photocatalyst in MO degradation in the presence of light and
the dark. They reported a degradation rate of MO to reach 17.2% in the
dark which suggests that the photocatalyst composites exhibit a form of
energy storage capacity for MO degradation even in the dark.

6.3.2. Removal of heavy metals

In work to investigate the RTCP mechanism of WQ3-based photo-
catalyst energy storage, Zhao et al. [333] designed and prepared an
embedded TiO,-WO3 nanohybrid material with WO3 cluster acting as
the electron storage sites for the system which they explored for the
reduction, removal and treatment of poisonous heavy metals ions in
water in the absence of light or the dark. They reported that the
as-prepared photocatalyst could still store energy with the presence of
O, where these stored electrons are released for heavy metal ion
reduction in water.

6.3.3. Disinfection

Tatsuma et al. [334] investigated the effect of TiO2-WO3 composite
photocatalyst film for its RTCP ability to disinfect bacteria in the pres-
ence and absence of light. They found that the film can be
energy-charged inductively by UV light and that the photo charged film
showed a moderate bactericidal effect on E.coli after 6 h exposure in the
absence of light or in the dark. They reported that this moderate effect
can stop bacterial from growing or multiplying during the night when
there is no light with TiO, killing any bacteria that might have survived.
They concluded that the composite photocatalyst exhibited a form of
energy storage capability for the bacterial disinfection even in the dark.
Table 3, gives a summary of the various areas of application of
WOg3-based memory photocatalyst RTCP energy storage mechanism,
showing the electron storage mechanism, various pollutants been
degraded, photocatalytic activity under light source and in the dark and
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Fig. 20. Full sunlight spectrum broad absorption and long-persistent energy storage mechanism of Pt-H:WO3. (a) Reaction model of hydrogen treatment. (b) Energy
band structure of WO3, H:WO3, Pt-WO3, Pt—-H:WOs5. (c) Absorption of full-spectrum and mechanism of degradation of formaldehyde in the dark by Pt-H:WO3 [329].
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Table 3
Summary of the applications and mechanism of different round-the-clock photocatalytic memory of WOs-based catalytic systems.
Photocatalyst RTCP Pollutant Activity under light source Activity in the dark Reference
(catalytic system) mechanism
WO3/TiOy Electron energy ~ Methyl Orange (MO) (20 Exhibited good photocatalytic efficiency in UV/  Maximum degradation efficiency of 22%  [335]
(Hollow storage mg/L) Vis
microsphere)
WO3/TiOy Electron energy ~ Methyl blue (MB) Reached 90% degradation after 100 min (40 Degradation proceeded for 60 min in the ~ [330]
storage (6.0 mg/L) min in light)- UV dark
Pt/TiO2/WO3 Electron energy ~ MB (6.0 mg/L) 78% - UV light, 56%- Vis, degradation. With an additional 1 h in the dark, [331]
storage degradation reached, 98%- UV, 77%-
Visible light
Pt-H:WO3 Electron energy ~ Formaldehyde (100 ppm) 80% degradation of formaldehyde under Degrade formaldehyde in the dark with [335]
storage sunlight long-lasting energy storage for over 300
h.
WO3-ZnO Electron energy ~ MB (20 mg/L) Almost complete degradation of MB within 180  Degradation efficiency reached 17.2%in  [332]
storage min. the dark after 60 min.
WO3-rGO Electron energy ~ MB (10 mg/L) 78% degradation of MB under visible light after ~ Showed energy storage capacity of [336].
storage 180 min. capacitance 577 Fgl.
TiO,-WO3 Electron energy  Escherichia Coli Demonstrated bactericidal effect against (E. Demonstrated bactericidal effect against [334]
storage (E.coli) coli) with exposure to UV light (E.coli) with exposure in dark for about
6h
TiO,-WO3 Electron energy  Poisonous heavy metals Poisonous heavy metal reduction under UV Achieved reduction treatment of the [333]
nanohybrid storage (Cr®*, Hg?', and Ag™). light. heavy metals in absence of light (dark)
MgZnO/WOs3 QDs/ Electron energy ~ Rhodamine B 96.1% degradation under visible light after 40 Achieved degradation of Rhodamine B [313]
GO storage min. even under dark condition
g-C3N4/WO3 Electron energy ~ Rhodamine B 97.46% removal of Rhodamine B under visible 42.33% Rhodamine removal in the dark [316]
storage light with nearly 8h memory photocatalytic
activity
TiO2/WO3/rGO film Electron energy ~ Chromium (Cr) (VI) 97% Cr (VI) reduction under UV light 17% more Cr (VI) reduction was [314]
storage achieved
Bi,TaOgCl/W15049 Electron energy ~ Carbon dioxide (CO3) 87 times in CO, reduction was achieved under Exhibited long-lasting catalytic CO5 [315]
storage Visible reduction in the dark
Bi,WOg¢ Electron energy  E. Coli A good disinfection ratio with a decrease in E. E.Coli survival ratio was decreased to [312]
storage Coli survival ratio to 30% under simulated solar ~ about 55% in the dark after 2h
illumination.
Dual-phase TiOy/ Electron energy ~ Methanol High degradation of methanol under visible Achieved degradation of methanol even [161]
WO3 storage light under dark condition
Pt:TiO2/WO3 Electron energy =~ Methanol 66% degradation of Methanol in 2h 33% degradation of Methanol and the [160]
storage photocatalytic process lasted for 6h in

the dark

the percentage degradation in the absence of light demonstrating the
potential of WOs- based photocatalyst to store energy and utilize it for
various environmental applications in the dark. It shows that with
proper tailoring and synthesis of WOs- based photocatalysts, it can be
used in both the day and in the night for these purposes describing a
continuous process of photocatalysis.

7. Concluding remarks

This review has demonstrated that WO3 has attracted significant
attention in recent years with respect to the visible light photoactivity of
WOgs-based catalysts. It is evident from some carefully selected pub-
lished articles (1976-2021) that WO3 has numerous advantages which
include narrow bandgap, low cost, stability, and non-toxic. This makes it
an ideal candidate for photocatalysis and energy storage applications.
We presented discussions on the electronic structure, synthesis methods,
strategies for enhancing its photocatalytic activity, and its “round-the-
clock photocatalytic” (RTCP) memory. The enhanced photocatalytic
efficiency of WOs-based photocatalysts is attributed to its considerable
charge separation and transfer ability as well as large surface area which
provides sufficient reaction sites for photocatalytic reaction as well as
fast photogenerated charge transfer and separation.

In addition, composites formation through proper synthesis, coat-
ings, deposition, and visible light enhancements strategies was found to
be an effective means of enhancing and inducing photogenerated charge
separation and transfer to improve photocatalytic performance. It was
found that the green synthesis method for WO3 based photocatalysts has
recently been considered as been effective, environmentally friendly,
cost-effective, fast, facile, and suitable for the synthesis of new
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morphologies, however, the hydrothermal method is widely used and
from various research found to give photocatalyst with better
photoactivity.

Another area considered was the RTCP storage ability of WO3-based
photocatalysts for various environmental applications in the absence of
a light source. It was found that only a handful of studies have reported
on this area. WO3 based photocatalysts shows promising results in this
area where there is an evolution in the combination of energy storage
material (ESM) and visible-light-driven (VLD) performance during
photocatalysis.

It was concluded that to achieve better ESS and VLD properties for
WOgs-based photocatalysts, there is the need to prevent and inhibit dis-
rupting the mechanism of the system by minimizing or eliminating
recombination of charge carriers. It is expected that studies in the future
devoted to or targeting other photocatalysts should implement both
ESM and VLD for the photocatalyst been studied to develop a photo-
catalytic technology that is effective and efficient for various environ-
mental applications.

Finally, this review has shown that a properly developed WO3-based
photocatalysts with high visible light absorption and excellent energy
storage capacity will have better improved and outstanding prospective
application for heat generation (Thermo/pyroelectricity, water evapo-
ration, and near-infrared (NIR) shielding), hydrogen production, water
oxidation, CO2 production, medical-related applications, and energy-
related applications (capacitors/Lithium-ion batteries, fuel cells and
gas sensors). Therefore, researchers can explore the inherent advantages
of WO3-based catalysts for improved environmental applications.
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