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Abstract

Non-stoichiometric compounds of tungsten oxides thatare abundant on the earth received extensive attention in electrochromic
devices, electrochemistry, photothermal conversion, gas sensors, and photocatalysis because of their unique physicochemical
structures and highly tunable structures. Because of its high colouring efficiency, quick optical reaction time, and reversible
colour changes, tungsten oxide (WO,), along with various oxidation states of oxygen-deficient tungsten oxide (WO, ), has been
identified as one of the mainly effective possibilities for electrochromic materials among transition metal oxides. For example,
one-dimensional nanostructures of WO, such as nanotubes, nanowires, and nanorods, have gotten huge attention due to
their unique electrical, optoelectrical, and optical properties. Additionally, distinct oxygen-deficient tungsten oxides (WO, ) -
wo,_,WO0, ., and WO

2.72’ 2.83’ 2.9’
a stable crystal phase, which sets them apart from surface-reduced WO,. Out of these, reduced tungsten oxide (WO

for example - have significantlight absorption characteristics up to the near-infrared (NIR) region and
,7,) is one
of the most studied owing to promising properties such as unusual defect structures and abundant oxygen vacancies. These
oxygen vacancies create new discrete energy bands below the conduction band thus narrowing its bandgap The other series
of tungsten-based materials is tungsten bronze (MxWO,, where M= Na, Cs, K, Rb, etc) which has mixed-valence states. These
are the materials that are explored less but have excellent properties as compared to WO,. So, in this review, the applications,

synthesis methods, and properties of MxWO, and WO, _, are studied in detail.
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o

Abbreviations: LSPRs: Local Surface Plasma Resonance; The world-famous application of tungsten is its utilization
PTT: Photothermal Therapy; PDT: Photodynamic Therapy; as a filament of the bulb, which drew interest towards
WO,: Tungsten Oxide; WO,..: Reduced Tungsten Oxide; tungsten in earlier times. It has the highest melting point
MxWO,: Tungsten Bronze; NIR: Near-Infrared. among metals. It is well known for its different oxidation

states, such as tungsten(Ill)oxide (W,0,), tungsten(IV)
dioxide (WO,), tungsten(VI) trioxide(WO,), and tungsten(V)
pentoxide (W,0,) etc [1,2]. Tungsten-based materials have a
Tungsten is one of the uncommon metallic elements that lot of applications in the fields of photocatalysis, gas sensors,
have been the most important resource of nature for decades. supercapacitors, and the medical industry, etc (Figure 1).

Introduction to Tungsten based Materials
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Figure 1: Different Applications of Tungsten-based

Materials.

In mixed-valence state tungsten-based compounds,
tungsten always has more than one oxidation state; the above-
mentioned non-stoichiometric tungsten-based oxides have
unique chemical and physical properties that result in many
applications in advanced environmental purification, disease
treatment, electronic appliances, and so on. WO,, WO, ; , and
WO, _, are tungsten-based suboxides that are conventionally
formed by reacting metal with trioxides. Another important
material is tungsten bronze (MXW03, where M=K, Cs, Rb, Na,
etc.) another series of tungsten-based materials with mixed-
valence states. The mostimportant tungsten-based materials
are WO,, WO, _,, and M WO,, due to their unique properties
and applications (Figure 2).

Figure 2: Well-known Tungsten oxides.
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There are several uses for tungsten oxide (WO,), a kind
of transition metal oxide. Because of their propensity to
experience notable colour changes during electrochemical
redox processes, transition metal oxides with multi-step
reduction states have found widespread application as
electrochromic active materials. Another well-known
characteristic of tungsten trioxide is its nonstoichiometric
properties, such as the lattice structure’s resilience to many
oxygen vacancies [3].

By becoming nanostructured, WO, can gain special
properties and perform better than when itis in its bulk form.
The features that set nanostructured WO, apart from bulk
WO, are as follows: Because atomic species near the surface
have different bond structures than those embedded in the
bulk, i) increased surface-to-volume ratio provides more
surface area for both physical and chemical interactions;
ii) significantly altered surface energies allow for property
engineering and tuning, and iii) quantum confinement
effects because of the material’s inherent small size. WO,
with a nanostructure has special qualities and is incredibly
flexible. One of the most researched functional metal oxides,
it has influenced research fields from solid-state chemistry
to condensed matter physics. Because of WO,’s exceptional
chromic properties, thin films made of nanostructured WO,
arebeingresearched furtherand used to make electrochromic
devices [4]. Studies on the chromic properties of WO, are far
more developed than those on a number of other functional
metal oxide nanostructures, including TiO,, ZnO, NiO, and
their substoichiometric analogs.

WO, nanocrystals have also attracted the interest of
cancer therapy researchers because of their local surface
plasma resonance (LSPRs) and significant light absorbance
in the near-infrared (NIR) region, which is crucial for
photothermal therapy. Because of its strong NIR light
absorbance and peculiar defect structure, monoclinic WO, _,
has received a lot of interest in a variety of disciplines,
including photothermal water evaporation, transparent
smart windows, and photocatalysts [5]. On the other hand,
M WO, has mixed-valence states ie W® and W*', due to
these mixed-valence states; it has a large number of free
electrons for conductivity. It is used in many applications
such as smart window coatings, photocatalysis, gas sensors,
and supercapacitors, etc. [6]. Due to its properties like
superconductive, electrochromic, and optical-electrical
Properties, the differentkinds of tungsten bronze, ammonium
tungsten trioxide can be transferred to hexagonal tungsten
trioxide or monoclinic tungsten trioxide depending on
the temperature and this makes it an intermediate in the
synthesis of nanostructures of tungsten trioxides. Moreover,
different metal tungstates such as but, not limited to FeWO,,
CoWO,, NiwO,, CaW0,, CuWO . Cdwo,, Bi,wW0 o PbWO,, and
ZnWO,, have been synthesized and utilized in various fields
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of applications [7].

Tungsten-based materials have unique electrical,
optoelectrical, and optical properties. WO,, despite its
unique properties of high thermal stability, superior charge
transport, tunable electrical properties, and high electron
mobility, is not commonly used in the electrical device sector.
The electronic devices are used in a variety of environments,
including humid, dry, and high-temperature environments,
as well as in the dark or under light irradiation. WO, is one
of the typically unintentionally doped n-type characteristic
semiconductors. WO, often presents sub-stoichiometric oxide
(WO,_) due to the presence of several oxygen deficiencies,
such as WO, WO, ., WOZB‘ and WO, _,. That is to say, the
lattice of WO, could sustain a considerable amount of
oxygen vacancy and contain a number of W**. Consequently,
a change of oxygen vacancies in WO, x could effectively
tune the density of electrons and then have considerable
conductivity. WO, that strictly satisfies the stoichiometric
ratio should be an insulator, and non-stoichiometric wo,
exhibits n-type semiconductor behavior. A slight change in
oxygen content can also greatly change the conductivity of
WO,, so its electrical properties vary with its oxygen content
and can be divided into exhibiting metal and semiconductor
behavior. Extrinsic n-doping is therefore not required for
WO, to exhibit significant conductivity. Due to the greater
bandgap of quasi-two-dimensional (Q,D) WO,, Q,D WO,
nanoflakes have more potential electrical applications.

Preparations of Tungsten Oxide based Materials

Mechanochemical Method: Ball milling and grinding are
examples of mechanochemical processes that are thought
to be viable options for solvent-free synthesis. This process
includes a chemical reaction produced by mechanical forces
like shearing, compression, or friction. For instance, tungsten
trioxide powder and its precursor, Na piece, were ground
to create a tungsten bronze (Na ,,WO,) nanocrystal with
a standard grain size of 17 nm [8]. The prepared tungsten
bronze nanocrystal displayed semiconductor characteristics
in its electoral property that might arise from the material
lattice distortion as an effect of high-energy ball milling.
Another study group created hydrogen tungsten bronzes
(H,,;WO0, and H, ,,WO,) by reactive mechanical alloying of
powder tungsten trioxide under a hydrogen atmosphere,
and they also investigated the influence of milling duration
on the composition of hydrogen tungsten bronze. This
mechanochemical technique of preparation offers various
advantages, together with the utilization of inexpensive
raw materials, the creation of microscopic particles, and the
convenience of the process [9]. Its major drawback is that
the chemical reactions for those moisture and air-sensitive
chemicals must be regulated.
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Solid-Phase Reactions: A solid phase reaction is a
procedure between two solids that produces a solid product
in the absence of chemical equilibrium. This procedure
is easy and needs little equipment. Nonetheless, at high
temperatures, the pace of reaction is slow. Solid-phase
reaction techniques have been used to manufacture many
types of M WO,, including sodium tungsten bronze, cesium
tungsten bronze, rubidium tungsten bronze, and potassium
tungsten bronze. For example, hexagonal cesium tungsten
bronze (Cs,,,W0,), hexagonal rubidium tungsten bronze
(Rb,,.W0,), and cubic sodium tungsten bronze (Na ,,WO,)
were powdered precursor metal salts and WO,NH, calcined
at 550 °C under H_/Ar or H,/N, for one hour, followed by
annealing at 800 °C in nitrogen gas for one hour [10]. This
approach produced tungsten bronze with broad and strong
NIR peaks at around 1,500 nm, particularly cesium tungsten
bronze and rubidium tungsten bronze. Because of their near-
infrared absorption, hexagonal phases of tungsten bronzes
(M, ,,WO0,) are excellent for use in solar filter applications.
Furthermore, due to the modified optical response of the
quaternary element of sodium, quaternary tungsten bronze
displayed better near-infrared absorption capacity than
conventional tungsten bronzes in the wavelength range of
780 nm to 1,200 nm [11].

Chemical Vapor Transport: According to the principles
of chemical vapor transport (CVT), a solid is volatilized in
the presence of gaseous reactants (known as ‘transport
agent’) deposits the solid, generally in the form of crystals,
somewhere. Tungsten bronze crystal growth of alkali metals
such as potassium, rubidium, and cesium were synthesized
by this method. Different kinds of transporting agents such
as mercuric chloride, mercuric bromide, mercuric iodide,
chlorine, and platinum chlorides were utilized however,
mercuric chloride and mercuric bromide were discovered
to be just as effective as transport agents in the growth of
massive tungsten bronze crystals. The crystals developed
by this method were 6 mm in for hexagonal-M WO, [12].
Nevertheless, utilizing mercuric chloride and mercuric
bromide, the synthesized tetragonal tungsten bronzes
(M_WO,) had a size of 0.1 mm, where x was 0.25. On the other
hand, extremely little or no transit happened when x = 0.35.
The concentration of alkali metals was shown to decrease
both the transport speeds and the diameters of the crystals.
They produced almost the same results when manufactured
under isothermal circumstances with and without the use of
transport agents. When utilized as transport agents, the data
did, however, demonstrate a noticeable transport impact.
Additionally, take note of the fact that using transport agents
might harm the environment due to their high energy usage.

Hydrothermal Method: It is easy to use and adaptable
for producing inorganic nanomaterials from aqueous
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solutions at high temperatures and pressures. The most
often used solvent in the hydrothermal process is water.
Temperature, pressure, and precursor concentration are
the three most crucial variables that must be regulated to
determine the properties of the nanomaterials. Temperature
and pressure affect the dielectric constant and density of
water. Water’s decreased dielectric constant greatly speeds
up the pace of reaction, which improves crystal formation
nucleation. This approach offers several advantages, such
as a one-step synthetic process, eco-friendliness, effective
solution dispersion, manufacturing feasibility, and cost-
effectiveness. Furthermore, the hydrothermal method
avoids the utilization of hydrogen gas and largely improves
environmental safety. Different tungsten bronze compounds
such as cesium tungsten bronze, potassium tungsten bronze,
and ammonium tungsten bronze have been synthesized by
this method. For example, cesium tungsten bronzes were
prepared by mixing the precursor Cs,WO0,, WO,, WO,, and
distilled water and heating the mixture for 24 h at 800°C [13].
Moreover, K,WO,, K,SO,, and distilled water were heated for
24 h at 200°C to create potassium tungsten bronze nanorods.
These nanorods were then calcined for two h at 600°C in
an environment of H, (5 vol%) /N, [14]. Similarly, acetic
acid, ammonium paratungstate, and ethylene glycol were
heated for 72 h at 200 degrees Celsius to create ammonium
tungsten bronze nanorods [15]. Additionally, potassium
tungsten bronze nanowires were created via an electrostatic-
induced method that involved heating K,WO, as a precursor,
ethylene diamine (EDA), and water for 48 h at 250°C in an
electric oven. It's actually crucial to recognize that many
nanoparticles have unique processing requirements and
reaction schemes based on their preparations. It is therefore
desirable to ascertain the appropriate chemical reactions
under favorable circumstances for various nanoparticles.

Inductively Coupled Thermal Plasma Method: The
inductive coupled thermal plasma method is a process in
which thermal plasma is used as the main source of heat
source to evaporate solid precursor and/or to decompose
gaseous precursor. In this technique, reactive gases are used
as the main constituent for plasma flame formation in the
preparation of nanomaterials. Previously, metal tungsten
bronze was prepared from its precursor (NH,)10(H,W_,0,.).
4H,0 and salt of HCOOCs, Na,CO,, and K,C,H,0, in which
different ratios of W and M were used [16]. Nevertheless, a
small amount of H, was used with central gas Ar to provide
the required reducing environment for the fabrication of
tungsten bronze. A mixture of tungsten and alkali salts with
low decomposition temperatures was used as the precursor.
This thermal plasma method of preparation owes merits such
as ease of material handling, raw material cost, and processing
throughput. It has been proved to be an exceptional method
to produce a high output of tungsten bronze. For alkali
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metal tungsten bronze of cesium, potassium, and sodium
nanopowder having high purity was prepared from cost-
effective precursor material. Generally, materials synthesized
by thermal plasma possess advantages such as high purity,
favorable optical absorption, and tunable composition as well
as the use of low-cost materials. Tungsten oxide materials
prepared by this technique are being utilized in different
areas of application such as coatings and heat shielding
filters, due to their property of a high extinction coefficient
in the NIR region with little effect on transparency or visible
color. The inductively coupled thermal plasma method is a
fast reaction technique that can be used to produce large
quantities of product at low temperatures [17]. It has high
potential and can be used extensively in future research.

Solvothermal Method: Instead of using water as a solvent
or reducing agent, this synthesis process employs ethylene
glycol and alcohol. By adjusting the solvent, reaction
environment, surfactant type, reactant concentration, pH,
and system volume, control factors in this process may be
changed. This process has been used by several researchers
to manufacture non-stoichiometric tungsten oxides. For
instance, W(CO), and ethanol were heated in an electric oven
for 12 h at 160°C to create urchins similar to W .0, [18]. By
baking the combination in an electric oven at 160°C for 24 h,
another set of researchers was able to synthesize the same
material with the same shape using tungsten hexachloride
and 100% ethanol [19]. With varying amounts of tungsten
hexachloride added to the mixture different morphologies
of W 0,, namely, nanowire and urchin were prepared
from WC,, and ethanol by a similar solvothermal method at
180°C for 10 h. W_ 0,  nanoparticles, which is another kind
of W, .0,, morphology were also synthesized from WC, and
ethanol as a precursor and octadecyl amine as a surfactant
by heating for 24 h at 180°C [20]. Greater near-infrared
harvesting capability from various W, ,0,, morphologies has
been demonstrated by urchin-like W, O,.. Compared to the

hydrothermal method, the solvotherlfnélti3 approach lowers
the heat treatment temperature by substituting alcohol.
In addition, the ethanol solvent has the dual purpose of
controlling the morphology and lowering the heat treatment
temperature. As aresult, reducing the reaction’s temperature
can help solve the issue of excessive energy use; yet, the
hydrothermal approach is generally more ecologically
benign.

Applications

Tungsten oxide-based materials such as WO,, WO, .,
M WO., and their hybrids have attracted huge attention
in different fields of study including heat generation,
photocatalysis, and energy-related and gas-sensor
applications.
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Electrochromism and Supercapacitors: The most
promising electrochromic (EC) materials are functional oxide
semiconductors based on tungsten oxides because of their
simple synthesis, quick color change rate, cyclic stability,
and high coloration efficiency [21]. Reversible color changes,
known as electrochromism, are the outcome of a substance’s
changing electron states due to low direct current potential,
which can range from a few volts to a fraction of a volt.
Through redox processes, an electrochromic material may
reversibly alter its light-absorption characteristics within
a certain wavelength range [22]. One of the inorganic
electrochromic materials with the most research done on it
is WO, , which exhibits transparency and a blue hue when
negative and positive voltages are applied alternately.

Supercapacitors’ great power density and safe operation
make them an attractive option for storing power and super-
high cycle life. It is an important energy storage technology in
fields such as fuel-efficient transport and renewable energy.
In recent years, supercapacitors based on WO, have been
vigorously studied in the pursuit of high performance. Due to
their excellent electrochemical performance, high electrical
conductivity, phase structure, and suitability for fast ion
insertion, tungsten-based materials are also appealing
options for pseudo-capacitors [23]. It is well known that
monoclinic W 0,, causes oxygen deficiency in a material by
possessing tungsten in the W** oxidation state. Because the
oxygen vacancies lower the oxide materials’ resistivity, they
promote excellent electrochemical activity. W, 0O,, exhibits
several oxidation states because of its oxygen deficiencies,
which is another reason why its use as an active material
in pseudo-capacitor applications is now of interest. Using a
template approach, Yoon et al. created ordered mesoporous
WO, , which has excellent capacitance (366 uF cm?, 639 F
cm?), and a high rate capability [24]. Additionally, W 0,
nanowire assemblies with a potential range of -0.5 to 0.4 V
(vs SCE) and a specific capacitance of 579 F g* in 0.5 M H,SO,
are reported by Pang and colleagues [25]. The electrochromic
response and pseudo-capacitive behavior result from ion
insertion/extraction coupled with redox reactions between
W6+ and W5+ (e.g, WO, + x e- + xH + & H WO,). For quick
pseudo-capacitors and electrochromic applications, Zhao
et al. synthesized WO,,, quantum dots with an average
crystalline size of 1.6 nm [26].

Optical Recording Device: Optical recording materials are a
cutting-edge technology with practical applications for high-
density, reversible information storage. When WO, was
first considered for this field, digital pictures were recorded
using a mix of electrochromic and photochromic effects [27].
Subsequently, Lu and colleagues discovered that a single
pulse of KrF excimer laser light at 248 nm could colour
an amorphous WO, thin film, while a single pulse of Nd-Y-
Al-garnet laser light at 1.06 p m could bleach it in air [28].
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Additionally, studies have been carried out to show how WO,
films’ crystal phase may be altered by laser light, leading to
corresponding modifications in optical transmission. Using
this method, 25 GB of storage might be found on a single
platter.

Lithium-ion Batteries (LIB): WO, has been used as an
anode material because it is low-cost, eco-friendly, and has
a high theoretical capacity. The single major drawback is its
weak electrical conductivity, which has been enhanced by
WO, compounds. Yoon, et al. [29] main goal was to create
anode mesoporous WO, with high electrical conductivity
and excellent performance by employing a hard template.
Comparing the produced material to the bulk WO, , it
showed a high volumetric capacity (1500 mAh cm™) and a
high reversible capacity (748 mAh g!). According to Lee, et
al. [30], flexible reduced tungsten oxide-carbon composite
nanofiber (WO _-C-NF) films show superior rate performance
in comparison to WO -C-nano and WO -nanoelectrodes,
as well as a high reversible capacity (481 mA h g™). The
films were also observed to display a stable cycle. These
investigations demonstrated that one of the most promising
anode materials for LIB is WO, . It was recently claimed that
WO, composites might be used as anode materials for high-
performance lithium-ion batteries [31].

Gas Sensors: In our daily lives, gas sensors are essential for
the detection and monitoring of sustainable energy sources,
the semiconductor industry, food processing, ecological
inspection, air quality control, and clinical discoveries [32].
The crystal lattice of WO, contains oxygen defects, which
cause the band to bend and allow conductivity. When the
material comes into touch with oxygen, the surface energy
band bends upward and oxygen takes electrons from
the semiconductor’s surface to generate negative ions.
As a result, the gas sensing material’s surface electron
concentration drops, its electrical conductivity decreases,
and its resistance rises in the sensor. On the other hand,
desorption takes place, the surface energy band is lowered,
the electrical conductivity and electron concentration rise
and the resistance value of the sensor falls if the gas-sensitive
material comes into contact with the reducing gas.

WO, and WO, ,, were reported as sensor materials to
monitor flammable and toxic gases such as NH,, NO, H,,
H.S, and SO, [33-35]. WO, can also reduce gases such as
H, CH, CO, and C,H.OH. Although WO, . has the largest
oxygen deficiency, it has greater potential in this field. WO3
nanorod/sulfonated reduced graphene oxides (WO,/S-
rGO) were synthesized by Wang, et al. [36]. WO,/S-rGO
demonstrated quick response recovery characteristics at all
NO, gas concentrations, demonstrating its strong response
and recovery qualities for sensor applications. The WO, gas
sensor still has issues with poor selectivity, high working
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temperature, and poor stability, though. Therefore, the main
goal of our present study is to figure out how to lower the
operating temperature while increasing the detecting gas’s
sensitivity and selectivity. The sensitivity of WO_for reducing
gases has been shown to be improved by composite and
metal-hybrid doping. Gas sensors and the characteristics of
WO, have led to much research into WO, and its hybrid. But
M WO, hasn’t been thoroughly investigated yet [37].

Medical Application of Tungsten-based Materials:
Tungsten-based compounds have emerged as a potential
new material for nuclear medicine shielding against gamma
radiation that is devoid of lead. Lead’s toxicity to the
environment has sparked interest in radiation-shielding
materials as a potential lead replacement. Tungsten
carbide has the potential to take the role of lead as a new
lead-free radiation shielding material in nuclear medicine,
as demonstrated by Nadal, et al. It can be employed as a
material for radiation shielding to thwart gamma radiation.
Utilizing radiation shielding materials free of lead is
crucial to reducing the harmful effects on our health and
environment [38]. Pure tungsten plates are mainly used in
X-ray inspection equipment testing solder joints, medical
X-ray detection devices, radiation shielding material and
nuclear facilities radiation protection equipment, medical
tungsten used for general purposes the radiation protection
of the equipment (such as X-ray operators the apron),
consumers use the products, such as vibration suppression,
weight, voice (sound) raw materials. The medical field also
makes use of tungsten tubes. In addition, medical tungsten is
utilized in the production of injection needles, setting rods,
electrodes, filaments, lead, and support for vacuum heating
furnaces. Medical tungsten finds its application in several
fields, including collimators, nuclear shielding, beam stop,
vial shields, isotope containers, FDG containers, and multi-
leaf collimators [39,40].

Phototherapy applications: Photothermal therapy (PTT)
and photodynamic therapy (PDT) have recently attracted
attention for cancer therapy due to their non-invasive
nature [41]. The reagents for photothermal treatment and
photodynamic therapy require near-infrared (NIR) light
absorption capabilities. A greatdeal of research hasbeen done
on a variety of nanomaterials, such as carbon nanomaterials,
CuS nanoparticles, and noble metals like Au nanostructures
and Pd nanosheets [42]. Because of their distinct defect
structure and LSPR effect, oxygen-deficient tungsten oxides
(W0, ) like W, 0, exhibit significant absorption in the near-
infrared (NIR) range, potentially making them useful as
PTT and PDT reagents [43]. Chen, et al. [44] used ultrathin
PEGylated W, O,, nanowires as a 980-nm-laser-driven PTT
reagent to kill vivo cancer cells. Following the injection of
the nanowire solution, the in vivo tumours were exposed to
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low-intensity (0.72 W cm) NIR laser light for two minutes,
causing the temperature to rise to 50.0°C. Within ten minutes,
the cancer cells were eradicated. In a similar vein, Zhou and
colleagues created WO, , nanorods as a potentially effective
theranostic agent treating concurrent tumours in vivo [45].
Additionally, materials made of metal tungsten oxide, such as
tungsten bronzes (M WO,,M =Cs,K,Na,and NH,; 0 <x<1/3),
have been found to have similar LSPR properties to tungsten
oxide [46]. These materials have also been successfully used
as a novel PTT agent to effectively photothermally ablate
human cancer cells in vitro under 980 nm NIR irradiation
[47].

Conclusion and Future Outlook

Tungsten oxide-based wo,, M WO, and related
nanocomposite composites represent a significant class of
functional materials with a variety of uses. This material has
a special advantage in that it contains both mixed chemical
valence tungsten ions (W® and W®") and highly tuneable
oxygen vacancies. These properties may stimulate novel
applications such as full spectrum responsive photocatalytic
degradation of organic pollutants and photocatalytic
reduction of toxic heavy metals, as well as provide a platform
for a wider range of future applications. Significant and
promising advancements in materials based on tungsten
oxides have been produced in the last 10 years for very
effective photocatalysis, electrochemistry, and phototherapy.
In this article, we first describe the synthesis and
characteristics of (WO3, WO, _,),and its hybrids, after which
we discuss how to effectively employ them to capture solar
energy. The mixed chemical valence tungsten ions (W® and
W5*) present in this material are a unique advantage. It may
stimulate intriguing properties for new uses in photothermal
steam generation as well as provide support for a wider
range of potential future uses, including photothermal
ablation, therapy, sensors, and electricity generation fields.
Overall, tungsten-based materials are highly useful materials
in all application fields. In the near future, more applications
for medical research will be studied for tungsten-based
materials.
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