processes

Review

Advances and Challenges in WO3 Nanostructures” Synthesis

Odeilson Morais Pinto 110, Rosimara Passos Toledo !, Herick Ematne da Silva Barros !, Rosana Alves Gongalves %%,

Ronaldo Spezia Nunes 3 Nirav Joshi 5

check for
updates

Citation: Pinto, O.M.; Toledo, R.P,;
Barros, H.E.d.S.; Gongalves, R.A;
Nunes, R.S.; Joshi, N.; Berengue, O.M.
Advances and Challenges in WO3
Nanostructures’ Synthesis. Processes
2024, 12, 2605. https://doi.org/
10.3390/pr12112605

Received: 17 September 2024
Revised: 12 October 2024
Accepted: 31 October 2024
Published: 20 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Olivia Maria Berengue !

Department of Physics, School of Engineering, Sao Paulo State University (UNESP),

Guaratingueta 12516-410, SP, Brazil; ronaldo.spezia@unesp.br (R.S.N.); olivia.berengue@unesp.br (O.M.B.)
2 Instituto Federal do Norte de Minas Gerais (IFNMG), Janudria 39480-000, MG, Brazil

Department of Chemistry and Energy, School of Engineering and Science, Sao Paulo State University
(UNESP), Guaratingueta 12516-410, SP, Brazil

4 S30 Carlos Institute of Physics, University of Sao Paulo, P.O. Box 369, Sao Carlos 13560-970, SP, Brazil
Luxembourg Institute of Science and Technology (LIST), 4362 Esch-sur-Alzette, Luxembourg
Correspondence: rosana.goncalves@ifnmg.edu.br

Abstract: In recent decades, nanoscience has experienced rapid global advancements due to its focus
on materials and compounds at the nanoscale with high efficiency across diverse applications. WO3
nanostructures have proven to be a unique material in the development of new technologies due
to their electrical, optical, and catalytic properties. They have been used as raw materials for the
fabrication of electrochromic devices, optoelectronic devices, hydrogenation catalysts, gas sensors,
adsorbents, lithium-ion batteries, solar driven-catalysts, and phototherapy. One of the most striking
characteristics of WO is its morphological diversity, spanning from 0D to 2D, encompassing nanopar-
ticles, nanowires, nanofibers, nanorods, nanosheets, and nanoplates. This review discusses common
synthesis methods for WOj3; nanostructures, including hydrothermal and solvothermal methods,
microwave-assisted synthesis, sol-gel, electrospinning, co-precipitation, and solution combustion,
with emphasis on the advantages and challenges of each of them. The processes involved, the
obtained morphologies, and the resulting applications are also presented. As evidenced here, the fine
control of the synthesis parameters allows the production of nanostructures with controlled phase,
morphology, and size, essential aspects for the production of high-performance WOs3-based devices.

Keywords: tungsten oxide; synthesis methods; morphology; tailored applications

1. Introduction

In the past few decades, there has been a remarkable and rapid global advancement
in the field of nanoscience. This domain has attracted multiple disciplines due to its pri-
mary focus on seeking materials or compounds at the nanoscale capable of demonstrating
high efficiency across various applications. In other words, nanotechnology aims to ap-
ply scientific discoveries to create products that benefit society and the environment [1],
transforming these breakthroughs into new electronic, pharmaceutical, and cosmetic prod-
ucts, while also offering the potential to design products that mitigate or even eliminate
environmental impacts caused by human activity.

Tungsten, as a transition metal element with atomic number 74 and electronic configu-
ration [Xe] 4f!# 5d* 652, exhibits oxidation states ranging from —2 to +6 in its compounds,
with +6 being the most common. The interaction between tungsten and oxygen is highly
intricate, resulting in stable binary oxides, tungstates, acids, and a diverse array of non-
stoichiometric compounds [2,3]. Among these compounds, WO3 stands out, possessing a
structure composed of perovskite-like units, specifically of the ReOj3 type [4]. Generally,
seven distinct structural types exist: cubic (c-WO3) [4,5], monoclinic I (y-WO3) [4,6], or-
thorhombic (3-WOs3) [7,8], tetragonal (-WO3) [4,8], triclinic (6-WO3) [4,9], monoclinic I
(e-WOs3) [10,11], and hexagonal (h-WOs3) [8,9]—which can be obtained through temperature
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control. Concerning non-stoichiometric compounds, tungsten oxide can exhibit variable
stoichiometry between WO, and WOj3, represented as WOy, where x is less than 3 (e.g.,
WO2.98, WO2.96, WO29, WO3 83, and WO, 7,) [12,13].

The favorable electrical, optical, and magnetic properties of semiconductor oxides
have gained increased research attention. Among these oxides, WOj3 and its nanostruc-
tures have substantial potential for countless applications, including adsorption [14,15],
electrochromic devices [16,17], substrates for Raman scattering [18,19], solar-driven cata-
lysts [20,21], phototherapy [22,23], gas sensors [24,25], hydrogenation catalysts [26,27], and
lithium-ion batteries [6,28].

Numerous synthesis methods for tungsten oxides exist, ranging from well-established
to less conventional approaches. These methods encompass both physical and chemical
procedures. Examples of physical methods include ball milling, sputtering, laser abla-
tion, and electron beam evaporation. Chemical methods include sol-gel, polyol method,
hydrothermal method, co-precipitation method, microemulsion technique, solution com-
bustion synthesis, and chemical vapor deposition [29].

Among the various synthesis methods for obtaining WO3, we herein present and
critically analyze some of the most widely used methods for obtaining WO3 nanostructures,
focusing on hydrothermal and solvothermal, microwave-assisted, co-precipitation, solution
combustion, sol-gel, and electrospinning methods. These methods offer advantages such
as simplicity, convenience, low cost, uniform material composition, and high purity. The
distinct methods and fine control over experimental parameters allow for the generation of
diverse morphologies, including nanorods, nanoplates, nanosheets, hierarchical structures,
nanowires, nanotubes, nanoflowers, and hollow microspheres with differentiated physical—-
chemical properties which make them suitable for a variety of technological applications.

2. Methods
2.1. Co-Precipitation Method

Co-precipitation is one of the most popular and efficient methods to produce metal
oxides because of its simplicity, homogeneity on the atomic scale, easy control of the size
and composition of NPs, and the possibility of scalability. In addition, the use of aqueous
solutions instead of organic solvents and the low reaction temperatures reduce energy
consumption and make this synthesis more environmentally friendly [30,31].

This synthesis route involves the precipitation of metallic cations in the form of
hydroxides, carbonates, oxalates, or citrates from chemical reactions between precursor
salts and precipitation agents (acid or base) in a solvent. Drying and calcination processes
are necessary to obtain the target material. During the co-precipitation process, nucleation,
growth, coarsening, and/or agglomeration processes occur simultaneously. Nucleation
is the most important step in the process as it marks the beginning of particle formation;
their size is inversely proportional to the nucleation rate. Secondary processes such as
Ostwald ripening and aggregation control the size, morphology, and properties of the
nanostructures [32-34].

The control of parameters such as the temperature, pH, concentration of precursors
and their counter ions in solution, stirring rate, mixing method, rate of reactant feed, and
use of additives is fundamental for obtaining nanostructures with controlled morphology
and phase. Failure to adjust these parameters can compromise the reproducibility of
the synthesis, the purity, and the size of the NPs. However, it is precisely because of
this variety of co-precipitation chemistry and reaction conditions that this technique can
produce different materials (metals, oxides, metal chalcogenides, etc.) with very distinct
morphologies [35-37].

Such factors have been increasing the interest in the use of this method for the synthe-
sis of WOj3 nanostructures. This is because the physicochemical properties of this oxide
are very sensitive to the morphology, size, and concentration of dopants in its structure,
and the co-precipitation method offers good control of these parameters, being used suc-
cessfully to produce diverse WO3 nanostructures with tailored properties [38,39]. Figure 1
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presents examples of some of the various morphologies that can be obtained for WO3
from the co-precipitation method: nanoplates [40] (Figure 1a), nanoflowers [41] (Figure 1b),
nanosheets [42] (Figure 1c), polyhedral NPs [43] (Figure 1d), quasi-spherical NPs [44]
(Figure le), and nanorods [45] (Figure 1f), demonstrating the versatility of this technique.

Figure 1. WOj structures with (a) nanoplates [40], (b) nanoflowers [41], (c) nanosheets [42], (d) poly-
hedral NPs [43], (e) quasi-spherical NPs [44], and (f) nanorods [45] morphology obtained from the
co-precipitation method. Figure adapted with permission from References [40-45]. Copyright Elsevier.

2.1.1. Nanoparticles

WOj3 NPs of small size, high homogeneity, and stoichiometric composition with good
performance as catalysts for chemical reactions and photocatalysts in the wastewater decol-
orization process have been produced by the co-precipitation method. Wasmi et al. [46],
for example, showed that quasi-spherical NPs of monoclinic WO3 synthesized using am-
monium paratungstate hydrate as a precursor and HCI as a precipitating agent act as
catalysts in the presence of ethanol for the synthesis of malonic acid ester via high-pressure
ozonolysis with a good yield in a short time and with recyclability. Adhikari et al. [47]
showed that monoclinic WO3 quasi-spherical NPs with a size of ~55 nm and high crys-
talline quality (Figure 2a,b) synthesized by the co-precipitation method using solid tungstic
acid and hydrogen peroxide are excellent nanoadsorbents for the methylene blue (MB)
dye. In addition to the good physical properties, the NPs were found to have opposite
surface charges to the MB dye, which promotes a strong electrostatic attraction between
them (Figure 2c) and increases the process efficiency with a maximum adsorption of 99.7%
being achieved for an adsorbent dose of 1 g/L in 90 min. Other authors have also been
successful in the photodegradation of MB dye using monoclinic WO3 NPs synthesized
from APH and HNOj [48], sodium tungstate hydrate (STH) and HNOj3 [49], and STH and
NaCl [50], STH, HC], and NaCl [51] as reagents and in the photodegradation of the Congo
red dye by spherical NPs of orthorhombic WOj3 [52] and the dye rhodamine B (RhB) by
monoclinic WO3; NPs [53].

The high surface area and good physicochemical properties of the WO3 NPs produced
by this method have also been shown to be beneficial for chemical and gas sensing. A high
photocatalytic activity for the oxidation reaction of nitric oxide under UV irradiation, with
an efficiency of up to 80% (at 10% relative humidity), was observed for monoclinic WO3
polyhedral NPs produced using PEG as a template and steric stabilizer (Figure 1d) [43].
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Ammonia gas sensing with orthorhombic WO3; NPs [54], photocatalytic reduction of CO,
under visible light irradiation [55], the degradation of the antibiotic gentamicin under ultra-
violet irradiation [44], and the degradation of n-pentane under visible light irradiation [56]
using monoclinic WO3 NPs have also been reported.
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Figure 2. (a) TEM, (b) HRTEM, and (c) adsorption scheme for MB adsorption of the WO3 nanoadsor-
bent. Figure adapted with permission from Reference [47]. Copyright 2017 Elsevier.

2.1.2. Nanorods

Thus far, the synthesis of 1D tungsten oxide nanostructures by the co-precipitation
method has been little explored; however, the nanostructures obtained in this way have
shown to be very promising for applications in some areas. Recently, Banic et al. [45]
showed that hexagonal WO3; nanorods produced through this technique present a good
response for the degradation of the pesticide thiacloprid. The nanostructures were obtained
by adding HCl to a sodium tungstate solution under agitation and adjusting its pH to 1.4.
After keeping the solution at 60 °C for 48 h, the material was filtered, rinsed several times
with distilled water, and dried for 48 h to obtain the final product. WO3 nanorods achieved
~50% and ~75% removal efficiency of the pesticide thiacloprid under simulated sunlight
and ultraviolet light irradiation, respectively. The photodegradation of the pesticide was
shown to be improved with the formation of WO;3;/Fe30, heterojunctions, reaching a
maximum efficiency of 91.3% for a 0.4% content of WOj3 in the composite.

Kabcun et al. [57] synthesized monoclinic WO3 nanorods from the same method using
an aqueous solution of STH, citric acid, and ethylene glycol heated to 70 °C and HCl as a
precipitating agent. The precipitate was collected by centrifugation, rinsed with water and
ethanol, dried at 60 °C for 24 h, and calcined for 1 h at 450 °C to obtain the nanostructures.
Nanorods with high crystalline quality and length and diameter in the ranges of 50-200 nm
and 5-20 nm (Figure 3a,b) proved to be adequate to support PdAO NPs. The formation of a
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p-njunction at the interface between them and spillover effects in the vicinity resulted in an
excellent response of the PAO-WOj5 catalyst (Figure 3c,d) for the detection of hydrogen gas
in the temperature range of 25 to 350 °C, exhibiting the highest response of 3.14 x 10° with
a short response time of 1.8 s to 3 vol% H, at the ideal operating temperature of 150 °C and
very high Hj selectivity against C;H50OH, CO, NO,, NH3, and H,S.
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Figure 3. TEM and HR-TEM images of (a,b) WO3 nanorods and (c,d) 2 wt% Pd-loaded WO3
nanorods and their corresponding SAED patterns in the inserts. Figure printed with permission from
Reference [57]. Copyright 2016 Elsevier.

Monoclinic WO3; nanorods synthesized by the acidification of a STH solution and
cetyltrimethyl ammonium bromide (CTAB) aided by a freeze-drying process and flash
heating of the precipitate (500 °C, 5 min) have been shown to be a good electrode material
for observing electrochromic behavior during the intercalation and deintercalation of
electrons and ions in electrochemical reactions [58]. Zn- and Ag-doped WO3 nanorods
have also been produced by the co-precipitation method and presented good antibacterial
activity (Escherichia coli, Pasturellamu ltocida, Bacillus subtilis, Staphylococcus aureus) [59] and
high photocatalytic degradation (MB dye) [60].

2.1.3. Nanoplates and Nanosheets

Two-dimensional nanostructures such as nanoplates and nanosheets are morphologies
often found for WOs, especially in syntheses using the co-precipitation technique. In
addition to the usual characteristics of nano-sized materials, WO3 2D nanostructures have
optical and electronic properties and a surface atomic structure dependent on their specific
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structural anisotropy, which can be used as an advantage to tune their properties according
to their applications [61,62].

Recently, Mehmood et al. developed a simple co-precipitation synthesis method to
produce pure monoclinic WO3 nanoplates (Figure 1a) and doped with Fe [39], Ni [63],
Co [38], Cu [40], and Sn [64]. For synthesis, a 0.1 M aqueous solution of STH and NaCl was
acidified (pH = 1) using a 3 M solution of HCI and kept under constant magnetic stirring
for 1 h. After that, the solution was centrifuged to collect the precipitate, which was further
rinsed several times with water, dried in a furnace for 12 h, and calcined at 300 °C for 2 h to
obtain the final product. For doping the WO3 nanostructures, different molar percentages
of precursor salts were also introduced into the solution. The morphology, optical, electrical,
and photocatalytic properties of the nanostructures were shown to be affected by the type
and concentration of dopant in the structure. In addition, a study of the cytotoxic activity
against MCF-7 and Hep-2 cancer cells indicates that the anti-cancer response of WO3
nanostructures improves with higher dopant content (for all dopants), with the best result
being obtained for 5% Ni-doped WOj3 (70 and 65% efficiency for MCF-7 and Hep-2 cancer
cells, respectively) [63]. This result was associated with the greater generation of reactive
oxygen species (responsible for attacking cancer cells) in the doped samples, resulting
from the reduction in the bandgap and the greater efficiency of conversion of visible light
in them.

Upadhyay et al. also produced nanosheets of pure monoclinic WOj3 (Figure 1c) and
doped with Sn [65], In [66], Fe [67], and Cr [42] with excellent responses as gas sensors from
a procedure similar to the previous one. The 2D nanostructures were prepared by adding
STH to diluted nitric acid and keeping the obtained solution under magnetic stirring for 48 h
and aging for 20 h at rest, after which the precipitate was filtered, washed abundantly with
distilled water, dried at 6 °C, and calcined at 500 °C for 2 h in air. Suitable salt precursors
were introduced into the solution at the initial stage to produce doped nanostructures.
WOj3 nanosheets showed good responses as sensors for the alcohols propanol, methanol,
and ethanol [65]; formaldehyde [42,67]; and acetone [66], with improved responses when
doped with Sn, Cr, Fe, and In, respectively. Doping changes the morphology of nanosheets,
increasing the surface area exposed to air for oxygen adsorption, which leads to the creation
of more active sensing sites and, therefore, an increase in response. Yu et al. [68] also
reported a good response from Ag-doped monoclinic WO3; nanosheets synthesized by
co-precipitation for acetone sensing; however, the increase in gas-sensitive properties was
attributed more to the active regions of spatial charge around the metal-semiconductor
junctions (interface between Ag and WO3) than to changes in surface area.

Photocatalytic degradation of MB dye under visible irradiation was achieved using
pure and Ag-doped WOs3 nanoplates produced by the co-precipitation method [60]. Doping
is aimed at reducing charge recombination, which leads to an increase in degradation
efficiency from 64% for pure WOj3 to 97% for Ag-doped WO3. Good photocatalytic activity
was also identified for the degradation of RhB, indigo carmine (IC), methyl orange (MO),
and Congo red (CR) in aqueous solution under UV and UV-Vis radiation using rectangular
plates of WO; obtained by the co-precipitation method [69].

Two-dimensional nanostructures of tungsten oxide have also shown promise for appli-
cations in energy storage devices. Mitchell et al. [70] produced hydrated WO3 nanosheets
(WO3-2H,0) from a co-precipitation process using STH as a precursor and HCl as a precip-
itating agent, with anhydrous WOj3 obtained from the dehydration of WO3-2H,O at 350 °C.
The presence of structural water in this material leads to ideally pseudo-capacitive behavior
in WO3-2H,O nanoplates, improving their charge retention and energy efficiency for proton
storage compared to anhydrous WO3; nanoplates, with charge/discharge times of just a
few seconds and 99% energy storage—much higher than the 77% found for anhydrous
WOs3. As both materials have the same morphology, the improvement in charge retention
was attributed to the structural hydration of the material, which can constitute a general
strategy for use in other transition metal oxides. Wang et al. [61] produced nanosheets
of WO3-H,O from the same co-precipitation method with an abundance of W = O and
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O-H groups on their surface and facets {101} exposed as active adsorption facets. The
optimized structure and morphology of the nanostructures result in a high adsorption
capacity of the MB dye (450 mg g '), fast adsorption rate, and regeneration capacity via
photodegradation under ultraviolet light irradiation, making it an excellent candidate for
wastewater discoloration.

2.1.4. Hierarchical WOj5 Structures

Hierarchical structures obtained from wet chemical approaches such as co-precipitation
exhibit unique properties such as a large surface area, increased light harvesting capac-
ity, good electron transportation, and more channels for the diffusion, adsorption, and
exchange of free radicals and molecules, making them very useful for photocatalytic and
sensing applications [71,72].

In this sense, Wang et al. [41] synthesized three-dimensional monoclinic WO3 nanoflow-
ers using the co-precipitation method with STH as a precursor and HCl as a precipitating
agent for application as a NO; sensor. As shown in Figure 1b, the nanoflowers obtained by
this method have a structure assembled from dozens of nanosheets with a smooth surface
and irregular edges that connect to each other through the center to form 3D hierarchical
structures. Figure 4a,b show TEM images of a bunch of nanoflowers and an individual
nanoflower, highlighted in the region within the red square in Figure 4a, confirming the
self-assembled structure. The HRTEM image taked from nanosheet circled in Figure 4b
shows the adjacent planes (022) of the monoclinic WO3 lattice (Figure 4c). The corre-
sponding SAED pattern (Figure 4d) confirms the monocrystalline character of the WO3
nanosheets. According to the authors, the fundamental step to obtain this morphology is a
pre-treatment of the precipitate with HCl for 24 h at 40 °C under stirring, followed by the
addition of water and stirring for another 9 h. After this treatment, the material is rinsed
several times with water and ethanol, dried at 80 °C for 10 h, and calcined at 500 °C to
form the nanoflowers. Without the pre-treatment step, the synthesis only results in the
formation of irregular nanosheets. Sensors based on WO3 nanoflowers showed a high NO,
detection response with a detection limit of ~40 ppb at 120 °C. The good sensing activity
was attributed to the morphology of the WO3 nanoflowers, consisting of well-aligned and
spaced nanosheets that provide more active sites for reactions, and the high proportion of
the electron-depleted layer in the nanostructure provided by the thin nanosheets. Acetone
sensing has also been successfully reported for hierarchical WO3 spheres synthesized by a
similar method combining co-precipitation and pre-treatment with nitric acid [73].

Zhang and Yang [74] showed that the use of surfactants in co-precipitation synthesis
is also beneficial for the formation of WOj3 hierarchical structures. In a typical synthesis,
STH and CTAB were ultrasonically dispersed in water, nitric acid was introduced to initiate
precipitation, and the solution was kept under magnetic stirring for 24 h. The precipitate
was then filtered, rinsed with water and ethanol three times, dried at 80 °C overnight, and
sintered at 200 °C for 12 h to obtain flowery cubic WO3 nanostructures with an average
diameter of 50100 nm, high surface area (87 m?/g), and excellent performance for the
adsorption of MB dye (35.95 mg/g at 45 °C). The distinct morphology and phase of WO3
flowers provide more adsorption sites, promoting greater interaction between adsorbent
and adsorbate and thus improving its performance in dye adsorption. Li et al. [75] also used
a surfactant-assisted co-precipitation synthesis method to produce hierarchical hexagonal
WOj3 nanostructures. Sphere-like architectures were obtained by adding small amounts of
polyvinyl pyrrolidone (PVP) (1, 3, and 5 wt.%) to an aqueous solution of STH and using
HCl as a precipitating agent. After the reaction, the precipitate was washed with water and
ethanol and dried at 60 °C for 3 h in air. The reaction time (90, 120, 180, and 300 min) and
the molar ratio of WO,4%"/H™ in the solution are determining factors in the morphology
and size of the architectures. Sphere-like structures were found to be assembled from
1D nanorods. PVP in solution facilitates the rapid formation of metastable phase h-WOs3
nuclei and acts as a soft template for the assembly of WOj3 crystallites. The hexagonal
WOj3 sphere-like architectures showed excellent visible light photochromic properties with
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good reversibility and were highlighted as good candidates for applications in optical
signal processing and smart windows. Priya et al. [76] also reported the use of CTAB and
PEG-6000 as surfactants in an acidified STH solution to obtain sponge-like nanostructures
of monoclinic WO3. Kavitha et al. [77] adopted a different strategy, a green co-precipitation
route for producing monoclinic WO3 nanoflakes. The hierarchical structures were obtained
by adding tungstic acid (HyWOy) to a solution containing biomass from the F. solani fungus,
which was kept under stirring for 5 h and then calcined at 700 °C for 2 h. The binding habit
of fungus biomolecules on the growing WOj3 particles was thought to be responsible for
the nanoflakes” morphology.

Figure 4. (a) TEM image of the hierarchical nanoflowers WOj3, (b) the image of an individual
nanoflower, (¢) HRTEM image of a nanosheet of the nanoflower, and (d) the SAED pattern of an
individual WO3; nanosheet. Figure adapted with permission from Reference [41]. Copyright 2015
Elsevier.

Huang et al. [78] synthesized hollow sphere-like and flower-like 3D architectures of
WO;3-H,O from a simpler co-precipitation procedure using STH as the tungsten source, HC]
as the precipitating agent, and a mixture of water and ethylene glycol as the solvent. The
amount of STH in solution and the aging time determined the morphology of the structures.
Corresponding monoclinic WOj structures were obtained after calcination at 450 °C for 2 h
in air. Photocatalytic experiments showed a good performance of the 3D architectures of
WO; for the degradation of the RhB dye, with the WO3 nanostructures similar to hollow
spheres promoting the total degradation of the dye under UV and visible light irradiation.
The improved response of this architecture was attributed to the hollow structure, which
allows a faster diffusion of RhB molecules and greater absorption of incident light.

2.2. Solution Combustion Method

Solution combustion synthesis (SCS) has gained prominence in recent years as a
simple, fast, efficient, and versatile method for preparing oxide materials with controlled
properties and diverse morphologies [79]. This technique, derived from sol-gel chemistry,
offers the advantage of producing high-quality structures in a shorter time [80].

SCS involves a self-sustained redox reaction between a fuel and an oxidizer in a
homogeneous aqueous solution. It typically involves one or more thermally coupled
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exothermic reactions that provide sufficient energy (heat released during the combustion
reaction) to produce at least one solid product and a large amount of gas. Ignition can occur
naturally (depending on the exothermicity of the reaction) or be initiated by additional
energy sources, such as heat. The gaseous byproducts play a crucial role in SCS, as they
generally cause significant expansion of the solid product and rapid cooling upon reaction
completion, which can lead to the formation of porous materials—a highly desirable
characteristic at the nanoscale [81,82].

The stoichiometric proportion between oxidizer and fuel allows the calculation of the
valences of the oxidizers/reducers, facilitating the prediction of the material produced
based on propellant chemistry [83]. However, the final product in SCS results from a com-
bination of parameters such as the type of fuel, metal cation precursors, pH, oxidizer/fuel
ratio (P), atmosphere, and initiation type (heat, electricity, radiation, etc.). Carlos et al. [84]
provide a detailed overview of how these parameters influence SCS.

Despite its advantages, SCS has limitations, including the agglomeration of nanos-
tructures, difficulty in controlling morphology, and potential contamination with organic
combustion residues [85]. Incomplete combustion reactions can also produce harmful
gases like NOyx and CO, leading to safety and environmental issues [86]. Nevertheless,
solutions are being developed to address these challenges, and SCS has evolved to reliably
produce versatile and efficient metal oxides at low processing temperatures. It has become
especially prominent in the production of nanoparticles (for sensors, catalysis, and biomed-
ical applications) and thin films (for devices such as memories, solar cells, and thin film
transistors) [87].

In recent years, the number of studies focusing on obtaining WO3 with tailored designs
through SCS has increased, driven by the efficiency, time, and cost savings provided by this
technique. Although it remains a less conventional route, SCS has successfully produced
WOj; in various phases—orthorhombic, hexagonal, or monoclinic—with morphologies
including nanorods [88], nanoparticles [89], porous structures [85], and NP films [90],
among others.

2.2.1. Nanoparticles

WOj3 nanoparticles are the most common morphology obtained in solution combustion
synthesis. By adjusting control parameters, it is possible to produce NPs with different
phases, shapes, and sizes using this method. For instance, Kaplan et al. [89] demonstrated
that the fuel/oxidizer ratio (®) is crucial in determining the crystallite size of hexagonal
WO3; NPs synthesized by SCS. In their study, nanostructures were produced by adding
ammonium tungsten oxide hydrate to an aqueous solution of oxalic acid (¥ =1 or ® =5),
followed by stirring to homogenize the solution, combustion in a muffle furnace at 400 °C,
washing with ethanol to remove residues, and finally, calcination at 500 °C for 8 h.

The experimental data showed that increasing the fuel/oxidizer ratio from ® =1 to
® = 5 results in partial particle melting and coarsening of the WO3 powder, causing the
laminar-like structures to disappear and increasing the crystallite size from 7.96 nm to
42.27 nm. Additionally, NPs produced with a higher fuel/oxidizer ratio demonstrated
greater efficiency in the photocatalytic degradation of MB dye under sunlight. The authors
noted that although these NPs (® = 5) have a smaller surface area and higher bandgap
energy compared to those with ® = 1, their catalytic performance is superior. This improve-
ment is attributed to the higher amount of carbon on their surface (3.90% vs. 2.70% for
@ = 1), which provides additional adsorption sites and accelerates photocatalytic reactions.
Moreover, the larger crystallite size of these NPs reduces electron-hole recombination,
which is more prevalent in smaller crystals.

Chen et al. [91] highlighted another interesting aspect of WO3 nanostructure pro-
duction using solution combustion synthesis (SCS): different fuels produce samples with
varying morphologies and phases. They demonstrated that nanometric, non-stoichiometric
oxides rich in oxygen vacancies exhibit good photocatalytic activity for MB dye degrada-
tion under visible and UV light. This was achieved by controlling the ratios between the
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precursor paratungstate and fuels such as glycine, urea, and urea—citric acid. According
to the authors, the key to producing non-stoichiometric tungsten oxide (WO3_y) is the
network structures formed by the organic fuel during synthesis, through dehydration poly-
merization between amine and carboxyl groups. The morphology, phase, and dispersibility
of the nanostructures were strongly dependent on the type and proportion of fuel used.
For example, increasing the glycine fuel in the synthesis led to a transition in morphology.
In the absence of glycine, urchin-like structures were formed, consisting of a mixture of
WOj3 - 0.33H,0 and hydrotungstite, whereas with glycine, quasi-spherical orthorhombic
WOs3 NPs were produced.

Aliasghari et al. [92] found similar results in their synthesis of WO3; NPs. They pro-
duced amorphous quasi-spherical nanoparticles (~50 nm), rock-like amorphous irregular
particles, and spherical nanoparticles of monoclinic WO3 (~300 nm) using tungstic acid
as the metal source and oxalic acid, citric acid, and glycine as fuels, respectively. The
changes in the morphology and structure of the NPs were attributed to the different
reaction energies of the fuels and the formation of amine groups during the reaction. Fur-
thermore, these authors demonstrated that the heat source also plays a significant role
in SCS [83]. They showed that heating on a hot plate (200 °C) resulted in orthorhombic
WOj3 nanostructures, while heating in a muffle furnace (550 °C) produced tetragonal WO3
nanostructures. These differences were linked to the heating characteristics: a hot plate
allows rapid heating and cooling with a layer-by-layer ignition mechanism, resulting in
metastable structures, whereas a muffle furnace provides gradual heating and cooling,
leading to more stable structures.

Other studies have also explored the properties of SCS-produced WO3; NPs for dye
photodegradation. Singh et al. [93] showed that triclinic WO3; faceted NPs (size 25-500 nm),
produced using ammonium metatungstate hydrate as the oxidizer and glycine as the fuel,
exhibited a good MB dye degradation activity under UV illumination (~68% efficiency). The
performance improved when these NPs were used to create composites with commercial
TiOy NPs. Composites with 15% triclinic WO3 NPs demonstrated excellent performance for
various anionic (orange G, amido black 10B, alizarin cyanin green, and indigo carmine) and
cationic (MB, malachite green, rhodamine 6G, and pyronin Y) dyes under both visible and
UV irradiation. Pudukudy et al. [94] also achieved excellent results with monoclinic WO3
nanospheres synthesized using ammonium tungsten oxide pentahydrate as the oxidizer
and urea as the fuel. These nanospheres showed 99% adsorption in 5 min and 100%
photodegradation of MB dye in 4 h under visible light, which was attributed to their
increased surface area and dangling-bond density.

Recently, Liu et al. [95,96] demonstrated that monoclinic WOj3, hexagonal WOs -
0.33 H»0, and hexagonal WOs - 0.33 H,O@C NPs, synthesized by SCS using ammonium
tungstate as the tungsten source, urea as the fuel, and nitric acid as the oxidant, are
promising candidates for lithium-ion battery electrodes. The WO3 - 0.33 H,O@C electrode
showed a superior performance due to the high electronic conductivity of the amorphous
carbon layer and the unique hexagonal structure of the NPs, which provides efficient
channels and more active sites for electronic transport. This electrode exhibited long cycle
stability and excellent rate capability (816 mAh g1, 200 cycles, 100 mA g~1).

2.2.2. Nanorods

Nanorods represent another significant morphology produced by solution combustion
synthesis. The high surface area of these nanostructures, combined with the physico-
chemical properties of WO3, makes them attractive for a range of applications. Vidya
et al. [88] demonstrated that monoclinic WO3 nanorods synthesized by SCS have potential
uses in UV sensors and filters, warming coatings, solar control, antireflection coatings,
low-temperature cofired ceramics, and electronic substrates. For their synthesis, they
used an aqueous solution of ammonium paratungstate as the precursor, citric acid as a
complexing agent, nitric acid as an oxidizer, and ammonium hydroxide solution as the
fuel (® = 1). The solution was kept at neutral pH and stirred for homogenization. It was
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then heated to 250 °C on a hot plate, resulting in a voluminous fluffy powder composed
of polycrystalline WO3; nanorods with widths of 40 nm and lengths ranging from 40 to
100 nm. The potential applications of these nanostructures were evaluated using Raman,
FTIR, UV-Vis, PL spectroscopy, and low-frequency dielectric measurements.

Kaplan and Sénmez [97] synthesized hexagonal WO3 nanorods using a simplified
SCS procedure. They used ammonium tungsten oxide hydrate as the oxidizer, citric acid as
the fuel, and ammonium nitrate as an additional oxidizer. The reagents were dissolved in
water and then ignited in a muffle furnace at 400 °C. After combustion, the powder was
washed with ethanol and calcined at 500 °C to obtain the desired nanostructures. They
explored the effects of ignition temperature, fuel/oxidizer ratio, and ammonium nitrate
amount on the morphology and phase of the structures. Evecan et al. [90] also achieved
hexagonal WO3 nanoneedles using tungsten ammonium oxide hydrate as the oxidizer and
oxalic acid as the fuel (P = 1), without a subsequent calcination step. The nanoneedles
were synthesized from a mixture of aqueous solutions of the oxidizer and fuel, followed by
magnetic stirring for 15 min, combustion at 300 °C, and rinsing with ethanol. The resulting
powder was dried at 80 °C overnight. Thin films of these nanoneedles, deposited using an
e-beam technique, exhibited a high coloration efficiency, optical transmittance modulation,
and rapid coloration and bleaching during -1 V switching, making them promising for
electrochromic devices such as smart windows.

Salkar et al. [98,99] produced WO3 nanorods using a soft SCS method with urea as
the fuel. They acidified an aqueous solution of sodium tungstate dihydrate with HCI (2M)
to form a colloidal tungstic acid gel, which was then washed to remove Na* and CI~ ions
by centrifugal filtration. An aqueous solution of pure urea or NH- or CH-substituted urea
was prepared and added dropwise to the gel under constant stirring, adjusting the pH to 2
with HCL The hybrid gel was digested in a water bath at 90 °C for 3 h and then calcined
in air at 550 °C for 2 h in a muffle furnace. Solutions containing pure urea and NH- or
CH-substituted urea produced WO3 nanorods and WOj3_y, respectively. NH substitution
induced one-dimensional growth of nanorods along the (002) plane and facilitated the
creation of oxygen vacancies on the surface, resulting in WO3_, nanorods with W>*/ W6+
redox surface states. These WO3_, nanorods synthesized using carbohydrazide showed
the highest area-specific capacitance (132 mF cm~2) and excellent capacitance retention
compared to other nanorods produced with CH-substituted urea and pure urea.

2.2.3. Hierarchical WO3; Nanostructures

The gases released during the combustion reaction in SCS greatly facilitate the for-
mation of hierarchical structures. These interconnected pores and channels enhance the
material’s surface area and create more active sites, which is particularly desirable for
electrochemical and sensing applications. Dong et al. [100], for example, designed a
straightforward SCS process to produce hierarchically porous WO3 microstructures using
fresh peroxotungstic acid as the tungsten source and a mixture of glycine and hydrazine
hydrate as the fuel (reaction at 400 °C for 30 min). These WO3; microstructures were tested
as acetone sensors and demonstrated an excellent performance at 300 °C for concentra-
tions ranging from 5 to 1000 ppm. They showed a high gas response and rapid response
and recovery times, comparable to sensors based on pure WO3 and WOz composites
produced using other techniques. The superior sensing performance was attributed to
the increased number of active sites provided by the porous WO3; microstructure, which
enhances interaction with gas molecules adsorbed on the surface.

Aliasghari et al. [83] produced sponge-like structures using SCS with tungstic acid as
the metal source and glycine as the fuel. They employed either a hot plate or a muffle fur-
nace to initiate the combustion reaction. Combustion on a hot plate resulted in amorphous
sponge-like structures, whereas combustion in a muffle furnace produced tetragonal-phase
sponge-like structures with a crystallite size of 16.7 nm. The electrochromic performance
and photodegradation efficiency of reactive blue dye were evaluated, showing that the heat
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source significantly influenced the results. The sample produced using the muffle furnace
exhibited a superior performance in both applications due to its crystalline structure.

Salkar et al. [98] applied a similar method to produce 3D WOj3 nanoporous structures.
By maintaining the temperature at 550 °C and increasing the calcination time, the nanorods
self-assembled into complex 3D structures featuring numerous edges, kink sites, and porous
channels. These structures provide a high surface area and specific capacitance (148 F g~ 1)
compared to smaller nanostructures. The enhanced electrocapacitive performance was
attributed to the 3D surface heterostructure, easy diffusion of H" ions through the porous
channels, and a greater number of active sites due to the increased electroactive area.

Recently, the same authors developed a simple SCS route to synthesize a DNA-like
double helical WO3_, /C microfiber superstructure via the self-assembly of in situ carbon
fiber-encapsulated WO3_ nanorods (Figure 5). The synthesis involved acidifying an
aqueous solution of STH with HCl and continuously stirring (1200 rpm) to form a colloidal
tungstic acid sol. Na* and Cl~ ions were removed by centrifugal filtration. An aqueous
citric acid solution with pH = 2 was then added dropwise to the solution under vigorous
stirring (1200 rpm), forming a precursor gel. This gel was refluxed in an oil bath at 100 °C
for 6 h and then calcined at 450 °C in a muffle furnace to produce the DNA-like double helix
WO;_,/C microfiber superstructures. It is believed that carbon fibers were formed in situ
during the incomplete combustion of citric acid, with the dominant surface plane (002) of
the growing WO;_ nanorods catalyzing their growth similarly to reduced graphene oxide
(rGO) in the 200450 °C temperature range. The size heterogeneity of the WO3_, nanorods
suggests that the carbon encapsulation rate competes with the growth kinetics of the WO3_
nanorods. Hydrogen bonds or van der Waals interactions are thought to induce the helicity
of the structures, with WO3_, nanorods integrating between the growing helical filaments,
leading to the formation of a DNA-like double helical superstructure. Electrocapacitive
measurements indicated that these 3D WO3 nanoporous structures are excellent candidates
for supercapacitor fabrication, with fast electrode—electrolyte interfacial kinetics, good
electrical conductivity, and cycle stability resulting in a high area-specific capacitance
(401 mF cm~2 at 2 mA cm~2), capacitance retention of over 94% after 5000 cycles, and a
power density of 498 W kg~ 1.
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Figure 5. (a) SEM image depicting DNA-like double helical tripodal microfiber superstructure along
with a representative DNA image shown in the inset for comparison. (b—d) represents HRTEM
and SAED analysis of this structure. (b) The yellow dashed lines indicate the position of WO3_
nanorods. (c) Carbon encapsulation around WO3_ nanorods. (d) The yellow dashed line indicates
the WO3_, /C heterostructure. Figure reprinted with permission from Reference [101]. Copyright
2021 ACS.

2.3. Sol-Gel Method

Sol-gel synthesis is a versatile and widely used method in materials science and
chemistry for creating various materials with controlled properties. It involves transforming
a sol, which is a stable colloidal suspension of nanoscale particles in a liquid medium, into
a gel-like network through controlled chemical reactions [102]. The process of sol-gel
synthesis can be summarized in several key steps. The aqueous sol-gel process typically
includes five main stages: sol formation; hydrolysis; condensation; gelation; and aging,
drying, and calcination, as illustrated in Figure 6 [103].

Precursors Sol  Connected porous EV. V.V, Final

solvents  formation structure Aerogel products

&@ A@ ‘Dry | XZ?E;

(Colloidal structures in sol) (Gel)

Cryogel
\ J

Figure 6. Schematic illustration of step-by-step sol-gel method. Adapted with permission from
Reference [103].

1. Sol Formation: The process begins with preparing a sol, which consists of a precursor
material dissolved in a suitable solvent. The precursor can be a metal alkoxide, a metal
salt, or other chemical species capable of undergoing hydrolysis and condensation
reactions.
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2. Hydrolysis: Water molecules from the solvent react with the precursor, breaking
down chemical bonds and usually forming metal hydroxide groups. This hydrolysis
step generates smaller molecular fragments that are more reactive and capable of
interacting with each other.

3.  Condensation: The hydrolyzed species undergo condensation reactions, where they
react with each other to form covalent bonds. This leads to the formation of a three-
dimensional network of interconnected nanoparticles. The extent of condensation
determines the final structure and properties of the gel.

4. Gelation: As the condensation reactions progress, the sol gradually transforms into a
gel, a semi-solid material with a three-dimensional network structure. The gelation
process can be controlled by adjusting parameters such as precursor concentration,
solvent composition, pH, and temperature.

5. Aging, Drying, and Calcination: The gel undergoes an aging process to further
enhance its structural integrity and properties. Following aging, the gel is carefully
dried to remove the solvent, which is critical to prevent cracking and shrinkage.
Depending on the desired properties and applications of the final material, additional
heat treatments, such as annealing or calcination, may be performed to promote
crystallization and improve material properties.

The sol-gel synthesis method offers several advantages, including the ability to create
materials with controlled porosity, composition, and structure at the nanoscale. It has
applications in a variety of fields, such as ceramics, glass, coatings, catalysts, sensors, and
biomedical materials. The precise control over synthesis parameters enables researchers
to tailor the properties of the resulting materials for specific applications, making sol-gel
synthesis a valuable tool in modern materials science.

However, the method also has its drawbacks. One significant challenge is the difficulty
in maintaining consistent synthetic control, as variations in synthesis parameters can lead
to products with different morphologies. Additionally, the process requires strict control of
hydrolysis and condensation reactions, making it technically demanding [103,104].

The sol-gel method has been extensively explored for fabricating metal oxide nanos-
tructures, particularly in engineering and technical applications, due to the precise control
over shape and size that this technique offers [105-108]. Sol-gel materials are valued for
their exceptional thermal, optical, magnetic, mechanical, and electrical properties, making
them suitable for a wide range of applications. The technique allows for the cost-effective
production of various materials, including thin films, nanoparticles, glass, and ceramics.

Further advantages of the sol-gel process include a high surface-to-volume ratio, the
ability to synthesize at low temperatures, and consistent reproducibility [29,109]. Unlike
solid-state reactions, sol-gel synthesis can achieve metal oxides at reduced temperatures.

The role of WO3 nanostructures in chemical reactions is crucial, as their specific design
significantly impacts their applicability across various fields. Tailoring WO3 nanostructures
is essential for optimizing process efficiency and enabling effective recovery of the photo-
catalyst during subsequent treatment stages. A substantial body of research has focused
on developing WO3; nanostructures with distinct attributes [110,111]. These nanostruc-
tures can be classified into zero-dimensional (0D), one-dimensional (1D), two-dimensional
(2D), and three-dimensional (3D) configurations. Within these categories, there are further
distinctions, such as quantum dot arrays, elongated arrays, planar arrays, and ordered
structures. For example, Figure 7 illustrates diverse morphologies of tungsten oxides across
different dimensions. In the 1D category, notable examples include nanorods, nanofibers,
nanowires, nanotubes, and nanoneedles [112-115]. In contrast, 2D and 3D arrays include
nanosheets and nanoflowers, respectively.

WO;3-based nanomaterials have become increasingly significant in emerging fields
such as photovoltaics, electronics, and photocatalysis due to their remarkable stability,
mechanical robustness, and high electron mobility. For instance, nanosized WO3 quantum
dots are effectively used as sensing receptors in fluorescent probes for detecting copper (II)
ions in water, owing to their high quantum yield and enduring stability [116]. Additionally,
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the extensive potential of 1D WOj3 is evident in electronics, optoelectronics, and gas sensing.
A study by Debsai et al. [117] explored the mechanical strength of WO3; nanowires, revealing
their exceptional fracture strain and positioning them as promising candidates for nanoscale
sensors and actuators.

Figure 7. FESEM and SEM images for (a) 0D, (b) 1D, (c) 2D, and (d) 3D WOj3 nanostructures. Adapted
with permission from References [118-121].

2.3.1. Nanoparticles

Abbaspoor et al. [7,122] produced WO3 nanoparticles using the sol-gel method for
photocatalysis applications. For synthesis, 3 g of sodium tungstate dihydrate (STD) was
dissolved in 100 mL of deionized water. Then, 2 M HCl was added to the solution to
reach the desired pH levels (1, 1.5, and 2). The solution was stirred for 15 h at 50 °C to
obtain the gel. The gel was then washed four times with deionized water and once with
ethanol to remove all impurities. The washed material was transferred to an oven at 80 °C
for 24 h to evaporate the solvents and subsequently calcined at 500 °C for 90 min. The
results showed that the solution pH significantly influenced the average particle size, with
particles synthesized at pH 2 resulting in larger average sizes than those synthesized at
pH 1. Additionally, the energy bandgap and absorption spectrum of the nanoparticles
were also affected by the synthesis pH. Specifically, the nanoparticles synthesized at pH 1
exhibited high absorption in the UV region and an indirect bandgap of 2.74 eV, making
them promising candidates for photocatalytic applications due to their efficiency in light
absorption and potential in the decomposition of organic pollutants. WO3; NPs synthesized
under the same conditions also demonstrated an excellent performance in the treatment of
acidic wastewater [123].

Susanti et al. [124] synthesized WO3; NPs with grainy shapes and a size range of
25-550 nm using a tungsten alkoxide as a precursor, ammonium hydroxide as a precip-
itating agent, and Triton X-100 as a surfactant. The size, morphology, and crystallinity
of the NPs were highly dependent on the calcination temperature. Further studies also
showed that WO3 NPs have a good response as CO sensors, with samples calcined at
500 °C showing a better performance due to their greater gas adsorption capacity [125].

Luxmi and Kumar [126] synthesized pure-WOj3 and Fe-doped WO3; NPs using egg
albumen as a solvent. From the process, monoclinic phase NPs with a cuboid-like shape,
nano-pores on the surface, and catalytic activity in the degradation of MB dye were obtained.
WO3, WO3-TiO,, and NiO-WO3; NPs synthesized via sol-gel have also shown a good
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catalytic activity for the reduction of Cr(VI) [127], HC, NOy, and CO gases [128] and
CO, gas [129], respectively. The results were attributed to WO3 which acts by increasing
the generation rate of electron-hole pairs and suppressing the recombination of photo-
generated charges.

2.3.2. Nanorods and Nanofibers

Brahimi et al. [130] synthesized WOj3 nanofibers via the sol-gel method as follows.
Initially, 5 g WO3 powder (commercial) was dissolved in 400 mL of ammonia solution
under stirring at a temperature of 80 °C. Then, the solution was cooled naturally and agar
gelling agent (1072 mL~!) was added to it. The solution was heated to 100 °C and a black
gel was obtained. The wet gel was dried at room temperature, ground in a mortar and
pestle, and calcined at 500 °C for 8 h (heating rate 5 °C min~!). The optical properties
of orthorhombic WOj3 nanofibers were investigated, and direct and indirect bandgaps of
2.82 eV and 2.54 eV, respectively, were detected for the material.

Ghasemi and Jafari [131] synthesized WO3 nanorods using sodium tungstate as a
precursor and oxalic acid and PEG as chelating and resin agents, respectively. First, sodium
tungstate was dissolved in water and the solution was acidified (pH 1-2) with a solution
of HCl and HNOj; (molar ratio of 1:1). Over time, a yellowish precipitate was formed
and converted into a soft gel. Then, the gel was rinsed several times with hot distilled
water and allowed to age at the same temperature. Oxalic acid and PEG, in appropriate
proportions, were introduced into the synthesis. The samples were then dried at 150 °C
and calcined at 550 °C for 90 min to yield WO3 nanorods. The analyses performed indicate
that the morphology of the sample is dependent on the content of oxalic acid and PEG in
the synthesis; larger amounts of these agents result in a transition from the morphology of
nanorods to granular and spherical particles.

WO3; nanorods were also synthesized by Ahmed et al. [132] without the use of capping
agents from the aging of an acidic aqueous solution of sodium tungstate at a suitable
temperature. SEM analysis showed that the morphology of the samples changed from
nanorods to nanosheets as the calcination temperature increased from 400 to 500 °C. The
effect was associated with the high Gibbs free energy value at higher temperatures that
favors the agglomeration of WOj3 seeds in all directions leading to the formation of 2D
structures. Due to the high surface area, an increased photocatalytic activity was observed
for nanosheets compared to WO3 nanorods.

2.3.3. Thin Films

The sol-gel method is widely used in the production of WO3 thin films due to its
cost-effectiveness and the ease of depositing uniform films over large areas. In addition,
the technique offers the possibility of controlling the film structure early in the process.

Thin films of WO3/WO3_4 were developed by Ramanavicius et al. [133] using a
deposition mechanism on glass substrates via the sol-gel method. Initially, 1 x 2 cm glass
slides were cleaned in an ultrasonic bath with acetone, ethanol, and deionized water for
15 min in each solution. STD and ammonium oxalate were dissolved in distilled water,
and hydrochloric acid was added under stirring at 40 °C, followed by HyO; to form
peroxotungstic acid (PTA). EtOH was added as a reducing agent. The glass slides were
dipped into the PTA + ethanol solution and incubated for 140 min at 85 °C. After forming
the coating, the slides were rinsed with distilled water, dried at 40 °C for 10 h, and annealed
at 500 °C for 2 h with a gradual heating rate of 1 °C/min. The results showed that a non-
stoichiometric monoclinic phase WO3;/WO;_y film was formed. SEM analysis revealed a
dense layer composed of randomly oriented sub-micrometric particles forming a network
with a high surface area. The material also demonstrated variable sensitivity to different
volatile organic compounds and ammonia, depending on the film’s operating temperature
as a sensor.

Zeng et al. [134] synthesized amorphous WO3/ordered porous crystalline WOj3
stacked films (a-WO3/OP-c-WO3) by the electrodeposition-assisted sol-gel method using
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polystyrene (PS) spheres as templates. Initially, an ordered porous crystalline WOj3 film
(OP-c-WO3) was obtained from the following procedure. In an ice bath, a solution con-
taining 20 mL of H,O,, 5 mL of deionized water and 5 g of tungsten was prepared. The
solution was filtered and the obtained clear yellow liquid was mixed with an aqueous
ethanol solution and kept under stirring at 45-50 °C for 2 h to obtain a tungsten sol. ITO
substrates coated with polystyrene (PS) spheres were dipped in the tungsten sol for 15 min
and then allowed to dry at room temperature. After, the substrates were dried at 60 °C for
48 h, soaked in toluene for 48 h, dried at room temperature, and then calcined at 400 °C
for h. Afterwards, an amorphous WOj3 layer was electrodeposited on the film obtained
using the film itself (OP-c-WOs3/ITO) as the working electrode and the diluted tungsten
sol as the electrodeposition solution. The amorphous WO3/ordered porous crystalline
stacked WOj3 films (a-WO3/OP-c-WO3) for different electrodeposition times are shown
in Figure 8. As the deposition time increases, the pore diameter gradually decreases until
they are completely covered by the amorphous film. Films electrodeposited with 250 s
showed a porous structure, high surface area, high roughness, and superior electrochromic
properties compared to the others.

Ge et al. [135] synthesized WO3 films fabricated from the dip-coating deposition of a
peroxotungstic acid sol on a glass substrate and studied the effect of the crystallinity on their
properties. The crystallinity and morphology were significantly altered by the annealing
temperature of the films (150-400 °C). At 150 °C, only the presence of peroxotungstic
acid was observed, at 200-300 °C the formation of an amorphous WOj3 disk-like film was
observed, and from 350 °C onwards there was the formation of monoclinic WO3;. Further
studies revealed that the electrochromic process is controlled by electron diffusion and
that crystalline films are more susceptible to electrochromism, presenting greater optical
modulation after electrocoloration, which suggests that electron transport is more effective
in these materials.

Figure 8. SEM images of a-WO3/OP-c-WO3 films obtained with electrodeposition times of (a) 150 s,
(b) 200 s, (c) 250 s, and (d) 300 s. The insets are AFM and SEM images of the cross-section of the
samples. Figure reprinted with permission from Reference [134]. Copyright 2024 Elsevier.

WOj3 composite films synthesized via sol-gel have also been widely explored in recent
years. Multilayer porous Pd-WOj3; composite thin films [136], WO3; /RGO nanocomposite
film [137], polyacrylic acid/tungsten oxide (PAA/WQs3) films [138], SiO,/WO3/ZnO
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films [139], WO;-TiO; films [140], and g-C3N4/WOj thin films [141] have been successfully
synthesized and have been employed in hydrogen sensing, electrochromic applications,
solar cells, anticorrosion, and photocatalytic water purification, respectively.

2.3.4. Other Structures

Zhuiykov et al. [142] report in their work the synthesis of quasi-two-dimensional WO3
nanoflakes using a two-step process called sol-gel-exfoliation using STD and nitric acid as
precursor and precipitating agents, respectively. Higher calcination temperatures resulted
in the production of larger nanoflakes; the increase in temperature appears to promote
the agglomeration of nanoparticles during the process, which leads to the formation of
larger crystallites. Orthorhombic WO; nanoflakes produced by this method proved to be
an excellent catalytic material for HER with high activity and stability in water, in addition
to being potential candidates for the production of semiconductor-based devices.

Saasa et al. [143] synthesized hierarchical flower-like pure WO3 and Co-doped WOj;
by a simple sol-gel method using carbon spheres as a template. The hierarchical flower-like
pure WOj3 obtained in the process was shown to be self-assembled by nanorods with a
monoclinic phase and crystallite size of 8.73 nm. Due to the small crystallite size, high
surface area, and defects of WO3, the nanostructures showed a good response in acetone
sensing, especially when doped with 0.6% Co.

The synthesis by the sol-gel method of orthorhombic and monoclinic WO3; micro-
spheres for the catalytic removal of DEET [144], porous sphere en-WO3/g-C3N4 compos-
ite photocatalyst for H, production [145], and TiO, /WO3 nanospheres for MB degrada-
tion [146], among other structures have also been reported in the literature.

2.4. Electrospinning Method

Electrospinning is a cost-effective and efficient technique for producing nanofibers,
with its origins dating back to the 1930s but gaining significant attention only after its
rediscovery in the 1990s. The term “electrostatic spinning” aptly describes the process,
which involves applying electrostatic force and rotational motion to an extruded polymer
solution [147,148]. The setup includes four main components: a high-voltage power source,
aneedle electrode connected to the polymer solution, a capillary for delivering the precursor
solution, and an earthed collector, where the final material will be formed (as shown in
Figure 9). Applying a high voltage between the ejection point and the grounded collector
starts the process. The polymer solution, fed through a syringe, becomes charged under
the applied voltage, forming a Taylor cone. The interaction between electrostatic forces
and surface tension drives the spinning motion. As the polymer jet reaches the collector,
the solvent evaporates and electrostatic repulsion stretches the jet. The characteristics
of the final product depend on various factors, including the properties of the polymer
solution, operational parameters, and environmental conditions such as temperature and
humidity [149,150].

Recently, electrospinning has garnered significant interest due to its low cost, high
efficiency, and reproducibility. The technique is being explored across various research
fields for its potential benefits. In environmental applications, nanofibers play a crucial
role, particularly in oil spill remediation, where porous membranes made of nanofibers are
utilized for their exceptional absorption and multifunctionality. Colloidal nanofibers, noted
for their unique surface roughness and enhanced properties from colloidal particles, show
promise in filtration, adsorption, and sensing applications. Their high aspect ratio provides
excellent charge transport properties, reducing interfacial electron interactions at grain
boundaries. This feature is beneficial for improving the performance of light-harvesting
devices such as dye-sensitized solar cells (DSSCs) and photocatalytic systems [151,152].

In the realm of optoelectronics, a specialized type of electrospun nanofibers known as
conjugated polymer filaments has the potential to revolutionize future devices, enabling
the creation of lightweight and flexible products. Additionally, the field of medical research
has shown considerable interest in electrospinning, particularly for developing effective
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drug delivery systems, where high encapsulation and loading efficiency are crucial for
various pharmaceutical agents.
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Figure 9. Schematic illustration of a typical electrospinning setup. A composite solution is ejected
under high voltage, forming a stable Taylor cone that transitions to an unstable whipping jet, resulting
in the deposition of nanofibers on the collector, indicated by the purple arrow. Adapted with
permission from Reference [153].

Recently, the electrospinning technique has gained significant attention for the produc-
tion of one-dimensional (1D) WO3 nanofibers (NFs). This process involves electrospinning
a solution of metal salts and a polymer template, followed by calcination at high tempera-
tures [154-156]. Despite its promise, electrospinning WO3 NFs has encountered challenges,
including the limited availability of suitable solvents and the difficulty in achieving the
necessary viscosity for stable electrospinning. Additionally, the inherent brittleness of WO3
NFs impedes their flexibility, which complicates their handling and use in membrane appli-
cations. Consequently, there is an ongoing need for the development of flexible nanofiber
membranes or textiles.

The fabrication process of WO3; NFs typically involves three main stages:

1. Formulation of the Electrospinning Solution: A solution is prepared containing a
polymer and a sol-gel precursor for WOs.

2. Electrospinning: The solution is electrospun under optimal conditions to create
nanofibers that include both the inorganic precursor and the polymer.

3. Calcination: The temperature is raised to perform calcination or chemical conver-
sion on the precursor, resulting in WO3; nanofibers and the removal of all organic
components from the fibers.

Researchers have used various metal precursors in electrospinning to synthesize 1D
WOj3 NFs. Typical electrospinning solutions include a salt precursor, a polymer matrix, and
a volatile solvent such as ethanol, water, chloroform, isopropanol, or dimethylformamide
(DME). The choice of polymer—such as poly(vinyl alcohol) (PVA), poly(vinyl pyrrolidone)
(PVP), poly(vinyl acetate) (PVAc), poly-acrylonitrile (PAN), poly(methyl methacrylate)
(PMMA), or poly(acrylic acid) (PAA)—depends on its solubility in the solvents and com-
patibility with metal salts like zinc acetate and copper nitrate [157].

Despite some limitations, electrospinning offers a key advantage: it allows precise
control over the morphology of the resulting fibers during both the electrospinning and
calcination processes. Studies have demonstrated that the diameter of the precursor fibers
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can be tuned by adjusting the concentration of the metal precursor. For instance, a study
by Paulo V. Morais et al. [158] involved the fabrication of ultra-thin WO3 NFs through
electrospinning and calcination of PVP and tungsten salt. Characterization via X-ray
diffraction (XRD) and scanning electron microscopy (SEM) revealed smooth fiber surfaces
and continuous structures post-calcination (see Figure 10a,b). Additionally, these WO3 NFs
exhibited exceptional selectivity for NO, gas in sensing applications (Figure 10c).

Electrospun WO3; nanostructures hold promise for various applications, including gas
sensors, energy storage devices, electrochromic devices, and catalysis. However, several
challenges need to be addressed to maximize their potential:

1.  Morphology Control

Challenge: Achieving uniform and controllable morphologies, such as nanofibers or
nanowires.

Solution: Optimize electrospinning parameters, including solution concentration,
solvent properties, applied voltage, and distance between the needle and collector.

2. Crystallinity and Purity

Challenge: Ensuring high crystallinity and purity for optimal functionality.
Solution: Control the calcination process, precursor materials, and annealing conditions.

3.  Size and Distribution Control

Challenge: Maintaining a narrow size distribution and specific size range.
Solution: Adjust electrospinning parameters such as solution viscosity and flow rate.

4. Material Degradation

Challenge: Preventing chemical or thermal degradation during the electrospinning
process.

Solution: Select appropriate precursor materials and solvents, and optimize electro-
spinning conditions.

5. Reproducibility and Scalability

Challenge: Ensuring consistent and reproducible results on a large scale.
Solution: Develop standardized protocols, conduct thorough characterization, and
scale up processes while maintaining control over parameters.

6.  Device Integration

Challenge: Integrating nanostructures into devices while preserving their properties.
Solution: Foster collaboration between materials scientists and device engineers to
optimize integration and performance.

7.  Stability and Durability

Challenge: Ensuring long-term stability and durability under operational conditions.
Solution: Investigate degradation mechanisms and perform accelerated aging tests.

8.  Toxicity and Environmental Impact

Challenge: Addressing concerns about the toxicity and environmental impact of
solvents and chemicals.

Solution: Explore environmentally friendly solvents and sustainable synthesis routes.

In summary, electrospun WO3 nanostructures offer exciting opportunities, but over-
coming challenges related to morphology control, crystallinity, size distribution, repro-
ducibility, stability, and environmental impact is crucial for their practical application.
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Figure 10. (a) XRD spectra of the WO3 NFs calcined at different heating rates SEM images of
the (b) as-prepared nanofibers before the calcination and (c) calcined NF550 with heating rates
(5 °C/min). (d) Relative selectivity for 100 ppm of NO,, Hp, and CO. Reprinted with permission from
Reference [158].

2.5. Microwave Method

In general, the method involves applying microwaves (A = 1-100 cm electromagnetic
radiation) to heat a solution. Microwave radiation excites and aligns the dipoles of the
material, resulting in ultra-fast, homogeneous, and selective heating that is not achievable
with conventional methods. This homogeneous heating enhances the controllability and
reproducibility of the synthesis. In addition to saving energy and time, microwave-assisted
synthesis offers advantages such as higher yields, rapid and uniform nucleation, and
increased reaction rates [159,160].

Despite these advantages, challenges such as overheating due to particle heat genera-
tion and the concentration of thermal energy at particle interfaces pose significant issues in
microwave-assisted synthesis. While localized heating or hot spots can accelerate nanopar-
ticle growth, excessive overheating may lead to aggregation and structural degradation
through sintering or melting. Additionally, in heterogeneous systems, different components
interact variably with electromagnetic fields, causing temperature gradients that can alter
reaction rates and products [160,161].

Efforts have been made to address these challenges, and various nanostructures have
been successfully produced using microwave-assisted methods.

This method has been employed to synthesize a range of materials. For example,
Lemos et al. [162] synthesized Ni- and Fe-doped ZnO using a household microwave.
Manikandan et al. [163] grew Zr-FeOOH and Zr-ZnFe;0, through successive microwave
and wet impregnation processes. Ju and co-workers [164] produced ZnFe,O, via a microwave-
assisted combustion method. Etminan and Sadrnezhaad synthesized MiMgAl,O, by combin-
ing microwave and combustion processes. Xiongjin et al. [165] achieved metallic Sb through
the direct microwave carbothermal reduction of Sb,O3 concentrate. The following sections
will focus on the main WO3 morphologies obtained from microwave-mediated syntheses.

2.5.1. Nanoparticles

WOj3 nanoparticles synthesized using microwave methods are valued for their low
cost, ease of operation, and the ability to produce monodisperse nanoparticles.
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Kowsalya et al. [166] produced WO3; nanoparticles through a two-step synthesis
process. First, 2.49 g of tungstic acid was dissolved in 10 mL of NaOH solution and stirred
for 30 min, forming a STH solution. The pH of the solution was then adjusted to 1 by
adding HCI, after which it was subjected to microwave irradiation at 240 W for 7 min. Post
microwave treatment, the material was centrifuged several times at 5000 rpm with distilled
water and ethanol. The sample was subsequently dried at 60 °C for 12 h and annealed at
500 °C for 5 h to obtain monoclinic WO3. A CTAB-mediated synthesis was also performed
using a similar process. In this route, 0.5 g of CTAB was added after the formation of STH
and stirred for 30 min. The pure and CTAB-mediated syntheses produced monoclinic WO3
with heterogeneous and homogeneous nanoparticle forms, respectively. The WO3 sample
obtained with CTAB had a larger size, greater surface area, and smaller bandgap. The
reduced bandgap improves the charge transfer, specific capacitance, and energy density,
making CTAB-treated WO3 promising for pseudocapacitance applications.

Aliasghari et al. [92] synthesized monoclinic WO3 nanoparticles using microwave-
assisted solution combustion synthesis. Initially, 4.0 g of tungsten powder was dissolved
in a certain amount of hydrogen peroxide, then 9.0 mL of nitric acid and 7.5 g of glycine
were added to the solution. After heating the solution on a hotplate at 80 °C, the resulting
viscous gel was transferred to a microwave oven (rotating sample at 900 W) to complete
the combustion in 60 s. The synthesis yielded spherical particles with a navy-blue color
and an average size of 300 nm. UV measurements indicated a bandgap of 3.5 eV, which is
1 eV higher than the bulk WO3 bandgap.

Other studies have reported the microwave-assisted synthesis of WO3 nanoparticles
using hydrothermal [167], solvothermal [168], and evaporation [169] methods.

2.5.2. Nanowires

Xiao and co-workers [170] developed a WO3 /rGO composite using WClg and graphene
oxide (GO) as precursors (Figure 11). Initially, 85 mg of WClg and 10 mg of GO were dis-
solved in 60 mL of absolute ethanol in a quartz tube. After 20 min of ultrasonication,
the tube was placed in a microwave reactor under an Ar atmosphere with the pressure
set to 35 bar. The reactor was heated to 200 °C and maintained at this temperature for
30 min. The system was then cooled to room temperature, and the mixture was washed
with ethanol three times. Finally, the sample was dried under vacuum at 30 °C. Microwave
irradiation induces super hot spots on the GO surfaces in the liquid phase, which ensures
localized crystallization of WO3 and promotes the growth of nanowires. The authors also
synthesized WOs3_, /rGO by subjecting the initial composite to varying times of microwave
exposure. The WO3 /rGO composite was placed in the center of a quartz flask, sealed with
a vacuum pump, and irradiated with microwaves (2.45 GHz, 800 W). The defect ratio was
controlled by varying the microwave exposure time (5, 10's, 20 s, 30 s, and 40 s). The
best results were observed with 20 s of exposure, yielding nanowires with a rough surface
and porous structure. Prolonged microwave heating led to crystal aggregation and pore
cracking. The photocatalytic efficiency of WO3/rGO, in combination with a Fenton reagent
(H,Oy + FeSOy4), demonstrated a good performance in degrading Bisphenol A (BPA). Other
studies have also shown that WO3 nanowires synthesized via microwave-assisted methods
exhibit a strong photocatalytic and photoelectrochemical performance [171].
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Figure 11. (a—c) SEM images of WO3, WO3/rGO and WO3_, /1GO, respectively. (d,e) TEM images,
(f) HRTEM image, and (g) SAED pattern of WO3_, /rGO sample. Reprinted with permission from
Reference [170]. Copyright 2020 ACS.

2.5.3. Nanorods

WOj3 nanorods are recognized for their excellent photocatalytic properties. The syn-
thesis of this morphology using microwave methods offers significant time and cost advan-
tages.

Periasamy et al. [172] synthesized WO3 nanorods using a straightforward microwave
route with a household microwave. Initially, a 0.1 M Nay WOy solution was prepared, and
the pH was adjusted to 1-2 by adding 6 mL of HCl dropwise, followed by stirring for 1 h.
During this process, the solution changed color from colorless to pale yellow. After settling,
the slurry was subjected to microwave irradiation for three different durations (10 min,
20 min, and 30 min). The resulting samples comprised nanorods with a combination of
monoclinic WO; 99 and orthorhombic 3-WOj; crystal structures. Electrochemical inves-
tigations revealed a decrease in capacitance with increased microwave irradiation time,
attributed to the growth of nanorod size. The best capacitance was observed in the sample
irradiated for 10 min (44 Fg~! at 0.5 Ag~'), indicating its potential as a promising electrode
material for supercapacitor applications.

Ryu and Nam [173] employed a microwave-assisted hydrothermal method (MH)
to synthesize WO3 nanorods. In this procedure, 0.2 M citric acid was dissolved in a
1.0 M NapWOy aqueous solution, and the pH was adjusted to 2.0 by adding HCI. After
stirring for 1 h, the solution was irradiated with microwaves (200 W) for 5 min in a CEM
Discover LabMate. The MH process was carried out at three different temperatures (150 °C,
180 °C, and 210 °C) with mild stirring. The product was allowed to cool naturally to room
temperature, washed three times with deionized water and ethanol, and dried at 60 °C for
12 h. The nanostructures WO3 nanorods were found to exhibit a hexagonal phase, with
sizes ranging between 80 nm and 600 nm, depending on the synthesis temperature. At
150 °C, the length of the nanorods was approximately 80-150 nm, while longer rod bundles
were observed at higher temperatures. The sample was evaluated for MB degradation,
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with the best results observed for WO3 synthesized at 150 °C due to its higher surface area
(52.05 m2g~1).

2.5.4. Nanoplates

WOj3; nanoplates are excellent materials for photocatalytic and sensor applications.
However, many synthesis routes often require post-synthesis processes that can increase
the size and alter the morphology of the nanoplates. To address this issue, McDonald and
Bartlett [174] synthesized WOj3 nanoplates using a single-step microwave method. In their
approach, 0.5 mmol of tungsten hexachloride was dissolved in 10 mL of stirring benzyl
alcohol. The solution was prepared in a microwave glass vial within an Np-filled glovebox.
The mixture initially produced a red solution that turned blue with continued stirring. The
vessel was then sealed and removed from the glovebox. The solution was heated at 200 °C
in a microwave reactor while stirring. After 30 min, the solution was quenched with a
compressed air gun and allowed to cool to room temperature. The precipitate was collected
by centrifugation, washed twice with ethanol and chloroform, and dried in a vacuum at
60 °C overnight. Morphological and structural characterization revealed that the samples
consisted of monoclinic WO3 nanoplates with an average size of 20 nm and a thickness of
5-10 nm, exhibiting high photocatalytic activity for the oxidation of benzyl alcohol.

Tu et al. [175] employed a microwave intercalation synthesis to produce WO3 nanoplates.
In their method, a Bi;HyOg precursor was added to 400 mL of 6M HCI, and the solution
was heated in a microwave oven for 30 min. This process generated an intermediate
product, HyW,0O7, which was then calcined at 700 °C to obtain monoclinic WO3 nanoplates.
The nanoplates-based NO sensor demonstrated a high sensitivity to NOx at elevated
temperatures.

2.5.5. Nanoflowers

WO3 nanoflowers can be created by assembling various structures such as nanorods,
nanowires, and nanoplates.

Gui and co-workers [176] developed a WO3 nanoflower using a microwave-assisted
gas-liquid interface method. They dissolved 1.49 g of NayWO,4:2H,0 in a 40 mL solution
of deionized water and ethylene glycol under vigorous stirring for 20 min. This solution
was then transferred to a Teflon-lined autoclave with 15 mL of HCI, heated to 120 °C
via microwave, and maintained at this temperature for 60 min. After centrifugation and
washing with deionized water and ethanol, the sample was dried at 100 °C for 8 h. The
dried powder was calcined at 550 °C for 2 h, resulting in nanosheet-assembled nanoflowers
with a thickness of approximately 85 nm. These nanoflowers showed a good performance
in detecting triethylamine (TEA) at room temperature, and also demonstrated effectiveness
for detecting NO, and acetone [177].

Nunes et al. [178] synthesized WO3 nanoflower films on an FTO substrate for solar
catalysis applications. They first covered the FTO with a WOj3 seed layer through a seeding
process. To grow the flower-like structures, they dissolved 0.829 g of NayWO, in 20 mL of
deionized water, added 5 mL of HCJ, stirred for 5 min, and then added 0.5 g of oxalic acid,
stirring for an additional 30 min. After adding 0.3 g of NaCl and stirring for another 5 min,
the solution was transferred to a Pyrex vessel, with the FTO substrate placed inside for the
microwave process. WO3; nanoflowers formed at 150 °C and 180 °C displayed flower-like
structures assembled from nanoplates and nanorods, respectively.

2.6. Hydrothermal/Solvothermal

Crystal growth processes via hydrothermal and solvothermal routes are widely used
in the production of nanostructures with controlled morphology and high crystallinity;,
with both being conducted in sealed environments under high-temperature and high-
pressure conditions. The main difference between these techniques lies in the type of
solvent used: hydrothermal synthesis employs water as the solvent, while solvothermal
synthesis uses organic solvents [179]. Both approaches offer flexibility in synthesizing



Processes 2024, 12, 2605

25 of 46

various nanostructured materials, allowing the modulation of parameters such as reagent
concentration, temperature, pressure, and reaction time, which results in a wide range of
structures.

These synthesis methods are highly regarded crystal growth techniques, known for
their ability to produce a variety of nanostructures such as nanorods, nanosheets, nanotubes,
nanoneedles, nanoparticles, microspheres, nanoflowers, and nanobelts [180-195]. They are
widely used for the production of metal oxides, including MnO,, SnO, Fe,O3, TiO,, Co304,
ZnO, and WOj3 [167,196-201], as well as heterostructures such as ZnO/CQDs/AgNPs,
Sn02/ «-Fe; O3, a-Fe, O3 /ZnTe, CuO/ZnO, and MoS2/Ni, V30g [202-206].

In this method, a chemical reaction occurs within a sealed environment where high
temperatures and pressures are applied, allowing the solvent to remain in a liquid state
even above its boiling point, thus increasing the solubility of the precursor [207]. The main
advantages include its one-step synthesis process, cost-effectiveness, low contamination
risk, and flexibility in adjusting synthesis parameters (solvent, reagent concentration,
reaction time, pressure, temperature, and pH), as well as its suitability for large-scale
production [208]. However, a disadvantage is that, for some compounds, the process
can take several days to complete [167]. Nonetheless, due to its simplicity and efficiency,
hydrothermal synthesis continues to be preferred for producing materials such as WOj3.

Solvothermal synthesis also involves the growth of nanostructures in a sealed en-
vironment under high-temperature conditions, but unlike the hydrothermal method, it
employs organic solvents such as methanol, ethanol, and toluene [209]. Although the use
of non-aqueous solvents makes the process less eco-friendly due to the toxicity of the pre-
cursors, which raises environmental concerns [210,211], solvothermal synthesis is known
for producing highly crystalline structures that generally do not require post-annealing
treatment.

2.6.1. Nanowires

Both hydrothermal and solvothermal methods are highly effective techniques for the
synthesis of WO3 nanowires, offering distinct advantages and differences based on the
reagents, solvents, and conditions used.

In the hydrothermal route, WO3 nanowires are synthesized using water as the solvent
under high-temperature and high-pressure conditions. This technique is known for pro-
ducing nanostructures with various phases, such as monoclinic, hexagonal, and cubic WOs.
Typical precursors include tungstic acid and sodium tungstate, with acids like oxalic acid,
citric acid, or HCl acting as initiators. Common solvents include deionized water, hydrogen
peroxide, and ethanol. Control over parameters such as the pH, precursor concentration,
temperature, and reaction time is crucial for achieving the desired morphologies and op-
timizing material performance. For instance, Liu et al. [212] obtained hexagonal WO3
nanowires with excellent NO, sensing properties by tuning the concentration of thiourea in
the precursor solution. Similarly, WO3; nanowires combined with reduced graphene oxide
(rGO) have been developed for gas-sensing applications, such as NH3z monitoring [213],
and studies have shown that the concentration of the tungsten precursor directly influences
the nanowire morphology (Figure 12) and sensor performance [214].
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Figure 12. (a) Schematic diagram of WO3 nanowire synthesis processing. (b) SEM images of WO3
nanowires synthesized with different Cyy with different magnifications. Reprinted with permission
from Reference [214]. Copyright 2020 ACS.

On the other hand, the solvothermal method employs organic solvents, such as
methanol or ethanol, in a similar high-temperature and high-pressure environment. This
method allows for the growth of WO3; nanowires with well-defined diameters and lengths,
often without the need for post-synthesis annealing. For example, Tang et al. [215] syn-
thesized crystalline WO3; nanowires using a combination of solvothermal synthesis and
RF magnetron sputtering, resulting in nanowires with diameters ranging from 33 nm to
71 nm (Figure 13) and excellent electrochromic properties including high transmittance
modulation and good cycling stability in a 1.0 M LiClO, /PC (propylene carbonate) solution.
The combination of WO3; with an amorphous layer further enhanced the nanowires perfor-
mance in electrochromic applications, as seen in their high transmittance modulation and
cycling stability [216,217]. Solvothermal-synthesized nanowires have also demonstrated
superior photocurrent densities compared to nanoplates, showing enhanced photoelectro-
chemical activity due to their increased surface area [218].
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Figure 13. Illustration of the growth of WO3; nanowires by the solvothermal method. Reprinted with

permission from Reference [215]. Copyright 2019 Elsevier.
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2.6.2. Nanorods

The synthesis of WO3; nanorods via hydrothermal and solvothermal methods offers
distinct advantages and yields materials with promising applications in fields such as gas
sensing and photocatalysis. Both methods are efficient in controlling morphology, phase
composition, and enhancing the material’s performance in various applications.

In hydrothermal synthesis, Yao et al. [219] used sodium sulfate and oxalic acid to
produce hexagonal WO3 nanorods with an average diameter of 60 nm. These nanorods
exhibited excellent photocatalytic degradation of organic dyes and high specific capacitance
in supercapacitor applications. Lu et al. [220] further demonstrated that varying the
concentration of sodium sulfate during synthesis could control the morphology of WO3
nanorods, influencing their gas-sensing properties. Specifically, nanorod bundles produced
with higher concentrations of sodium sulfate showed an enhanced sensitivity to formic
acid due to the increased surface area and active sites provided by their structure. Similarly,
Van Tong et al. [221] synthesized monoclinic WO3 nanorods (~160 nm) and enhanced their
gas-detection capability by decorating them with palladium (Pd) nanoparticles, increasing
the sensor response by up to 24% when Pd concentration was optimized.

On the other hand, solvothermal methods have also been widely used for WO3 nanorods’
synthesis, often incorporating surfactants to control structure. Mohamed et al. [222] em-
ployed a dual surfactant-assisted solvothermal route, using polyvinyl alcohol (PVA) and
Pluronic F-127 to prevent agglomeration and promote mesoporosity. The resulting WO3
nanorods, further modified with nickel sulfide (NiS), demonstrated an improved photo-
catalytic oxidation performance. The 9% NiS/WOj3; composite, for instance, achieved a
photocatalytic oxidation rate of 1.38 umol min~! and maintained stability over five cycles.

Both methods, however, demonstrate versatility in adapting WO3; nanorods for var-
ious sensing and catalytic applications. Studies also highlight the use of WOj3; nanorods
synthesized hydrothermally for sensing ethanol [223], NHj3 [224], and triethylamine [225],
as well as for dye photodegradation [226,227], showcasing the broad applicability of WO3
nanostructures across different fields.

2.6.3. Nanosheets

The synthesis of WO3 nanosheets via the hydrothermal route has gained popularity in
recent years due to the method’s simplicity and efficiency. These nanosheets offer numerous
advantages due to their large surface area, making them particularly useful in gas-detection
applications.

Wang et al. [228] reported the synthesis of WO3; nanosheets using a solution containing
0.1 g of P123 surfactant dissolved in 13 g of ethanol and 0.45 g of water. After stirring for
15 min, 0.4 g of tungsten hexachloride (WClg) was added. The solution was stirred for
an additional 10 min and then transferred to an autoclave, where it was heated at 150 °C
for 4 h. The resulting WO3 nanosheets were obtained after washing, drying for 5 to 10 h,
and annealing at 300 °C for 3 h. Field emission scanning electron microscopy (FESEM)
images revealed that the nanosheets had lengths and widths of approximately 100 nm and
thicknesses of about 10 nm. X-ray diffraction (XRD) confirmed the monoclinic phase of
WO3 with high crystallinity. These nanosheets demonstrated the highest response to 50 ppb
NO, compared to other gases (ethanol, CO, Hp, and NHj at 100 ppm) with a recovery time
of around 75 s.

Song et al. [229] synthesized monoclinic (M-WO3), triclinic (T-WO3), and hexagonal
(H-WO3) WOs3 nanosheets through a hydrothermal route using the treatment temperature
and precursors as adjust parameters. Structural analysis showed thicknesses of around
30—40 nm for M-WQOj3 and T-WO3, and 50-60 nm for H-WO3 with NO, detection depends
on the WO; phase. Similarly, Owen et al. [230] found that hexagonal WO3; nanoplatelets
obtained by the hydrothermal route have good activity in detecting gases such as acetone
and isoprene.

Jietal. [231] investigated NH3 sensing using WO3 nanosheets arranged in flower-like
structures with both loose (WO3L) and tight arrangements (WO3T). SEM images (Figure 14)
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indicated that both samples had flower-like morphologies with sizes around 3 pum, with
nanosheets having an average thickness of 10-15 nm for WO3L and 25-50 nm for WO3T.
Both samples were tested as NHj gas sensors, with WO3;L showing a 40% higher response
compared to WO3T due to its loose distribution, which provides a larger surface area.
Other studies have also explored WOj3; nanosheets for sensing gases such as NO, [232],
xylene [233], BTEX vapors [234], and CoH, [235].

Figure 14. SEM image of WOj3 nanosheets with loosely (a—c) and tightly (d—f) arranged. The
image was artificially colored to differentiate between the loosely and tightly arranged nanosheets.
Reprinted with permission from Reference [231]. Copyright 2019 Elsevier.

In contrast, solvothermal methods offer an alternative approach to synthesize WOj3
nanosheets with distinct properties. For instance, Yang et al. [236] synthesized WO3_
nanosheets using a solvothermal method, starting with WO3-0.33H,0 and adding acetic
acid to ethanol. The resulting WOs3_ nanosheets exhibited excellent photocatalytic ac-
tivity under visible light, with high ammonia generation rates due to oxygen vacancies
(OVs) introduced during the synthesis. These OVs served as active sites for chemisorp-
tion, facilitating the photocatalytic nitrogen fixation process. This method demonstrates
how solvothermal synthesis can be tailored to improve photocatalytic applications by
introducing non-stoichiometry and oxygen vacancies.

2.6.4. Nanotubes

The synthesis of WO3; nanotubes using the hydrothermal method is relatively new,
with only a few papers reporting this technique. The first successful synthesis of WO3
nanotubes without the aid of additional sources was reported by Zeb et al. [13]. For their
synthesis, 1.65 g of STD was dissolved in 40 mL of deionized water (DW). The solution’s pH
was adjusted to 1.5 with HCI while stirring. Fractions of potassium sulfate (K;SO4) ranging
from 2.5 to 20 mmol and either citric acid or oxalic acid ranging from 1.25 to 5 mmol were
added as surface directing agents. The mixture was then transferred to an autoclave and
heated at 180 °C for 24 h. Afterward, the samples were washed with ethanol and water
and dried at 60 °C. The resulting WO3 nanotubes exhibited ultrafine walls with a thickness
of 2 nm and a diameter of approximately 10-15 nm, showing a hexagonal phase with high
crystallinity. The nanotubes demonstrated excellent sensitivity to ethanol and acetone due
to their high surface area, porosity, and tunnel structure.

Similarly, Wu et al. [237] synthesized WO3 nanotubes using carbon cloth (CC) as a sub-
strate. X-ray diffraction (XRD) results indicated that the WO had a hexagonal phase with
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preferential growth directions along (001) and (200), and good crystallinity. Transmission
electron microscopy images revealed the formation of nanotube bundles. These samples
were tested as supercapacitor electrodes, showing high capacitance, excellent cycling stabil-
ity, and high reversible capacity for Li-ion batteries. This outstanding performance was
attributed to the tunnel structure of the nanotubes.

In a solvothermal approach, Song et al. [238] synthesized WO3 using WClg and urea
dissolved in ethanol, followed by heating at 180 °C for 12 h. After centrifugation, the
precipitate was dried and calcined at 450 °C for 3 h. The resulting WO3 exhibited a
similar hexagonal phase and showed an excellent response to ethanol when tested as a
sensor. The response to ethanol increased with temperature, reaching a peak at 340 °C,
after which the response declined, indicating a dynamic equilibrium between adsorption
and desorption. The sensor demonstrated ultra-fast response times (1 s for 100-500 ppm
ethanol) and recovery times between 9 and 19 s, outperforming previous WO; sensors.
Its selectivity for ethanol was notably higher than that for other gases such as methanol,
benzene, and hexane.

2.6.5. Nanoflowers

The synthesis of nanoflowers has gained popularity in recent years due to their high
surface area, which enhances charge transfer and broadens their technological applica-
tions [239]. Bhosale et al. [240] reported the growth of monoclinic and hexagonal WO3
nanoflowers on an indium tin oxide (ITO) substrate. They used an aqueous solution of
NayWOy4-2H;0 as the precursor, added HCI dropwise to adjust the pH, and incorporated
oxalic acid into the solution, which was stirred for 15 min. This solution, along with the ITO
substrates, was placed in an autoclave at 100 °C for 1 h. The resulting material was then
calcined at 400 °C for 2 h to obtain WO3 nanoflowers. These nanostructures demonstrated
excellent performance in energy-saving applications due to their rapid charge transfer and
high electrochromic stability.

Fang et al. [241] synthesized hexagonal WO;3; nanoflowers for gas sensing. The
nanoflowers, self-assembled from nanorods with a thickness of around 14-20 nm, showed
excellent sensitivity as NOx gas sensors, with a response time of 4.5 s to 97 ppm NOx
at room temperature. The flower-like structure facilitated easier gas diffusion between
the sheets.

Wei et al. [235] synthesized high crystalline WO3 nanoflowers via a hydrothermal route,
which were used for acetylene (C,Hy) gas detection, demonstrating a response time of 12 s
and a recovery time of 17 s for 200 ppm C,H; at 275 °C. This performance was attributed
to the additional active sites provided by their high surface area. WO3 nanoflowers have
also been successfully applied in sensing other gases such as aniline [242], NO; [41], and
xylene [243], as well as in photoelectrochemical [244] and photocatalytic applications [245].

In addition, Dutta et al. [246] introduced a novel application for WOj3; nanoflowers
by incorporating them into polymer nanocomposites through a chemical oxidative poly-
merization reaction. The WO3 nanoflowers were synthesized via solvothermal reaction
using tungsten hexachloride in methanol at 180 °C, forming nanocomposites with different
WOj; concentrations. The results showed that the nanocomposite with 15% WOs3; (PW 15)
exhibited superior capacitive performance, with a specific capacitance of 133.16 F/g and
74% capacitance retention after 5000 cycles. An asymmetric supercapacitor was devel-
oped using this material, showing an capacitance per unit area of 730 uF/cm?, energy
density of 370 mWh/kg, and a color change from blue to transparent green, indicating
the charge level of the device. This advancement positions the PMOANI-WO3; nanocom-
posite as a promising candidate for multifunctional supercapacitors with an additional
color-indicating feature.

2.6.6. Nanoparticles

In the hydrothermal method, Santos et al. [247] dissolved 0.4 g of STD in deionized
water containing 0.15 g of NaCl and adjusted the pH using HCl at different concentrations
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(2.7M,1.5M, and 0.3 M). The mixture was treated at 180 °C for 2 h, followed by washing and
drying. The resulting nanoparticles showed monoclinic and hydrated orthorhombic phases,
with different morphologies depending on the HCl concentration used. The nanoparticles
synthesized with 1.5 M and 0.3 M HCl exhibited higher conductivity and performance in
nitrite biosensors, attributed to the material’s morphology. Similarly, Santhosh et al. [248]
synthesized WOj3 using a hydrothermal route with WClg and thiourea as precursors. The
solution was autoclaved at 245 °C for 18 h, yielding monoclinic nanoparticles around
100 nm in diameter, which showed good visible light absorption and a 62% efficiency in
degrading methylene blue dye. These studies demonstrate that controlling the precursor
concentration and reaction temperature is crucial in defining the phase and morphology
of the nanoparticles, directly impacting their functional properties such as stability and
pollutant degradation efficiency.

In comparison, the solvothermal method is also effective in controlling the morphology
and phase of WO3 nanoparticles, offering greater versatility in the use of organic solvents
and controlling nanomaterial formation. Jeevitha et al. [249] synthesized WOj3 using WClg
and urea in ethanol, treating the solution at 180 °C for 12 h. The resulting material, with an
orthorhombic phase and irregular spherical morphology, was tested for ammonia detection,
showing a good performance with response and recovery times of 60 and 150 s, respectively.
Similarly, Wang et al. [250] varied the concentration of hexamethylenetetramine (HMT)
to control the morphology of WO3 nanoparticles obtained via solvothermal synthesis,
achieving structures ranging from flower-like to spherical nanoparticles (Figure 15), with
the best performance in toluene detection at high temperatures. This method offers precise
control over the formation and growth of the nanoparticles, allowing their properties to be
tuned for specific applications.

100 nm

100 nm

Figure 15. SEM images of HMTy/WCly with different molar ratios, from 0 to 2, and annealing at
500 °C: (a) HMTy—WOs3, (b) HMT(5—WOs3, (c¢) HMT; —WOs3, and (d) HMT, —WOs5. (e) Illustration
of the morphology-controlled process. Reprinted with permission from Reference [250]. Copyright
2019 Elsevier.
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Both hydrothermal and solvothermal synthesis highlight the importance of param-
eters such as precursor concentration, reaction time, and temperature in controlling the
nanoparticle morphology and phase. In terms of applications, WO3 nanoparticles ob-
tained through these methods have shown an excellent performance in gas sensors, such
as NO; [251], toluene [250], and ammonia [249] detection, as well as in photocatalytic
pollutant degradation [247,248] and antimicrobial activity [168]. While the hydrothermal
method is widely used for its simplicity and energy efficiency, the solvothermal method
offers greater versatility in controlling nanoparticle morphological characteristics, favoring
the development of nanomaterials with optimized properties for specific applications.

2.6.7. Hollow Microspheres

Hollow microsphere structures synthesized via solvothermal or hydrothermal meth-
ods are of significant interest due to their unique morphology, which offers a large surface
area and straightforward synthesis, either with or without a template.

Tong et al. [251] utilized the solvothermal route to produce hierarchical monoclinic
WO;3 hollow microspheres (~900 nm in diameter) with good crystallinity and a wall thick-
ness of about 200 nm. These microspheres were employed as anode electrodes in a battery,
using an electrolyte composed of 1 mol/L LiPF6 in a 1:1 volume mixture of ethylene carbon-
ate (EC) and dimethyl carbonate (DMC). The electrode exhibited a high reversible capacity,
excellent capacity retention, and impressive high-rate cycling performance, maintaining
213 mA-h-g~! after 500 cycles.

Jin et al. [252] also synthesized hollow WO3; microspheres using a solvothermal
method. The WO3; microspheres, which were decorated with Pd/PdO (with atomic ratios
of 0, 1 at%, 2 at%, and 5 at%), were characterized as monoclinic WO3 microspheres with
surfaces consisting of irregular nanosheets. There was no significant morphological change
following Pd/PdO deposition. The 2 at% Pd/PdO-WO;3; sample showed an excellent
performance in H,S detection, with a rapid response time of 1 s for 25 ppm H,S, indicating
its high potential for use in gas-detection applications. Additionally, other studies have
explored WO3; microspheres for sensing gases such as NO [253], toluene, and xylene [254].

On the other hand, hydrothermal methods have also been employed to synthesize
WOj3 hollow microspheres, often utilizing organic precursors. For instance, Lee et al. [255]
synthesized WO3; microspheres using glucose monohydrate as a carbon precursor and
sodium tungstate (Na; WO, -2H,0) as the tungsten source. The reactants were dissolved
in distilled water and transferred to a Teflon-lined autoclave, where they were treated
at 200 °C for 24 h. After cooling, the products were washed, dried at 60 °C, and then
subjected to thermal decomposition at 450 °C, converting the carbon core into WOs3. The
study explored various molar ratios (R) between glucose and Na,WO,4-2H,O, affecting
the final morphology of the microspheres. The hydrothermally synthesized WO3 hollow
microspheres exhibited a notable performance in gas detection, particularly for NO,.
As the thermal energy during calcination increased, the hollow microspheres gradually
transformed into solid microspheres. Nevertheless, the hollow microspheres consistently
demonstrated a higher response to NO, detection, with a 2.2 to 2.9-fold improvement
compared to the solid structures. This enhanced performance was attributed to their larger
surface area, which facilitated more efficient gas diffusion through the porous and thin
shells of the hollow microspheres.

2.6.8. Hierarchical Structures

The rapid advancement of new technologies has spurred a continuous quest for
innovative materials. Among these, hierarchical structures have gained prominence due to
their ability to integrate multiple morphologies, enhancing the performance of devices by
combining various properties.

Wang et al. [256] synthesized WO3; nanorods using a solvothermal method. They
dissolved 0.5 mmol of NapWO,-2H,0 in varying volumes of ethanol (0, 2, 3, 4, 5, 6, 8,
11, 15, and 17 mL), then added 12 mL of NaCl solution and stirred for 10 min. HCl



Processes 2024, 12, 2605

32 of 46

was then added until the pH reached 1. The resulting solution was transferred to an
autoclave and treated at 100 °C for 4 h. The precipitate was washed with distilled water
and ethanol, then dried at 60 °C. The volume of ethanol significantly influenced the phase,
crystallinity, and morphology of the nanostructures. With ethanol volumes from 0 to
3 mL, orthorhombic WOj3; flower-like structures with diameters around 4 to 5 um were
formed, showing good crystallinity. For volumes between 4 and 8 mL, hexagonal WO3
microflowers with high crystallinity and diameters of around 3 pm were observed, along
with nanosheets composed of ultrafine nanorods with lengths of 300 nm and thicknesses of
5 to 10 nm. With ethanol volumes up to 11 mL, the formation of hierarchical WO; flowers
was disrupted, resulting in irregular blocks. The photocatalytic activity was assessed by
decolorizing methyl orange (MO), and the WOj3 synthesized with 5 mL of ethanol showed
the best performance, decolorizing MO in 30 min.

Wang et al. [257] synthesized WO3 nanosheets and nanorods using WClg, distilled
water, and 1-propanol as precursors. Figure 16a shows monoclinic WO3 nanosheets with
sizes ranging from 300 to 1500 nm and a thickness of about 20 nm obtained in the process.
Figure 16b displays monoclinic WO3 nanorods with diameters between 20 and 80 nm in
some regions of the sample. Figure 16c,d present TEM and HRTEM images, revealing a
lattice spacing of 0.384 nm and a growth plane of (002) for the nanorods. The sensing prop-
erties of the WOj3 nanocrystals were evaluated for NO, gas using a computer-controlled
gas-sensing system. The WO3 nanorods exhibited a high response time (24 s), recovery time
(137 s), and sensitivity to 1 ppm NO, gas at 100 °C. Other researchers have also explored
WOj3 hierarchical structures for sensing gases such as ethanol [258], chlorine [259], and
trimethylamine [260].

\\“
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!

Figure 16. (a) SEM images of WO3 nanosheets, (b) enlargement of the white-circled area in (a),
revealing nanorods dispersed among the nanosheets, circled in red, (¢) TEM, and (d) HARTEM
images of WO3 nanorods. Reprinted with permission from Reference [257]. Copyright 2016 Elsevier.
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2.7. Colloidal Synthesis

The colloidal method is widely used in the synthesis of nanomaterials because it allows
fine control over the size, shape, and composition of nanoparticles. Advances in colloidal
approaches have allowed the synthesis of high-quality monodisperse crystals with various
shapes such as spherical, cubic, ellipsoidal, rod-like, need-like, plate, and others. Currently,
it has been presented as one of the most promising methods for designing highly complex
and stable nanocatalysts [261].

It is one of the oldest methods for the synthesis of metallic nanoparticles, especially
gold and silver. Currently, there is a renewed interest in the synthesis of noble metal colloids
due to the surface plasmon resonance (SPR) observed in these materials. SPR can also
be detected in semiconductor materials such as metal oxides, metal chalcogenides, metal
nitrides, and silicon, among others. A comprehensive discussion of the electromagnetic
dynamics governing the interaction of light matter in plasmonic semiconductors and their
distinct physical properties due to the advances in colloidal synthesis routes is presented in
Agrawal et al. [262].

Tungsten oxide is a narrow bandgap semiconductor with well-known (photo)catalytic
properties. The synthesis of uniform and stable colloids of WO3; nanoparticles by this
method has enabled the production of increasingly powerful nanocatalysts and contributed
to the processing of new nanocomposites. WO3 nanoparticles with diverse morphologies
have been fabricated by both “bottom-up” (chemical routes) and “top-down” (physical
approaches) colloidal methods. The “bottom-up” methods are more cost-effective, more
reproducible, and allow greater control of morphology when compared to the former [263].

Among the “top-down” approaches, pulsed-laser ablation is one of the most widely
employed although electric spark discharge, chemical etching, and mechanical milling
methods are also used. In this regard, Salim et al. [264] synthesized colloidal WO3 nanoparti-
cles using a Q-switched Nd:YAG laser with wavelengths of 1064 nm and 532 nm (repetition
rate of 1 Hz; pulse width of 15 ns) and a tungsten target in aqueous medium. Spherical
and crystalline nanoparticles were obtained at both wavelengths. The average size of the
generated WO3 nanoparticles decreased from 15 nm to 8 nm and the particle concentra-
tion increased when the wavelength was changed from 1064 to 532 nm, indicating that
wavelength tuning is an important tool to control these parameters. Fakhari et al. [265] also
found that the size, crystallinity, and antibacterial activity of colloidal WO3 nanoparticle
material are also affected by laser fluence (Q-switched Nd:YAG laser with A = 1064 nm,
repetition rate de 2 kHz, pulse width of 220 ns). Higher laser fluence results in the produc-
tion of larger, more crystalline nanoparticles with greater antibacterial activity under both
visible and UV light.

Recently, the synthesis of colloidal Ag@WO3 core—shell nanostructures from a two-step
laser ablation process was reported for the first time [266]. The morphology and structural,
electrical, and optical characteristics of the Ag@WOQO3 core-shell nanostructures were found
to be dependent on the core concentration. Colloidal Pd/WO3 nanostructures generated by
the pulsed-laser ablation method were also reported [267]. The aging of the WO3 NPs was
shown to be fundamental in defining the morphology of the structures; with increasing
aging time, the nanostructures change from a core—shell structure to a simple spherical
structure. Gasochromic response of the colloids towards hydrogen gas was also shown to be
dependent on the material structure. The synthesis of this novel and tailored nanostructure
represents an advancement in the use of “top-down” approaches for colloidal materials’
synthesis and may provide the development of novel nanostructures with highly flexible
shapes and characteristics.

Regarding the “bottom-up” approach, several wet chemistry routes have been em-
ployed for the synthesis of colloidal WO3; nanoparticles. WO3 nanoparticles [268,269],
WOs-based polymer films [270], Au-5iO,-WOj3 core—shell composite [271], colloidal WO5-
x nanowires [272], and WO3 nanorods [273], among other structures, have been successfully
produced from these routes. Recently, studies have explored the chromic behavior of WO;
and the surface plasmon resonance properties for the development of composites with
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possible theranostic applications. When tuned correctly, materials with this combination
of properties can be used for optical imaging, magnetic resonance imaging, ultrasound,
computed tomography, and nuclear imaging [274].

Given the similarity of the “bottom-up” colloidal method with others described in this
work, we will not discuss the WO3 morphologies obtained through it one by one; only an
overview of the method is presented below.

In general terms, a colloid (or “sol”) is a suspension of nanoparticles, typically in
the range of 1-1000 nm, in a liquid medium. The size, shape, and surface properties of
nanoparticles, as well as the optical properties of the system and particle-solvent and
particle—particle interactions determine the nature of the colloid. The intramolecular forces
and interfacial free energy of the system determine the stability of the colloid [275].

Traditionally, colloidal nanoparticles are synthesized by the reduction or decomposi-
tion of metal precursors (Figure 17). In a typical chemical reduction (Figure 17a), the metal
precursor is dissolved in a solvent in the presence of a capping agent, then the temperature
is raised and a reducing agent is introduced to initiate the formation of NPs. Thermal
decomposition can involve two distinct approaches. In the first, thermal decomposition
occurs in a manner similar to reduction except that the process occurs at higher tempera-
tures and no reducing agent is used (Figure 17b). In the second approach, the solvent and
precursor agent are initially mixed, after the system is heated, the precursor is then injected
into the synthesis vessel (Figure 17c). Cooling the system stops the growth of the NPs.
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Metal b
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precursor Solvent precursor

Metallic core ‘ ’ ‘
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Stabilizing Metal precursor

‘Hot’ reaction mixture

Figure 17. Colloidal synthesis of NPs via (a) chemical reduction, (b) traditional thermal decomposi-
tion, and (c) thermal decomposition via hot injection. Reprinted with permission from Reference [276].
Copyright 2020 MDPL.

In both processes, the capping agent plays a key role: it surrounds the colloid cores
and limits the diffusion of the precursor from the liquid phase to the core, helping to control
the growth of the nanoparticles, and it also acts as a stabilizing agent, preventing the coa-
lescence and agglomeration of the NPs. Furthermore, protective agents can shape the NPs
as they can induce growth in a given direction. Surfactants, linear, and dendritic polymers
and binders are the most commonly used reagents for this purpose [276]. However, the
size, shape, and composition of colloidal NPs is defined by the combination of parameters
involved: temperature, time, type of precursor, solvent and capping agent, concentration
of reagents, use of extra precursors, among others. This diversity of parameters allows the
design of nanostructures with specific and varied characteristics.

Despite recent progress, the colloidal method still has challenges that limit its applica-
tion area. The synthesis of thin films and heterostructures in solution or at their interfaces,
yield, and large-scale production are critical points for the use of this method in some fields.
In addition, further studies are still needed to fully understand the surface properties of
colloidal nanoparticles as well as the nucleation and growth process in this approach, since
these processes have a great impact on the material properties.
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3. Conclusions and Future Perspectives

The advancement of nanoscience and nanotechnology has significantly improved the
performance of WO3; morphologies across various applications, including microelectronics,
photoelectronics, catalysis, sustainable energy generation, transformation, conversion,
storage, and environmental technologies. The core objective driving progress in nanoscience
and nanotechnology is the strategic design of nanostructures with specific attributes to
meet distinct functionalities.

Currently, a variety of methodologies and techniques are used to engineer WO3 nanos-
tructures with different dimensions, providing a broad perspective for those interested in
nanomaterials (Table 1). However, achieving the desired characteristics in nanomaterials
presents considerable challenges. The evolution of new technologies has increased the
demand for nanostructures with precisely defined morphologies and sizes, as well as
controlled crystallinity, exposed surfaces, multiscale arrangements, and optimized cou-

pling states.

Table 1. Synthesis methods for WO3 nanostructures and their main characteristics.

Synthesis Method

Advantages

Disadvantages

Promising Applications

Co-precipitation

Solution Combustion

Sol-gel

Electrospinning

Microwave

Hydrothermal/Solvothermal

Colloidal

Simple and rapid preparation;

Various possibilities to control the
particle size, composition and surface;
Low temperature;
Scalability;

Simplicity and low cost;

Time- and energy-saving;

Well-developed porosity;

In situ construction of heterojunctions;
Versatility;

In situ doping;
Controllable structure, composition and
porosity;

High surface-to-volume ratio;
Consistent reproducibility;

Simplicity and low cost;
High reproducibility;
High porosity;

Controllability and reproducibility;
Time- and energy-saving;
High yield;

Rapid and uniform nucleation;

Controllable size, shape, and
crystallinity;

Thermal and chemical stability;
Control over the size, shape, and

composition;
Production of very small particles

Not applicable to uncharged
species;
Possibility of precipitation of
trace impurities;

Agglomeration;
Difficulty in controlling
morphology;
Potential contamination by
combustion residues;

Relatively longer reaction time;
Harmful organic solvents;

Expensive chemicals;

Limited availability of suitable
solvents;

Toxic solvents;
Achieving uniform and
controllable morphologies;
Overheating;
Expensive equipment;
Unsuitable for scale-up;
Reaction monitoring is not
viable;

Expensive autoclaves;

Unfeasible reaction monitoring;
Toxic solvents (solvothermal);
Cost;

Yield;
Harmful solvents;
Oxidation and thermal
degradation of ligands

Catalysts;

Photodegradation;

Gas sensing;
Antibacterial activity;
Photocatalytic degradation;

Lithium-ion battery;

Electrochromic devices;

Supercapacitors;
Gas sensors;
Photocatalytic applications;

Hydrogen sensing;

Electrochromic devices;
Water purification;

Gas sensors;

Drug delivery systems;
Filtration, adsorption, and
sensing applications;
Pseudocapacitance applications;
Photocatalytic degradation;
Gas sensors;

Gas sensors;

Electro(photo)chromic
applications;
Photocatalysts;

Chromic devices;

Theranostic applications

Therefore, developing innovative synthetic strategies and theories is crucial to meet
these evolving needs. Efforts should focus on refining existing synthesis methods, advanc-
ing current synthetic paradigms, and exploring alternative fabrication processes. These
initiatives are expected to significantly enhance the field and contribute to its future growth.
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