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Structural and optical characterization of WOz and WO3/rGO nanocomposites
synthesized by a simple chemical method

D.E. Ortega-Martinez, R. Agustin-Serrano, F. Caballero-Briones, F. Chalé-Lara, C. Guarneros-Aguilar

The chemical structure and morphology of inorganic metal oxides have attracted increasing interest because of these
parameters directly influence their sensing properties. Additionally, the incorporation of reduced graphene oxide (rGO)
favors an increase in the sensitivity of these composites. Tungsten oxide (WOs3) and tungsten oxide/reduced graphene oxide
(rGO) nanocomposites with 3 wt% (WOs/rGO) were prepared via reflux method. X-ray Diffraction (XRD), Raman
Spectroscopy and Scanning Electron Microscopy (SEM) techniques were used to study the crystalline structure and
morphology properties of the prepared WO3 and WO3/rGO nanocomposites. The diffraction pattern of WO3 shows the
diffraction peaks of tungsten trioxide hydrate (WOs(H20), tungstite) with orthorhombic structure; however, with the
annealing at 500 °C occur a phase transformation to the monoclinic structure. The incorporation of rGO into the WO3
matrix did not modify its monoclinic chemical structure. The crystallite size of the reduced composites increases as the
percentage of rGO increases. Furthermore, the optical properties of WO3/rGO nanocomposites were characterized by
Ultraviolet-Visible Diffuse Reflectance Spectroscopy (UV-Vis DRS). The band gap of WO3s/rGO composites varies
between 3.32 and 3.35 eV. SEM images of WOs3 show structures of nanoplates with rectangular transversal section.

Introduction

Tungsten trioxide (WQs) it is a n-type transition metal
oxide semiconductor with band gap from 2.6 to 3.0 eV and
different crystal phases which are formed following the
sequence; monoclinic I ( e-WOs3, <230 K), triclinic (5-WOs,
230 — 290 K), monoclinic | (y-WOs, 290 — 603 K),
orthorhombic (B-WOs, 603 — 1013 K), and tetragonal
(a-WOs3, > 1013 K). However, monoclinic | is the most
stable phase at room temperature [1]. According to the
applications, electrochromic, sensing, photocatalytic, photo
imaging systems and solar energy collectors or
thermoelectric, it can be obtained in bulk or in thin film form;
however, the structural, morphological, and electric
properties depend on the synthesis method.

Some methods for the WO3 synthesis are hydrothermal
[2,3], Pechini [4], chemical bath [5], chemical vapor
deposition [6], sol-gel [7], spray pyrolysis [8],
electrodeposition [9], thermal oxidation [10], and sputtering
[11]. Reflux is a simple technique, with high yield and easy
operation commonly used in organic chemical synthesis in
which chemical reactions occur at the solvent boiling
temperature; the energy necessary for the reaction is
obtained by heating the reaction solution over long periods
of time, under atmospheric pressure and at constant volume.
The control of these parameters provides benefits in the
phase and morphology of the nanostructures [12]. This
technique has been used for the synthesis of carbon
nanotubes (CNTs) compounds at different contents of novel
hexagonal tungsten oxide (h-WOs) nanoflakes. On this
paper, the nanocomposites were prepared via a one-step
hydrothermal method, obtaining a crystal structure and
morphology of WO3 without change with the incorporation
of CNTs, but caused abnormal decrease of the sample’s
surface area [13].

WOj; has been synthesized by hydrothermal methods using
sodium tungstate dihydrate (Na,WOs-2H,0) and nitric acid
(HNO:s). First, refluxed in HNO3 solution for 12 hours at
120 °C. After cooling down to room temperature, the
refluxed CNT’s suspension was added. The suspension was
then transferred into a stainless-steel autoclave for

24 hours. Powder sample was obtained after cleaning the
hydrothermal product with distilled water [13].

On the other hand, graphene has been attractive due to its
high Young’s modulus of 1.0 TPa, intrinsic stress of
130 + 10 GPa, third order elastic stiffness (-2.0 TPa) [14],
and high specific surface area (1315 m?/g, theoretical value
for one side of a graphene sheet) [15]. Also, its high thermal
conductivity (4.8 — 5.3 x10° W/mK) [16], high carrier
mobility (even up to 10° cm?/Vs at 300 K), ballistic transport,
linear current-voltage characteristic, huge sustainable
currents (> 108 A/cm?) [17,18], and high transparence in
visible spectra (90%). The combination of these properties
with other materials properties such as polymer, metal, and
semiconductor, can improve the functionality of different
electronic and optical devices. However, for most
applications, it’s important that the graphene build chemical
bonds, otherwise, free-standing graphene is not
mechanically stable and tends to roll up. The incorporation
of rGO into WO3/rGO composites brings significant
improvements in the electrochemical, structural and practical
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properties of the material, justifying its use in specific
applications. rGO provides higher electrical conductivity and
a large surface area, facilitating charge transport and
increasing catalytic activity, resulting in improved
sensitivity and selectivity for the detection of contaminants
such as 4-chlorophenol [19], and triclosan [20]. Furthermore,
this combination has demonstrated a significantly lower
detection limit and sharper oxidation currents compared to
unmodified electrodes. Structurally, rGO restricts the growth
of WOj; crystals, generating smaller grain sizes and higher
thermal and mechanical stability. In practical applications,
the WOs/rGO composite has excelled in sensors for
environmental and biological sample analysis, achieving
high recovery and reproducible performance in complex
media such as water and soil. Furthermore, its use in
electrochromic devices has demonstrated higher coloring
efficiency, faster switching times, and improved cycling
stability. However, while the benefits are evident, the
effectiveness of rGO may depend on the synthesis method
and operating conditions, suggesting the need for
optimization to maximize its advantages in specific
applications. Therefore, the added value of rGO in WO3/rGO
composites lies in its ability to significantly improve the
functional properties of the material, positioning it as a
promising solution for advanced electrochemical sensors and
functional materials in emerging technologies [19-21].

Therefore, the preparation of reduced graphene oxide is
required to add it to the nanocomposites and thus increase
their hydrophilic character and provide a therefore been very
promising for surface functionalization [22]. Although
reduced graphene oxide (rGO) has lower electrical
conductivity and slower carrier mobility than graphene
because of the chemical functional groups attached to the
carbon plane, the use of the rGO in the nanocomposite
formation with metal oxide semiconductors, can enhance its
physical, chemical, and electrical properties [23].

In this work, reflux was used for the WO3; and WO3/rGO
synthesis, at water boiling point and atmospheric pressure.
The experiments were carried out at different reaction times
for the evaluation of the time effect on the oxide and
nanocomposite formation, structural, morphological, and
optical properties.

Materials and Methods

The synthesis of WO3 and WO3/rGO nanocomposites were
carried out by reflux using 3 g of Na;W0O4.2H,0 as tungsten
precursor, 20 ml of hydrochloric acid (HCI), and 0.4 M
oxalic acid (H2C;0.) solution [24], at water boiling
temperature (100 °C) and atmospheric pressure (1 atm) with
constant magnetic stirring. For the preparation of WO3/rGO
nanocomposites were used 0.025 g of GO dispersed in 50 ml
of deionized water; GO was synthesized according to [25].
Different experiments were realized during 5, 7.5, and 10
hours to evaluate the reaction time effect on structural and
optical properties of WO3 and WOs3/rGO. After the reaction
time the yellow-colored precipitated powders were filtered
and washed with deionized water and ethanol. The WO3 and
WO3/rGO samples were annealing by 5 hours at 500 °C and
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350 °C, respectively. The structural characterization of the
samples was carried out by X-ray diffraction in a Bruker D8
Advance  diffractometer  using  Cu-K, radiation
(A =1.5406 A) operated at 40 kV and 40 mA, with a step size
of 0.02°. Raman spectra were obtained in a Micro Raman
Horiba-Jobin Yvon with a 632.8 nm He-Ne laser. Scanning
Electron Microscopy images acquisition was carried out in a
JEOL JSM-6610LV microscope at 20 kV and magnification
of 15000X. Diffuse reflectance spectra were recorded from
compact powders using an UV-Vis Spectrophotometer
(Evolution 600).

Results and discussion

The filtered powders of the experiments performed at 5,
7.5, and 10 hours were analyzed by X-ray diffraction
(Figure 1). The bottom pattern shows the diffraction peaks
of tungsten trioxide hydrate (WOs3(H20), tungstite) with
orthorhombic structure (PDF 04-011-6930) and tungsten
trioxide (WOs) pure with monoclinic | structure (PDF 04-
005-4272); however, with the annealing at 500 °C occur a
phase transformation to the monoclinic structure of WOz due
to dehydration. X-ray diffraction pattern of annealed samples
were matched with PDF 04-005-4272 and shows the planes
(002), (020), (200), (120), (-112), (022), (202), (-122),
(-222), (004), (040), (400), (-114), (420), (340), and (424)
located at 23.17°, 23.6°, 24.4°, 26.6 °, 28.9°, 33.35°, 34.2°,
35.67°, 41.6, 41.98, 47.35°, 48.3°, 49.9°, 50.7°, 55.8°,
62.35°, and 76.58° respectively; there are no peaks related to
another phases. Also, there are no significant changes in peak
intensity or position due to reaction time. The lattice
parameters obtained at the principal plane are a = 7.28 A,
b=751A, andc=7.67 A, and d spacing of 3.83 A [26].

Following the diffractograms of WOg;, the diffraction
pattern of rGO is shown with peaks at 12.02°, 26.6°, and
42.5° which correspond to (001), (002), and (101) planes,
respectively. The diffractograms of the WOs/rGO
nanocomposites are shown at the top of the graph. The
characteristic peak of graphene is not observed in WO3/rGO
nanocomposites because of the low content of rGO and for
the reduction of GO to rGO. The WO3/rGO nanocomposites
maintain the crystalline structure of WO; in the three
different reaction times; however, the ratio of intensities of
some WO3 and WOs/rGO nanocomposites slightly increased
with respect to the increase in reaction time, this agrees with
that reported by Jayachandiran et al. [27]. Nanocomposites
have monaclinic structure, but the diffraction peaks are wide
compared with those of the WOs. In the compounds, the
lattice parameters obtained at the principal plane are a =
7.30, b = 7.50, ¢ = 7.69 A, and d spacing of 3.84 A. The
decrease in the periodicity of the atomic planes in the
WO3/rGO nanocomposites was observed with the evident
decrease in the crystallite size of the samples related to the
synthesis time [28]. The growth kinetics of WOs and
WOs/rGO can be significantly different. In WOs, crystallite
growth can follow a diffusion growth model, where atom
mobility is a limiting factor. In contrast, in the case of
WOs/rGO, the presence of rGO can facilitate electron
transfer and atom mobility, which can alter the growth
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Figure 1. X-ray diffraction patterns of WO; (H,0), WO; and rGO powders.
X-ray diffraction patterns of WO; and WO,/rGO obtained at different
reaction times (5, 7.5 and 10 hours) and annealed at 500 °C for 5 hours.

kinetics. This can result in faster growth or the formation of
more complex structures due to the interaction between WO3
and rGO [29].

The crystallite size of the y-WO3; and WO3/rGO obtained
at different reaction times was calculated using the Debye-
Scherrer’s formula [30].

0.894
" BcosH
where D is the crystallite size, 0.89 is the Scherrer constant
by Cu-Ka radiation in nm, B is the FWHM of diffraction
peak and © the Bragg angle in degrees. The crystallite size
calculated for WO3 obtained at different reaction times was
43.39 nm, 51.06 nm and 51.06 nm, respectively. On the other
hand, the crystallite size calculated for WOs/rGO
nanocomposites was 102.14 nm, 58.32 nm, and 40.84 nm
obtained at 5, 7.5, and 10 hours, respectively. It is observed
that the reaction time in the synthesis of WO; and WO:/rGO
significantly affects the crystallinity and morphology. As the
reaction time increases, an increase in the crystallinity of
WO:s is observed. This is attributed to the fact that a longer
reaction time allows the atoms to organize themselves into a
more ordered crystal structure, resulting in a larger crystallite
size due to the increase in available thermal energy. In the
case of WOs/rGO, the presence of rGO can influence the
nucleation and growth of crystallites, affecting the
crystallinity differently compared to pure WOs. The
interaction between WOs and rGO led to the formation of
scale-like structures that are distributed over the surface of
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rGO, which can be different from the morphology of pure
WOs, with a monoclinic structure. The growth kinetics for
WOs; and WO:/rGO differ due to the presence of rGO. While
pure WOs grows according to its intrinsic chemistry, the
inclusion of rGO introduces additional interactions that
modify the morphology and can slow down crystallization
by competing for ions in solution [29,31].

The interaction between WQOs and rGO in nanocomposites
can be of a chemical and physical nature, depending on the
synthesis method used and the specific characteristics of the
materials. Available studies indicate that the incorporation of
rGO into WOs may involve chemical bonds such as C-O-W
and C-W bonds, as well as physical interactions such as Van
der Waals forces. However, this type of bonds can be
determined through the shift of the X-ray diffraction peaks
towards lower angles, therefore, based on the XRD
characterization performed on the  WO3/rGO
nanocomposites, such a shift is not observed, confirming that
the interactions between WO3; and rGO are predominantly
physical, manifesting as an anchoring of WOs on the rGO
surface mediated by Van der Waals forces, contributing to
the mechanical stability of the composite [20,29,32].

Raman spectroscopy was used to corroborate the
crystalline structure of the obtained samples. Figure 2 shows
the Aq phonons of tungstite in 654 cm™ and 949 cm™?, related
to stretching mode of W—-O and W=0, respectively. Bending
or deformation of O—-W-0 bonds is assigned at 238 cm™ and
433 cm, 495 cm™* correspond to C=0 bending vibration of
remainder oxalic acid (Sc=o0), 710 cm™ and 806 cm™
indication of W-O stretching vibrational modes in WOs
octahedral units of monoclinic WO3 [32,33].

For the WO3 with monoclinic structure, the space group is
P21/n (C3,), where there are eight formula units per unit cell;
at the Brillouin zone center its normal modes are I'opt = 24Ag
+ 24Bg + 23A, + 22By, but only de 24A4 and 24By mode are
active; therefore, I'(Raman) = 24Aq + 24B, [34,35]. In Figure
3, the Raman spectra show the fundamental bands of y-WQs,
at 273.5 and 329.3 cm? the vibrational modes of O-W-O
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Figure 2. Raman spectra of tungstite samples before thermal treatment.
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Figure 3. Raman spectra of the WO3 and WO3/rGO obtained at different
reaction times.

200 400

(bending) of the bridging oxygen, and at 718.2 and
809.6 cm, the vibrational modes corresponding to W-O
(stretching) in WOg octahedral units. Additional bands at
around 420 and 450 cm™ are characteristic of crystalline
tungsten oxides and the shoulder at 612 cm™ could be
assigned to O-W-O stretching vibration modes of the
bridging oxygen from residual tungstate which decreases in
intensity with the temperature rise [36-38].

The Raman spectra of the WO3/rGO nanocomposites are
too shown in Figure 3. Are observed the bands
corresponding to y-WOs3 located at 270 and 324 cm™ of
O-W-0 vibrational modes, the band due to W-O shifted at
713.8 cm™. The bands at around 430 and 450 cm™ and the
shoulder at 612 cm™ are present too. For the WO;/rGO
nanocomposites, there is no evident change in the band
location, suggesting that the structure of WOs; was
maintained after the coupling of rGO sheets. The D and G
bands in the nanocomposites are slightly shifted as are the
bands characteristic of WOs, this is attributed to the
interaction generated between the oxygens of WOj3; and the
carbons of the rGO [39].

In the case of WOs, stretching and bending frequencies
associated with the O-W-O and W-0O bonds are observed.
The incorporation of rGO can cause changes in the intensity
and position of these vibrational bands. It has been reported
that the incorporation of rGO can cause a broadening of the
W-O0 stretching bands, suggesting interactions between the
functional groups of rGO and the WOs structure. However,
no new peaks are observed in the spectra, indicating that the
interaction between rGO and WO:s is a physical interaction.
This is because rGO has a two-dimensional structure that
allows Van der Waals-type interactions with the WO;
nanoparticles. These interactions are important for the
stability of the nanocomposite and for the uniform dispersion
of WO:s on the rGO surface [21,29].

In the Figure 4, it observed the diamondoid (D) and
graphite (G) peaks related to C—C bonds with sp® and sp?
hybridization in GO sample located at 1336.3 and
1599 cm, respectively, with the nanocomposite formation,
these peaks shifted to 1386 cm™ and 1600 cm™ [32,40]. The
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intensity ratio between the D band and the G band is 1.20,
1.24, and 1.25 for the nanocomposites synthesized at 5, 7.5,
and 10 h, respectively. This confirms that, synthesizing for
10 h, a greater reduction of GO to rGO is obtained [27].
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Figure 4. Raman spectra of WO3/rGO nanocomposites obtained at a) 5 h,
b) 7.5 h and c¢) 10 h in the range of D and G bands of rGO.
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.
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Figure 5. Scanning electron microscopy images of WO; nanoplates with
rectangular transversal section obtained at a) 5 h, b) 7.5 h, ¢) 10 h, and
WO3/rGO obtained atd) 5 h, €) 7.5 h f) 10 h.

Scanning electron microscopy images of WO3 obtained at
different reflux times are shown in Figure 5a) 5 h, b) 7.5 h,
and ¢) 10 h, and the morphology of WO3/rGO
nanocomposites in Figure 5d) 5h,e) 7.5 hand f) 10 h. In all
figures, it shows that the WO3 presents a nanoplates structure
[41]. It is observed that the nanoplate structure of WOz was
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Figure 6. UV-Vis DRS spectra of a) WO; and b) WOs/rGO
nanocomposites.
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further defined with the addition of rGO. Likewise, the
influence of the synthesis time on the arrangement of the
nanoplates is observed, where, with a longer synthesis time,
the increase in size was evident. The WO3; particles are
randomly oriented in the compounds. In both cases, it is
observed that nanoplates rectangular shapes of the WOs3;
defined by increasing the synthesis time.

The ultraviolet-visible diffuse reflectance spectra of WO3
and WOs/rGO nanocomposites recorded from 200 to 700 nm
are shown in Figure 6 (a and b), respectively. In the case of
the WO3 samples, the reflectance percentage is 94% for all
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Figure 7. Graphs obtained from the Kubelka-Munk method for the WO;

samples. The linear range considered for the linear fitting by the Tauc
method is between 3.5 and 5.5 eV.
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Figure 8. Plots obtained from Kubelka-Munk method for WO;/rGO
nanocomposites. The linear range considered for the linear fitting by the
Tauc method is between 3.5 and 5.5 eV.

samples. On the other hand, in WO3/rGO nanocomposites,
the reflectance ranges between 56 and 68%, being in the
nanocomposite obtained at 5 hours where the reflectance is
greater, derived from a greater dispersion of the incident
light [42]. At approximately 325 nm, a change in the
spectrum pattern is observed because of the lamp change
performed by the equipment. Therefore, the wavelength
range of interest is 350 to 700 nm, since the absorption edge
of the samples is observed in this range.

Figure 7 shows the band gap (E;) values obtained from
Kubelka-Munk method in a plot of (F(R))"” vs E(eV) for
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indirect transition and extrapolating the slope to o = 0,
following the Tauc method [43]. The band gap of WOs
samples synthesized at 5, 7.5 and 10 hours, are a) 3.35 eV,
b) 3.37 eV and c) 3.46 eV, respectively.

On the other hand, Figure 8 shows the graphs obtained by
the Kubelka-Munk method for WOs3/rGO nanocomposites
synthesized at 5, 7.5, and 10 h of reaction. The band gap
values obtained through this method are a) 3.33 eV,
b) 3.32 ¢V, and ¢) 3.35 eV, respectively. After the addition of
rGO, a decrease in the band gap value was observed [44].

After the incorporation of rGO into WQOs3, the band gap of
the WOs/rGO nanocomposites showed a slight decrease in
the band gap presenting values between 3.32 and 3.35 eV,
while the band gap of pure WO:s is approximately 3.35 to
3.46 eV. This is attributed to the fact that rGO promotes the
formation of defects related to oxygen vacancies in WO3 by
increasing the charge carriers in the material. rGO, by acting
as an electron acceptor, can modify the Fermi energy level
of WO: due to its electronic characteristics. In WO3/rGO
nanocomposites, the presence of rGO can introduce defect
states into the electronic structure of WOs resulting from the
interaction between the functional groups on the rGO surface
(such as -COOH and -OH) and the tungsten atoms of WOs,
creating a favorable environment for charge transfer by
providing conductive paths due to its conjugated network of
7 orbitals, which interact with the electronic states of WOs,
decreasing the energy required for electronic transitions.
These states introduce intermediate energy levels within the
WO:s band gap, acting as bridges between the valence and
conduction orbitals of the material facilitating electron
transfer between both materials. These interactions improve
the photocatalytic activity and electrochemical sensitivity by
increasing the efficient generation and separation of
electron-hole pairs. This modification can improve the
stability of the material and its electrical conductivity,
increasing its ability to withstand charge-discharge cycles in
optoelectronic applications which can be beneficial for
various applications such as sensors and electronic devices
[19,29,45,46].

According to the characterizations carried out, including
X-ray diffraction (XRD), Raman spectroscopy and Scanning
Electron Microscopy (SEM), the synthesis method of the
WOs/rGO nanocomposites by the reflux method is
considered reproducible because the results were consistent
in terms of the crystalline structure and morphology of the
materials obtained. The quality of the reagents used in the
synthesis, such as Na;WO4-2H,0 and oxalic acid, also plays
a fundamental role, since impurities or variations in their
purity can affect the result. In addition, the standardized
preparation of reduced graphene oxide (rGO) and its
adequate dispersion in the reaction medium are essential to
ensure that the properties of rGO are consistent in each
nanocomposite. Through XRD analysis, it was confirmed
that the incorporation of rGO did not alter the monoclinic
phase of WOs, while Raman spectra showed the presence of
the D and G bands of rGO, indicating a uniform formation
of the nanocomposite. In addition, SEM micrographs
revealed the obtaining of well-defined WOs nanoplates in
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each synthesis, suggesting that the process can be
successfully replicated, thus guaranteeing the reliability and
consistency of the synthesis method for future applications.
The absence of secondary phases in the X-ray
diffractograms and the consistent results in the
morphological and optical properties suggest adequate
control of the synthesis parameters, which ensures the
reproducibility of the method to obtain high quality
materials.

Conclusions

Pure WOs3; and WOs/rGO nanocomposites were
synthesized at different reaction times, 5, 7.5 and 10 hours
by the single and low-cost reflux method at 100 °C and
1 atm. The powder products were characterized by structural,
morphological, and optical techniques. According to the
XRD results, the incorporation of rGO did not cause any
change in the crystalline phase of the WO3 nanostructure.
Greater intensity peaks and the increase in the FWHM in the
diffractogram of the nanocomposite obtained at 10 h, cause
the decrease in the crystallite size with respect to the increase
in the synthesis time. Raman spectra confirmed the
formation of WO3/rGO nanocomposites since the D and G
bands characteristic of GO were observed. A mostly
disordered rGO structure is shown and, consequently, the D
band is presented in a higher intensity because of the
deformation effects in the sp? hybridization. According to
SEM micrographs of the nanocomposites more defined WO3
nanoplates were obtained at 10 h of reaction. Due to the
modification of energy levels of WOz by the rGO
incorporation, the band gap of the composites decreased with
respect to that obtained in pure WOgz, which represents an
improvement in the electrical conductivity of the
nanocomposites. Through the different characterizations
carried out it observed that the WO3/rGO nanocomposites
present better structural, morphological, and electrical
properties with respect to pure WOs, mainly in the
nanocomposites synthesized at 10 h; however, the properties
of these at 5 and 7.5 h of reaction, present good
characteristics for their use in diverse applications.
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