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Tungsten oxide (WOs) is a promising material for photocatalysis. Coupling it with graphene-based
materials can enhance its electronic conductivity. One effective technique for synthesizing WOs
nanomaterials is microwave-assisted solvothermal synthesis, which selectively heats the reaction species
and reduces the reaction time. We report a straightforward route for preparing a WOz nanomaterial
modified with graphene oxide (WOzGO) using microwave-assisted solvothermal synthesis. We
investigated the effect of various synthesis parameters, such as the irradiation time and reaction
temperature. WOz nanoplatelets were obtained under all conditions investigated; also, adding GO to the
reaction did not change the WOz morphology. It was observed that the crystal phase related to
tungsten oxide can be modulated by temperature or time. Hexagonal WOz-H,O was obtained at
temperatures of 160 and 180 °C, whereas at 200 °C, monoclinic WOz was formed. All WOsGO materials
were active for methylene blue, rhodamine B and methyl orange photodegradation. Also, incorporating

Received 6th November 2023,
Accepted 22nd April 2024

DOI: 10.1039/d3ma00972f

Open Access Article. Published on 25 April 2024. Downloaded on 4/20/2026 3:35:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

1. Introduction

Tungsten oxide (WOj3) has been widely reported as a promising
material for photocatalysis and photoelectrocatalysis.’™ Cou-
pling WO; with graphene-based materials such as graphene,
graphene oxide (GO)® or reduced graphene oxide (rGO)® is very
attractive. Some authors stated that adding around 1-4 wt% of
graphene oxide is ideal for enhancing electron conduction
without reducing photoactivity.>”™ This value is related to
the volume of the filler (in this case, graphene materials)
necessary to create an electron pathway, increasing the con-
ductivity of a ceramic material. The incorporation of graphene-
based materials also enhances the chemical stability'® of the
surface area.'"

Several strategies have been reported for the synthesis
of WO3/graphene, such as hydrothermal synthesis,"™* sol-gel
method,">'® electrodeposition,’” spray pyrolysis,'® electro-
spinning,’® pulsed laser ablation in liquids,*® sonochemical
approaches,®"?* and microwave-assisted synthesis.**°
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GO increased the photoactivity of the materials.

Microwave-assisted routes have been considered as a power-
ful technique to reduce the reaction time dramatically.>"** This
effect is attributed to the selective heating of species with high
dielectric loss (ability to convert electromagnetic energy into
heat), such as ionic species and polar solvents.>® The heating
process involves two phenomena: dipolar polarization and
ionic conduction. These species interact with the oscillating
electric field of the microwave and try to reorientate, leading to
increased collision and friction among the reactants, which
enhances the temperature uniformly.*> Besides these thermal
effects, non-thermal effects like superheating, selective micro-
wave interactions, and the formation of molecular radiators
(through the coupling of the dielectric energy and specific
species of solution) can be determined to shorten the lifetime
of the activated complex, boosting, even more, the reaction
rate.>**> Microwaves also have an essential effect on the inter-
facial process during particle growth. In this process, the nuclei
adsorb species on their surfaces. Changing the interfacial
properties can affect the reactivity in the early stages of the
reaction.*** These interfacial effects can be even more critical
concerning composites such as WO; and graphene.

Even though there are some reports on WOs/graphene
synthesis via microwave routes (Table 1), more information
must be provided regarding the influence of microwave para-
meters on the product structure and morphology. For instance,
the microwave field distribution depends on the cavity design
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(microwave oven), power delivery, vessel size, and volume of the
precursor solution. These parameters directly influence the rate
of nucleation and crystallization.*! Therefore, many procedures
are not reproducible because the microwave parameters
are usually not fully described. As a result, it is not easy to
associate the observed materials’ properties with the synthesis
conditions.

Furthermore, several methods of WO; synthesis require a
calcination step despite the hydrothermal synthesis to get
the monoclinic phase of tungsten oxide, the most active phase
for photocatalysis.’”° However, annealing WO3/graphene can
induce weight loss of graphene*® and its re-oxidation.*'

Thus, we report a straightforward route to prepare a WO;
nanomaterial modified with graphene oxide by a microwave-
assisted solvothermal route. This methodology allows the
production of highly homogeneous monoclinic WO;-graphene
oxide composite materials without the need for post-annealing
treatment, which could change the morphology of WO; and
oxidize the graphene. Another interesting feature of this route
is that the material can be obtained within ten minutes. The
method provides advantages regarding reproducibility since,
unlike the others reported in Table 1, all the synthesis
conditions critical to its reproducibility are reported. In
addition, our method is among those that employ simpler
and milder reaction conditions in terms of the complexity of
the reaction medium, reaction time, temperature, and irra-
diation power (which is the lowest among those reported in
Table 1). This development contributes to optimizing synth-
esis processes and designing advanced nanocomposites for
various applications.

2. Materials and methods

2.1. Reactants

Tungsten hexachloride (99.9% trace metal basis), benzyl alcohol
(99.8%), and graphene oxide (4-10% edge oxidized) were pur-
chased from Sigma Aldrich.

View Article Online
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2.2. Synthesis

The synthesis of tungsten oxide modified with graphene oxide
was performed based on a previously reported modified
synthesis.”” First, 0.5 mmol of tungsten hexachloride (WClg)
was dissolved in 200 pL of methanol in a microwave vial of
8 mL; then, the solution was stirred for 2 h. Second, 100 mg of
graphene oxide was suspended in 20 mL of benzyl alcohol and
sonicated for 2 h, forming a black suspension. Third, the GO
suspension was added to the microwave vial, keeping the GO
ratio at 3 wt%. Finally, the volume was adjusted with benzyl
alcohol to 4 ml (in a vial of 10 mL capacity). The system was
placed in the microwave cavity of a discover-CEM reactor. The
microwave heating protocol followed two steps: (i) pre-heating
for 1 minute at 100 °C, under constant stirring, using an
irradiation power of 50 W; and (ii) a heating step at 160,
180, and 200 °C for 10 min, using an irradiation power of 80,
90, and 98 W, respectively. As a result, three different materials
were obtained, and WO; was synthesized following the same
procedure without the addition of GO.

Note that the weight ratio of GO was optimized to 3% after a
study involving 0.5, 3 and 10% of GO. This study is reported in
the ESIt (Fig. S1-S4).

The influence of time on the materials’ crystal structure and
morphology was also investigated. The materials synthesized at
180 °C and 200 °C were selected for this study based on their
ability to form monoclinic WO3, aiming to correlate the synth-
esis parameters with crystal growth. It was investigated at two
different reaction times: 1 and 10 min. All the mentioned
conditions are reported in Table 2.

All the related samples were washed 3 times with acetone,
centrifuged and dried in an oven at 60 °C for 2 h.

2.3. Characterization

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to investigate the morphological
aspects of the synthesized materials. The sample powders were
suspended in isopropanol, dropped onto silicon wafer slides

Table 2 Summary of all investigated conditions and labels of the resultant materials

Sample name Investigation Temperature (°C) Time (min) GO proportion (%)
WO; Graphene 200 10 0
WO030.5%GO loading 200 10 0.5
WO33%GO 200 10 3
WO0310%GO 200 10 10
WO;_160 °C-0 min Synthesis 160 0 0
WO;_180 °C-0 min stages 180 0 0
WO;_200 °C-0 min 200 0 0
WO;GO_160 °C-0 min 160 0 3
WO;GO _180 °C-0 min 180 0 3
WO; GO_200 °C-0 min 200 0 3
WO;_180 °C-1 min Temperature 180 1 0
WO;_180 °C-10 min and time 180 10 0
WO;GO_180 °C-1 min 180 1 3
WO;G0O_180 °C-10 min 180 10 3
WO;_200 °C-1 min 200 1 0
WO;_200 °C-10 min 200 10 0
WO;G0O_200 °C-1 min 200 1 3
WO;G0O_200 °C-10 min 200 10 3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fixed on conductive carbon tapes (Ted Pella) and coated
with 3 nm platinum on a sputter coater (CCU-010, Safematic).
High-resolution transmission electron microscopy (HRTEM)
and scanning transmission electron microscopy (STEM) images
were collected on a FEI Talos F200X microscope and were
analyzed at 200 kV. The samples were suspended in isopropa-
nol and placed on gold grids. Scanning transmission electron
microscopy was performed on a JEOL JEM-2100F microscope.
For X-ray diffraction (XRD), a PANalytical Empyrean with a
PIXcel 1D detector and Cu Ka radiation was used to investigate
the crystal phases. Additionally, Raman spectroscopy was
applied to evaluate the crystal structure using a MicroRaman
Renishaw inVia spectrometer coupled to a He-Ne laser
(532 nm). The surface area was investigated by nitrogen gas
sorption using the Brunauer-Emmett-Teller (BET) method
from data collected using a Quantachrome Autosorb iQ analy-
zer after outgassing the samples at 100 °C for 24 h.

2.4. Dye adsorption and degradation

Photocatalytic degradation of methyl blue (MB), rhodamine B
(RhB) and methyl orange (MO) was used to evaluate the activity
of WO;_180 °C-0 min, WO,GO_180 °C-0 min, WO,_200 °C-0 min,
WO,;GO_200 °C-0 min, WO;_180 °C-10 min, WO;GO_180 °C-10 min,
WO;_200 °C-10 min and WO;GO_200 °C-10 min.

Adsorption assays were performed to rule out any adsorp-
tion effects. First, 6 mg of the photocatalyst was suspended in
10 mL of an aqueous solution of the dye (60 mg L") and
sonicated for 10 s. Then, the suspension was stirred in the dark.
Aiming to investigate the adsorption over time, aliquots of 1 mL
of the suspension were extracted at 0 min, 1 min, 5 min, 10
min, 30 min, 60 min, 120 min, 480 min and 1440 min intervals,
using a syringe coupled to a Millipore filter with 0.2 pm pore
size (Merck). After that, the filtered portion was centrifuged for
10 min at 15000 rpm. The electronic spectra of the supernatant
were analyzed using UV-vis spectroscopy (Cary 50Scan-Varian).
The characteristic bands of methylene blue, rhodamine B and
methyl orange at 664 nm, 555 nm and 489 nm, respectively,
were monitored.

For the photocatalytic assay, 0.3 mg mL " of the catalysts
were suspended in the dye solution (60 mg L") and stirred in
the dark for 24 h. After that, the mixture was placed in a cuvette
at a known distance from the sunlight simulator with a filter
A.M. 1.5G spectrum (power of 100 mW c¢cm?) for 1 h. Aliquots
of the mixture were collected every 15 min for 1 h, centrifuged,
and the absorbance of the supernatant was measured using a
UV-vis spectrophotometer. The characteristic absorption band
of each dye as a function of time was monitored. The weight of
the degraded dye was calculated using eqn (1).

Dye degradation (mg) = m; — m (1)

where m; stands for initial mass, or the mass of the dye present
in the supernatant after the adsorption process, and m is the
mass of the dye in the supernatant at each time of simulated
sunlight irradiation. The mass values were calculated using the
Lambert-Beer law. Therefore, the value reported for dye degra-
dation is the amount of dye consumed by the photocatalyst

4892 | Mater. Adv, 2024, 5, 4889-4901
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during light irradiation. All photocatalytic tests were performed
in triplicate.

3. Results and discussion

During microwave irradiation, a direct coupling occurs between
the microwaves and the reactant species. As a result, some
effects, including superheating and forming “molecular radia-
tors,” can occur.”®> From the point of view of inorganic nano-
particle synthesis, these effects directly affect the interface
events, impacting nuclei formation in the initial synthesis
steps.** As a result, the growth process can occur in an
inhomogeneous way.*> Therefore, it is essential to guarantee
a “slow” heating process to avoid it. Thus, to produce highly
crystalline WO;GO materials, we developed a microwave-
assisted synthesis protocol in two steps. First, all samples were
subjected to a pre-heating step for 1 minute at 100 °C under
constant stirring (Fig. 1). Then, the irradiation power was set to
50 W, the minimum required to achieve the desired tempera-
ture. The main goal of this step is to complete the dissolution of
the precursors in the solvent, control the reaction medium
heating rate, and avoid any inhomogeneity of the temperature
in the reaction media, which can affect the crystal growth and
induce the formation of agglomerates.*®*” In the second step,
the temperature is increased to 180 °C or 200 °C (Fig. 1) using
the minimum irradiation power necessary, as described in the
methodology. Again, the main goal is to avoid overheating.*®*°
Unfortunately, studies involving higher heating temperatures
could not be performed due to the pressure increase beyond the
equipment limitation.

Since the microwave oven is connected to a camera, color
changes were observed during the heating process at 160 °C,
180 °C and 200 °C (Fig. 1). Initially, tungsten is coordinated to
six chloride anions (WClg), a purple powder. Upon dissolution
in methanol and the addition of benzyl alcohol, the color
changes to greenish-blue. After a few seconds of microwave
heating, the color changes to pale yellow. At 160 °C, the
solution turns yellow with occasional green spots, which pre-
cipitate upon cooling. At 180 °C, a precipitate forms even before
cooling, and at 200 °C, the color of the precipitate shifts to
yellow-green.

Microwave synthesis

- Sea-

Fig. 1 Temperature vs. reaction time graph of the microwave synthesis of
WO3, along with images of the reaction solutions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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These color variations can be correlated with changes in the
chemical environment surrounding the tungsten (W) atoms.
Initially, W is coordinated with six chlorides; introducing water
molecules through the dissolution of the solid salt alters this
coordination, promoting the partial substitution of some coor-
dinated chloride to water molecules. Furthermore, heating the
precursor can also modify the composition of the coordination
compound, resulting in different solution colors.

However, depending on synthesis conditions, the samples
may contain coordinated water in the crystal lattice, as evi-
denced by XRD analysis (Fig. 2) of WO; at 180 °C for 0 minutes,
which reveals the crystal structure of WO;-H,0. Also, tungsten
can present different oxidation numbers (W®" or W**) depend-
ing on the chemical environment surrounding it. In both cases,
it can affect the color of the precipitate.

3.1. Study of synthesis stages

Aiming to understand the growth pathway of WO; and the
influence of graphene on the crystal growth, the precipitate was
collected after different reaction times following each change of
color that we could observe during the reaction between WClg
and BnOH (at 160 °C, 180 °C and 200 °C). The same procedure
was performed for the sample WO;GO.

,,,AHJLN,»HQ&gggLSQL

A N e AN e ]

WO,__200°C-0min

WO _180 °C-0min

o > . WO _GO_160 °C-0min
KA = -

|“ - WO, monociinic

| © WO_HO

T T T T T T T

40 60 80 20 40 60 80

20
Jramnl;

WO _180°C - Omin \
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P, ) SO ——————
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e ‘ 1

1400 1600
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Fig. 2 XRD of pristine WOz samples (a) and WOsz modified with GO (b).
Raman spectra of pristine (c) and GO-modified samples (d). Enlarged
view of the graph (d), emphasizing the shift of the G band between
WO3GO-180 °C-0 min and WOzGO-200 °C-0 min (e).
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The crystal structure was analyzed through XRD (Fig. 2a and
b). The results show that only when the temperature reaches
200 °C, we can obtain the monoclinic phase of WO; (Fig. 2a,
PDF 83-0951). The broadening and overlapping of the XRD
peaks are associated with oxygen deficiency.’® At temperatures
lower than 200 °C, the only product observed was the hydrated
form of tungsten oxide - WO3-H,O (PDF 18-1418).>"

The hypothesis is that, in the first step of the synthesis, the
alcoholysis of the precursor occurs due to the interaction of
metal chloride with benzyl alcohol.”* Niederberger and cow-
orkers have studied the mechanism of synthesis for WCls and
BnOH.>® In this paper, they proposed the following overall
reaction for the formation of WO;-H,O at 100 °C through the
characterization of the synthesis intermediates (eqn (2)):

WCl + 8.7BnOH —» WO;-H,0 + 3.3BnCl + 2.7BnOBn + 2.7HCI
+ 2H,0 @

The synthesis mechanism leads to the formation of HCI and
water. However, the pathway can be different in our work here
since the previous study did not perform a predilution step in
methanol. Also, graphene has been added to the reaction
medium in this work. Furthermore, increasing the temperature
to 200 °C leads to the formation of the monoclinic phase of
WO; instead of WO;-H,O (Fig. 2).

The same trends were observed for WO;GO. The XRD
patterns of the WO;GO samples (Fig. 2b) did not show changes
in crystal structures compared to the pristine WO;.

Raman spectroscopy data of WO; (Fig. 2c¢) show bands
around 806 cm™ "' and 701 em ™" ascribed to the O-W-0O anti-
symmetric stretching and the W,0, and W3;O0; stretching,
respectively.’”>* As expected, samples modified with GO
(Fig. 2d) have the same bands associated with WO;. The spectra
also show two additional bands around 1350 and 1604 cm ~*,*°
corresponding to the D and G bands of the graphitic structure,
respectively. The G band is related to the C-C vibrations of
carbon with sp® orbitals; also, it is a characteristic peak of
graphitic sheets. The D band around 1351 cm ™" is related to the
vibrational defects of the C-C bond. Intensity ratios between D/
G bands higher than 1 are associated with more significant
structural defects. This feature is usually associated with the
transition between GO and rGO. WO3;GO samples (Fig. 2d)
exhibited graphene oxide bands with low structural defects,
which means low content of reduced graphene oxide. Another
aspect related to the formation of rGO is the shift of the bands
towards lower wavenumbers, as observed for WO;GO-200 °C-0
min compared to WO;GO-180 °C-0 min (Fig. 2e).>®

SEM images were used to evaluate the morphology of the
samples (Fig. 3). For the synthesis performed at 180 °C, WO;
exhibited a platelet-like shape with roundish edges of 120-
150 nm in length (Fig. 3a). WO; prepared at 200 °C comprises
irregular nanoplatelets (Fig. 3b), mostly ranging from 80-
100 nm with sharp edges. The addition of graphene did not
affect the morphology of the samples (Fig. 3c and d). Thus, it is
not possible to identify which particles could be graphene.
However, it was not possible to identify the presence of GO in

Mater. Adv, 2024, 5, 4889-4901 | 4893
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Fig. 3 SEM images of (a) WO3_180 °C-0 min, (b) WO3_200 °C-0 min,
(c) WO3GO_180 °C-0 min and (d) WO3GO_200 °C-0 min.

the SEM images of WO,GO_180 °C-0 min and WO;GO_200 °C-0 min
samples. STEM images of WO;GO_180 °C-0 min (Fig. S5, ESIt)
show that WO; and GO are in different regions on the samples.
This result indicates that longer irradiation times are required
to obtain a homogeneous mixture of WO; and GO, as seen for
WO;GO_180 °C-10 min and WO;GO_200 °C-10 min samples,
discussed later in the paper.

3.2. Effect of time and temperature

The effect of irradiation time on the structure and morphology
of the products was also tracked for WO; and WO33%GO
synthesis. In this study, the temperature was maintained at
180° or 200 °C varying the reaction time from 1 to 10 min. The
XRD results (Fig. 4) show that keeping the temperature at
180 °C for 10 min is enough to form the monoclinic phase of
WO; (Fig. 4a); below 10 minutes of synthesis, only the pattern
associated with WO;-H,O is observed. In addition, at 200 °C,
the time does not influence the crystal phase.

The presence of GO in the sample did not change the
diffraction pattern observed for WO; (Fig. 4b). The most
intense peak of monoclinic WO3, around 24° (Fig. 4c), remains
at the same position independently of the reaction conditions.
However, WO3_200 °C-10 min exhibited a narrower peak that
can be associated with higher crystallinity (Fig. 4c). Also,
WO;_180 °C-10 min and WO;_200 °C-0 min samples show a
small peak at 25.5°, which may be ascribed to the reminiscent
of the hydrated phase of tungsten oxide. On the other hand,
samples of WO3;GO show a shift towards higher 20 values of the
most intense peak of monoclinic WO;. This displacement
increases with the synthesis time for both WO;_180 °C-10
min and WO;3_200 °C-10 min. According to the literature, this
property is associated with the narrowing of crystallographic
planes related to the constriction of the lattice.*® In addition,
again, WO;GO_200 °C-10 min exhibited a narrower peak com-
pared to the other conditions. XRD was also used to evaluate
the reproducibility of the method (Fig. S6, ESIT).

Thermal gravimetric analysis (TGA) and the first derivative
curves obtained in the air atmosphere were used to investigate

4894 | Mater. Adv,, 2024, 5, 4889-4901

View Article Online

Materials Advances

WO, _200°C - 1 min
w WO, GO_180 °C - 10 min

‘H - WO, monoclinic ‘ ‘ WO, monoclinic

-~ WO,HO

I

~ WO_HO ‘
\ L
20 40 60 80 20 40 60 80

20°

d , —=——WO0,GO_180°C-10min

Y\ ———WO,GO_200°C- Omin

WO,GO_200°C-1 min

WO,GO_200°C-10 min

=
23 24 25 26 23 24 25 26

20° 26°

Fig. 4 XRD of (a) WO3_180 °C-1 min, WO=_180 °C-10 min, WOz_200 °C-
1 min, WO3_200 °C-10 min and (b) WO3zGO_180 °C-1 min, WOzGO_
180 °C-10 min, WOzGO_200 °C-1 min and WOsGO_200 °C-10 min.
Magnified XRD region between 23 and 26° of (c) WO3_180 °C-10 min,
WQO=_200 °C-0 min, WO3_200 °C-1 min, WO3_200 °C-10 min and
(d) WO3GO_180 °C-10 min, WOsGO_200 °C-0 min, WOzGO_200 °C-
1 min and WOsGO_200 °C-10 min.
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the thermal behavior of the samples obtained at 180 °C and
200 °C (Fig. S7, ESIt). Generally, the weight loss observed for all
samples (Fig. S7a-i, ESIT) below 300 °C is commonly associated
with the loss of surface adsorbed water and residual solvent.>’
Also, the weight loss percentage is higher for the samples
exhibiting or containing residues of WO;-H,0, such as
WO;_180 °C-10 min and WO3;GO_180 °C-10 min.
Furthermore, the weight loss was significantly higher for all
samples modified with graphene, probably due to GO struc-
tural instability at higher temperatures that induced a contin-
uous weight loss, which has also been observed for GO_200 °C-
10 min (ESIt file). Additionally, WOz 200 °C-10 min and
WO,;G0O_200 °C-10 min had a lower weight loss value than
WO;_180 °C-10 min and WO3;GO_180 °C-10 min, probably due
to the formation of a stable monoclinic crystal phase and an
efficient removal of the residual solvent after the synthesis.
The crystal structure of WO;GO samples was confirmed by
Raman spectroscopy (Fig. S7, ESIT). The two bands associated
with WO; are observed for WO; (Fig. S8a, ESI) and WO;GO
(Fig. S8b, ESIT), as we also observed in the spectra presented
in Fig. 2c and d. The spectra of samples modified with GO
(Fig. S8b, ESIt) showed the peaks characteristic of graphene
around 1350 and 1604 cm ~ " with low intensity. Therefore, the
spectra were zoomed in between 1100 and 1800 cm ' in
Fig. S7c (ESIY). In this case, it is possible to notice an intense
G band associated with multilayer graphene with low structural
defects and asymmetry content.’® The D/G ratio (Fig. S7d, ESIt)
decreases with increasing temperature and time; this may be
associated with the restacking of graphene that can be induced
by microwave interaction.>® The reduction of GO promoted by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) HAADF-STEM micrograph of WOzGO_200 °C-10 min with the
elemental map obtained from W, Oy, and Cy,. (b) HAADF image with
selected regions of WO3 and GO and (c) HRTEM images of GO and (d)
WOs3 with a fast-Fourier-transform pattern (FFT — inset). (e) FFT pattern
fitted with the schematic diagram of monoclinic WOsz (301) and (f)
calculated diffraction pattern (301).

removing oxygen-containing groups induces the formation of
n-n bonds between the graphene layers.®>°"

The incorporation of GO in the sample WO;GO_200 °C-10
min could be observed by STEM in the high-angle annular dark-
field (HAADF) mode images (Fig. 5 and Fig. S10 (ESIt) for
WO;GO_180 °C-10 min). WO; exhibits a nanoplatelet shape,
while graphene also forms plates that tend to be less homo-
geneous in size (Fig. S10, ESIf). HAADF-STEM coupled with
energy-dispersive X-ray (EDX) images allowed us to characterize
the spatial distribution of Wy, and Okg,, reinforcing that the
homogeneous nanoplatelets are composed of W and O (Fig. 5a).
Tungsten is marked in red whereas oxygen in blue, the combi-
nation of both colors at exactly the same region results in the
observation of the color magenta. In contrast, the more sig-
nificant portion mainly comprises carbon that can be asso-
ciated with graphene oxide (Fig. 5a). In the image obtained in
the HAADF-STEM mode, the heavier elements appear with
brighter contrast (Fig. 5b), and the circular area highlighted
in green was selected to observe the HRTEM image of GO
(Fig. 5c). The purple circle was chosen for collecting the
HRTEM image of WO; (Fig. 5d).

HRTEM was used to confirm the crystal phase of WO,
nanoparticles (Fig. 5d - inset WO3). The lattice fringes observed
are associated with the FFT pattern (Fig. 5¢) that corresponds to
the (301) plane of the WO,-monoclinic phase (Fig. 5f).°> On the
other hand, the region previously associated with graphene
(Fig. 5¢) exhibited “wavy” fringes that cannot be related to an
FFT pattern. In other words, it does not show a defined crystal
structure. This result is expected since the exfoliation of multi-
layer graphene or graphite and partial reduction typically lead
to the partial loss of the crystalline structure and structural
defects.®**

HAADF-STEM images of WO3;GO_180 °C-10 min (Fig. S10,
ESIY) also pointed toward the presence of GO and WO; in the
sample. However, delimiting graphene as a more extensive
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Table 3 Zeta potential of WOz and WO3GO samples

Sample Zeta potential (mV)
WO;_180 °C-0 min —22.8+2.1
WO;3;G0_180 °C-0 min —249 + 1.8
WO;_200 °C-0 min —16.7 + 1.3
WO;GO_200 °C-0 min —-16.7 + 1.2
WO;_180 °C-10 min —26.8 £ 2.0
WO3;G0_180 °C-10 min —20.3 £ 1.6
WO;_200 °C-10 min —16.5 £ 1.3
WO3;G0O_200 °C-10 min —10.5 £ 0.9

particle was impossible. They were homogeneously dispersed
in this case, and GO is comparable in size to the WO; nano-
particles. In addition, the HRTEM image of WO3;GO_180 °C-10 min
(Fig. S9, ESIt) also showed fringes that can be associated with the
FFT of the monoclinic phase of WO;.

The zeta potential of the materials was measured in an
aqueous dispersion with pH 5 (Table 3), which is approximately
the pH of the aqueous solution of methyl blue used in the
photocatalytic tests. The surface charges of a semiconductor
normally occur due to the surface hydration and dissociation of
hydroxyl groups, where the negative charges originate from the
acidic dissociation of hydroxyl groups, and the positive charges
arise from the addition of a proton to the neutral surface
hydroxyl groups.®® All related materials showed large negative
values of zeta potential, meaning that the surfaces of the
samples are negatively charged.®® For the samples synthesized
by holding the maximum temperature for 0 min, the zeta
potential did not change upon incorporating GO into the WOs;.

This result can be ascribed to a low interaction between the
GO and hydroxyl groups at the surface of WO;. These hydroxyl
groups are responsible for changing the zeta potential in
dependence of the pH.®” Therefore, we hypothesize that the
reaction time was insufficient to promote a bond between these
two species.

On the other hand, for the samples synthesized holding the
maximum temperature for 10 min, the insertion of GO caused a
decrease in the zeta potential value, which can result from the
bond of the -OH surface groups of WO; and the -OH surface
groups of GO.*®%°

The samples produced using the maximum temperature of
180 °C exhibit zeta potentials that are more negative than those
made at 200 °C, which can be ascribed to the higher surface
area of the first set of materials, as described below.

The surface area of WO;GO and WO; samples synthesized
under 10 min of microwave irradiation was determined by BET
analysis (Fig. 6). WO;_200 °C-10 min (Fig. 6a) exhibited a
surface area of 38.46 m> g~ ', while WO;GO_200 °C-10 min
has 36.65 m* g~ (Fig. 6b). Thus, the surface area did not show
drastic changes upon the incorporation of GO. On the other
hand, the surface area of WO;_180 °C-10 min (Fig. 6c) was
calculated as 40.88 m”® g~ !, whereas WO;GO_180 °C-10 min was
44.09 m” g~ '. Thus, modification with GO promoted a slight
surface area increase for these materials. The central hypo-
thesis to explain why graphene incorporated into WO; did not
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Fig. 6 BET curves of (a) WO3_200 °C-10 min, (b) WO3GO_200 °C-
10 min, (c) WO3_180 °C-10 min and (d) WO3GO_180 °C-10 min.

increase the surface area at 200 °C can be due to a very
homogeneous distribution of WO; nanoparticles partially
blocking the surface of GO or to restacking of graphene layers.
The restacking phenomenon was previously reported by other
authors®”®! who discussed that microwave heating onto gra-
phene oxide sheets (as we also discussed earlier in the Raman
section) could be thermally induced (Fig. S8, ESIT).

3.3. Dye adsorption and degradation

The mass of MB, RhB and MO adsorbed onto the WO;_
180 °C-0 min, WO3GO_180 °C-0 min, WO3;_200 °C-0 min and
WO;GO_200 °C-0 min photocatalysts as a function of time is
shown in Fig. 7a, e and i. It is observed that there is no clear
tendency between the mass of the dye adsorbed and the
photocatalyst or the charge of the dye. This result may be
ascribed to the fact that the adsorption ability of a species onto
an adsorbent is multifactorial. Therefore, the crystalline struc-
ture, surface area, zeta potential and chemisorption must be
considered. Fig. 4a shows that WO;GO_180 °C-0 min, WO;_
200 °C-0 min and WO3;GO_200 °C-0 min exhibit a monoclinic
structure, whereas the structure of WO;GO_180 °C-0 min is
ascribed to WO;-H,O. Fig. 6 shows that the temperature also
plays a significant role in the surface area of the studied
catalyst; it also affects the zeta potential (Table 3). Finally,
differences in the shape of the graphs of the mass of dye
adsorbed as a function of time (Fig. 7a, e and i) show that the
adsorption model probably changes upon changing the
adsorbed dye. As a result, it was not possible to find a single
explanation for the results obtained.

Fig. 7b, f and j show the adsorbed mass of MB, RhB and MO,
respectively, onto the surface of WO,;_180 °C-10 min,
WO;GO_180 °C-10 min, WO;_200 °C-10 min and WO;GO_
200 °C-10 min. It is possible to notice that increasing the
reaction time of the synthesis of the photocatalysts did not
increase the capacity of the resultant material to adsorb the
dyes (considering the order of magnitude of the mass of dye
adsorbed). On the other hand, it changed the trend of the
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Fig. 7 Mass of MB (a), RhB (e) and MO (i) adsorbed onto WO3_180 °C-
0 min, WOsGO_180 °C-0 min, WO3z_200 °C-0 min and WO3zGO_200 °C-
0 min. Mass of MB (b), RhB (f) and MO (j) adsorbed onto WO3_180 °C-
10 min, WOsGO_180 °C-10 min, WO3_200 °C-10 min and WOsGO_
200 °C-10 min. Mass of MB (c), RhB (g) and MO (k) degraded by
WO3_180 °C-0 min, WOsGO_180 °C-0 min, WO3_200 °C-0 min and
WO3GO_200 °C-0 min photocatalysts. Mass of MB (d), RhB (h) and MO
() degraded by WO-_180 °C-10 min, WOsGO_180 °C-10 min,
WO3_200 °C-10 min and WOzGO_200 °C-10 min photocatalysts.

amount of dye adsorbed as a function of the photocatalyst used
as an adsorbent; it also changed the shape of the graphs of the
mass of dye adsorbed as a function of time. This observation
may be ascribed to the changes in the crystal structure of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials upon increasing the reaction time (more specifically,
considering the WO;_180 °C-0 min and WO;_180 °C-10 min
materials). Additionally, the surface area, zeta potential and
dispersion of GO onto WO; have changed upon increasing the
reaction time. Again, since the capacity of the dyes to be
adsorbed onto the photocatalyst surface is a multifactorial
property, it is impossible to rationalize a simple trend in the
obtained results.

In general, it has been observed that for all dyes and
catalysts studied, equilibrium is reached after 500 minutes.
Therefore, the photocatalytic experiments were conducted only
after this minimum time of adsorption.

The adsorption kinetics of the dye adsorption onto all
photocatalysts are well fitted with the pseudo-second-order
model (Fig. $11-S13 (ESIt), eqn (3)).”°

U _ koo — qn)? 3)

d;

where g. (mg g~ ') is the amount of dye adsorbed at equili-
brium, g, (mg g~ ) is the amount adsorbed at each time, and k,
represents the pseudo-second-order rate constant (g mg
min~"), which means that the limiting factor is due to the
adsorption capacity. It is not related to the concentration of the
adsorbate. The correlation factor (r*) for all photocatalysts
described here is above 0.99 (Table 4).

Fig. 7¢, d, g, h, k and 1 show the MB, RhB and MO mass
adsorbed by each studied photocatalyst. From the graphs, it is
possible to observe different activities depending on the
catalyst and the dye without any noticeable trend. Fig. 8a shows
a correlation between the mass of the dyes adsorbed onto each

Table 4 k and r? values obtained from the adjustment of the adsorption
data to the pseudo-second-order kinetics model using MB, RhB and MO
as adsorbers and WO3_180 °C-0 min, WO3zGO_180 °C-0 min, WOz_180
°C-10 min, WOzGO_180 °C-10 min, WO3_200 °C-0 min, WOzGO_200
°C-0 min WO3z_200 °C-10 min and WOzGO_200 °C-10 min as adsorbents

Dye Sample ks R?
Methyl blue WO;_180 °C-0 min 0.0006 0.9972
WO;GO_180 °C-0 min 0.0004 0.9905
WO;_180 °C-10 min 0.0013 0.9968
WO;G0O_180 °C-10 min 0.0033 0.9996
WO;_200 °C-0 min 0.0025 0.9990
WO;GO_200 °C-0 min 0.0070 0.9998
WO;_200 °C-10 min 0.0158 0.9999
WO;GO_200 °C-10 min 0.0294 0.9974
Rhodamine B WO;_180 °C-0 min 0.0010 0.9997
WO;G0O_180 °C-0 min 0.0004 0.9979
WO;_180 °C-10 min 0.0006 0.9960
WO0;G0O_180 °C-10 min 0.4913 0.9996
WO;_200 °C-0 min 0.0033 0.9979
WO;GO_200 °C-0 min 0.0020 0.9999
WO;_200 °C-10 min 0.0052 0.9999
WO;G0O_200 °C-10 min 0.0037 0.9767
Methyl orange WO;_180 °C-0 min 0.0014 0.9465
WO;GO_180 °C-0 min 0.0040 0.99959
WO;_180 °C-10 min 0.0057 0.99916
WO;G0O_180 °C-10 min 1.4716 0.9988
WO;_200 °C-0 min 0.0067 0.99915
WO;GO_200 °C-0 min 0.0197 0.9944
WO;_200 °C-10 min 0.0256 0.9999
WO;G0O_200 °C-10 min 0.1012 0.9983
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Fig. 8 Correlation between the MB, RhB and MO mass adsorbed onto
each catalyst after 1440 min of adsorption in the dark (a) and the mass of
dye degraded after 60 min of simulated sunlight irradiation (b).

catalyst after 1440 min of adsorption in the dark. Fig. 8b shows
the mass of dye degraded after 60 min of simulated sunlight
irradiation. First, it is possible to observe that most catalysts
exhibited higher photoactivity for MO degradation. Coinci-
dently, MO is the dye that adsorbs less in all catalysts, probably
due to its negative charge. This result suggests that strong dye
adsorption onto the photocatalyst’s surface may create a layer
of photosensitive material that absorbs the light. As a result,
a smaller portion of light activates the photocatalyst. RhB was
the second dye most degraded by all catalysts, and the second
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dye most adsorbed by WO;_180 °C-0 min and WO;GO_180 °C-
0 min, which can be ascribed to the WO;-H,O structure
exhibited only for these two samples. This feature is also
reflected in the slower adsorption kinetics of these samples
(Fig. 7a). For WO3G_200 °C-0 min and WO;GO_180-10 min, the
amount of RhB adsorbed is also lower than that of MB, which can
be a combination of surface area, zeta potential and chemical
interaction. RhB was degraded more efficiently for the other
catalysts, although it was more intensely adsorbed than MB. This
result cannot be explained by blocking the light effect caused by a
layer of dye on the catalyst surface. These results suggest different
chemical interactions with the cationic dyes.

In this sense, we infer that the photoactivity cannot be
explained by one single property of WO,GO. Instead, several
variables can hinder or increase the activity. Therefore, further
optimizations must be done to create highly efficient materials.

4. Conclusions

The present study reports the successful synthesis of WO; and
WO;GO samples via a rapid microwave route. Different syn-
thesis parameters, such as temperature and time, influence the
properties of the materials, particularly their morphology and
crystal structure. Hence, we observed that rounded platelets
with the crystal structure of WO;-H,O form WO;GO materials
synthesized at lower temperatures for shorter periods. How-
ever, the monoclinic phase is formed by increasing the time to
10 min at 180 °C or a temperature of 200 °C. Although the
presence of GO in the synthesis medium does not seem to
interfere with particle growth, the interaction between GO and
microwaves at high temperatures may promote the restacking
of graphene sheets. WO;GO_200 °C samples exhibited an
intense and sharp G band at Raman spectra compared to
WO;GO_180 °C samples, which is associated with re-stacking.
In addition, microwave treatment at 200 °C did not increase the
degree of reduction of graphene or improve the surface area of
WO;GO. Finally, we observed that a longer reaction time is
required to improve the binding between GO and WOj;.

We found that the highest photoactivities were observed
when MO was used as a model dye, which has been ascribed to
its lower adsorption onto the catalyst’s surfaces. Therefore, the
dye does not block the interaction of light with the semicon-
ductor. For the cationic dyes RhB and MB, the crystal structure
of the catalyst as well as its surface area, zeta potential, and
chemical interaction play more critical roles. Therefore, we
infer that a single property of WO;GO cannot explain the
photoactivity, and several variables must be considered to
increase the photoactivity. Further investigations focused on
synthetic parameters can be done to modulate the properties of
WO;GO materials.
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