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Investigating the role of microwave thermal and
non-thermal effects on WOz-graphene oxide

composite synthesist
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The effects of microwave-assisted synthesis on the morphology and crystalline structure of WOs-graphene

oxide (GO) composites have been investigated. Using two different microwave reactors, evidence supports
that thermal and non-thermal effects significantly influence the properties of the synthesized materials. The
findings reveal that the microwave cavity geometry affects how the microwaves are “delivered” to the

reactional cavity as a function of time; it also orientates the growth process of the WOsz particles.

Consequently, the crystalline structure and morphology are affected. As a result, the WO3-GO
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composites produced using a CEM reactor exhibit a rounded shape and hexagonal phase of WOs,

besides enhanced reduction of GO. Whereas the composites made using an Anton-Paar reactor are
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1. Introduction

The efficiency of materials in various applications depends
directly on their crystalline structure and shape, and the control
of these properties, in turn, depends on the synthesis condi-
tions. In this context, using microwaves as a heating source in
liquid-phase inorganic synthesis becomes very attractive. This
technique allows higher heating rates, reaction speed, yields,
selectivity of the obtained product, and reproducibility. It also
allows excellent control of the reaction parameters and
automation.'” In general terms, microwave chemistry involves
selective dielectric heating of ionic compounds and solvents
based on their response to the oscillating electric field of
microwaves. This way, microwave irradiation can heat the target
material without heating the entire oven or oil bath, saving time
and energy.'”

Some scientists believe microwaves do not influence the
orientation of molecules during collisions nor the activation
energy of the reaction but only act on the temperature param-
eter of the Arrhenius equation. In this sense, selective dielectric
heating increases the reaction speed because it allows the
activation energy of a chemical reaction to be reached more
quickly, as the radiation can transfer much power to the
response in a short time interval. From the point of view of
obtaining inorganic particles, the thermal effects are tradi-
tionally associated with the nucleation and growth steps.>*%#
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composed of sheets and flowers of WOz with hexagonal, triclinic and/or WOsz hydrate structures and
cause a lower reduction on the GO.

Microwaves produce homogeneous heating of the reaction
medium; thus, the nucleation step is improved, resulting in
particles of controlled size. In addition, the nature of the reac-
tants is a much more critical issue than in syntheses using
traditional heating methods. Depending on the species
employed, the dissolution rate of the reactants can change
considerably, affecting the reaction kinetics.” Also, many inor-
ganic syntheses use organic species as capping agents or in
producing reaction intermediates. These organic species
generally interact very strongly with microwaves, creating
a significant increase in the heating rate, solubility of reactants,
and speed of reactions, which can promote very different results
from those observed in syntheses using conventional
heating.>*°

Other scientists believe microwaves affect molecular orien-
tation during collisions, affecting the pre-exponential term of
the Arrhenius equation. These effects are caused by the unique
interaction of microwaves with the irradiated species and are
called “microwave-specific effects” or “non-thermal effects”.
The non-thermal effects include superheating, selective heating
of polar species, formation of “molecular radiators” by directly
coupling the microwave energy with specific reactant species,
and a homogeneous solution. From the point of view of inor-
ganic synthesis, these non-thermal effects directly affect the
interface events.>*" In the growth process of metal and metal
oxide particles, for example, liquid phase growth occurs by the
adsorption of different species on the surface of the growth
nuclei formed in the initial steps, in addition to the oriented
aggregation of nuclei.”**™ Thus, the unique interactions of
microwaves with the different species in the reaction medium
affect the adsorption capacity of the surfaces in the solid state

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and the reactivity of the species in solution with these surfaces.”
Another interesting non-thermal effect is related to the fact that
the geometry of the microwave cavity can affect the morphology
of the particles.”* Thus, different morphologies can be ob-
tained simply by changing the equipment used in the proce-
dure. This paper provides evidence of non-thermal effects
through synthesizing WO;-graphene oxide composites using
two additional microwave reactors.

WO; was chosen due to its applicability to energy conversion
devices. WO; can be used to develop supercapacitors,” lithium-
ion batteries,'® electrochromic devices,' electrocatalytic water
splitting,*® photochromic devices,* sensors® and photo-
catalysts.”>** This vast number of applications is correlated to
its crystalline structure, morphology, bandgap energy and
potential window.>® Few works explore microwave irradiation as
a heating source in synthesizing WO;-based materials.?*~*” Also,
most of these studies only used the microwave to decrease the
reaction time.>>?$31333637 A few studies suggested microwaves
can affect the properties of the resultant materials.>*?**3 Also,
most works used water as the solvent,*®3%3237 a medium
microwave absorber. Besides that, usually, the authors do not
make clear necessary information, such as (i) the kind of oven
used (domestic or dedicated);**>*323>* (ii) the microwave mode
(monomode or multimode);**>#3>3437 (iii) kind of irradiation
(constant power or constant heating);** and (iv) irradiation
pOWer'25,33,34

A common strategy to improve the efficiency of WO;-based
devices is to make a composite with graphene oxide.'”***° The
study of the microwave-assisted synthesis of this kind of
composite is also very restricted. The irradiation provided
enough energy for this material to reduce GO to rGO. Also, it
removes the oxygen functional groups. However, it has yet to be
provided with any attempt mechanism.**

In this context, the present study shows a detailed develop-
ment of the microwave-assisted synthesis of WO;-graphene
oxide composites. The critical conditions that affect microwave
chemistry are described and discussed. Also, we provide
evidence on how the non-thermal effects of microwave-assisted
synthesis can affect the morphology and interaction between
both materials.

2. Material and methods

2.1. Synthesis of WO3;, GO and WO;-GO materials

The synthesis procedure was based on a method previously
published by the group** with modifications. For the samples of
WO;: GO, 1:1 (molar ratio) 151.2 mg of graphene oxide was
suspended in 81 mL of ethylene glycol and sonicated for 30 min.
Then, 1.512 g of ammonium metatungstate and 32.24 g of oxalic
acid were added to the solution previously prepared. The
mixture was sonicated again for 15 min. 7 mL of the resultant
solution was transferred to a 10 mL glass vial sealed and placed
in the microwave cavity (Discovery CEM or Anton Paar). The
heating mode was the constant temperature, where the irradi-
ation power was kept at a maximum of 300 W. Table 1
summarizes the synthesis conditions.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

The obtained suspensions were rinsed and centrifuged once
with water and two times with isopropyl alcohol, drying for 24 h
at 60 °C. After this, the materials were annealed for one hour at
380 °C.

For control, pure WO; and GO materials were produced
following the same procedures, without adding GO and W
precursor, respectively. The materials were named WO;(X)-Y,
GO(X)-Y and WO;-GO(X)-Y, where (X) are conditions A and B
described in Table 1, and Y are AP (for the samples prepared
using the Anton Paar reactor) and CEM (for the samples
prepared using the CEM reactor).

2.2. Characterization

Scanning electron microscopy (SEM) images of the catalysts
were collected on the SEM-FEG scanning electron microscope
HR Inspect F50 (FEI). WO;-based materials were suspended in
isopropanol, sonicated for 30 min, and deposited on thermic
oxide 200 nm ultrathin of @6, type (100) (Ted Pella).

X-ray diffraction (XRD) patterns were obtained using a D8
(FOCUS) X-ray diffractometer with a Cu Ko radiation source
operating at 40 kV and 40 mA. The XRD profiles were collected
between 26: 10° and 60°. Raman spectra were obtained using an
RFS100/S (Bruker) FT-Raman spectrometer with excitation at
1064 nm from an Nd:YAG laser. Diffuse reflectance spectra were
measured on a Cary 50Scan (Varian) spectrometer using
a reflectance accessory coupled optical fiber (Pike).

X-ray photoelectron spectra were obtained through a K-alpha
XPS, Thermo Fisher Scientific, aiming to identify the composi-
tion of sample compounds. It used an Al Ka emission with
applied vacuum <10~ ® mbar. The experiments were performed
with 1400 and 50 eV energy, with 1.0 and 0.1 eV resolutions,
respectively.

3. Results and discussion

Traditionally, the properties of a material are strictly related to
the synthesis conditions: the nature and proportion of reac-
tants, solvent, temperature and reaction time. However, in this
study, all the previously mentioned reaction conditions are the
same for synthesizing all samples. In this sense, it is essential to
highlight that the use of microwaves as a heating source adds
other variables to be considered in the reaction conditions,
being the volume of the reactional mixture and dimensions of
the vial (since microwaves can penetrate about 2 cm in the
reaction medium), irradiation mode (monomode or multi-
mode), and operation mode (fixed power or fixed
temperature).*>

In multimode microwaves, the electromagnetic field is
distributed chaotically inside the cavity. These cavities are
usually large, so the field density is low. Therefore, the equip-
ment must operate at high irradiation powers to achieve high
heating rates. On the other hand, this equipment allows the
performance of several reactions simultaneously, generating
a more significant amount of product.”? In the case of mono-
mode microwaves, only a single mode of the electromagnetic
wave interacts with the reaction mixture. These devices have

RSC Adv, 2023, 13, 26794-26803 | 26795
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Table 1 Reactional conditions investigated for the microwave-assisted synthesis of WOz-GO

Reactional condition WO;: GO Heating protocol Step 1 Step 2
A) 1:1 Heat as fast as possible 180 °C for 1 min 200 °C for 1 min
(B) 1:1 10 min ramp — 200 °C for 1 min

a small cavity, which provides a high field density; as a result,
low microwave power is required to achieve high heating
rates.*>*

When fixed power operating mode is used, the equipment is
set to maintain a single power during the entire reaction time.
In this condition, there will invariably be a temperature rise.** It
is essential to point out that the heating rate is a crucial
parameter in the synthesis result. Therefore, this is worth
emphasizing since the magnetron used with a microwave
source becomes less efficient with time. Thus, even if two
devices of the same brand are used in the fixed power mode of
operation, the heating rates can be different if the magnetrons
are used for various lengths of time. Differences in the design of
the cavity geometry can also lead to changes in the microwave
power introduced into the reaction cavity.*> Thus, the use of two
different brands of equipment can lead to other synthesis
products when the fixed power mode is employed.

In this sense, theory indicates that the only way to ensure the
reproducibility of a chemical reaction under microwave condi-
tions in different equipment (of the same brand or not) is by
controlling the temperature and reaction time.** In this context,
the fixed temperature mode is more interesting since, in this
mode of operation, the temperature is kept constant for
a determined time through microwave irradiation. Further-
more, the irradiation power is modulated to keep the temper-
ature constant, and a power limit value is set.*

In this study, all reactions were performed using the same
volume and type of reaction vial; the two devices employed the
same irradiation mode (monomode); and the method of oper-
ation was fixed temperature, keeping the maximum power at
300 W. Theoretically, these conditions should guarantee the
reproducibility of the reaction. Thus, we hypothesize that
differences in the properties of the resultant materials may
result in thermal and non-thermal effects associated with the
microwave irradiation.

The first property evaluated was morphology. Fig. 1 shows
the SEM images of the WO3;, GO and WO;-GO samples. The
images show changes in the morphologies of the WO; obtained
in the different reactors. WO;(A and B)-AP comprises sheets that
aggregate into spherical architectures. EDS images of the WO,-
GO samples (Fig. 2) shows clearly the spherical shape. WO;(A
and B)-CEM SEM images (Fig. 1 and 2) also indicate spherical
shapes but are smaller in this case. Also, the spheres are
composed of smaller particles with irregular shapes (see
Fig. S17).

Thus, it is possible to observe a trend in the morphologies of
the materials produced as a function of the reactor used for the
synthesis. This fact should be related mainly to the geometry of
the cavity, which affects how the electromagnetic radiation

26796 | RSC Adv, 2023, 13, 26794-26803

reaches the reaction medium, promoting unique orientations
in crystal growth,''® and a non-thermal effect.

GO exhibits a distinctive aspect that does not vary signifi-
cantly upon changing the microwave reactor (Fig. 1 and 2).
Finally, the images of the WO;-GO composites show that the
samples seem to be a mixture of the morphologies of the
separated materials (Fig. 1 and 2). However, the size of the WO;
particles seems to change when the WO;(A and B)-CEM samples
are compared to those observed on WO3(A and B)-GO-CEM
samples.

Fig. 2 shows the secondary electron (SE) SEM images of the
WO3-GO samples and the EDS images. The contrast observed in
the SE images indicates the difference in the atomic mass of the
species that compose the sample. Thus, it shows the regions
rich in carbon (dark grey) and tungsten (light grey). Further-
more, EDS images show that element W is present in the same
parts of bright areas in the SE images. In contrast, elements C
and O are present in the darker areas of the SE images. Based on
these images, it is possible to observe that the graphene and
WO; are mixed very inhomogeneously. This observation can be
ascribed to the high molar ratio of GO used to prepare the
material. However, it is impossible to assess whether there is
a chemical interaction between the WO; and GO particles at the
interface between the two materials.

XPS spectra of the WO;-GO samples (Fig. 3) were collected to
understand chemical changes promoted by the irradiation
conditions. Table 2 summarizes the atomic percentage of the
elements W, C and O calculated from the survey spectra (Fig. 3).
It was observed that the samples produced using the microwave
CEM (WO;-GO(A) and (B) CEM) exhibit a small percentage of
nitrogen. We believe the nitrogen can result from adsorbed
nitrogen species from the ammonium salt. On the other hand,
the samples produced on the microwave Anton Paar (WO;-
GO(A) and (B) AP) did not show the presence of nitrogen. Also, it
was observed that the proportion of W produced is higher for
the WO3-GO(A) and (B) CEM samples. Finally, when the same
microwave reactor is compared, the heating mode “heat as fast
as possible” produced samples with higher W content (WO;-
GO(A)-CEM and WO3;-GO(A)-AP samples). It is essential to
highlight that XPS spectroscopy can detect species present in
the 5 nm depth of the samples; thus, the atomic percentage
values must be considered carefully.

High-resolution XPS W spectra of core-level W 4f (Fig. 3) can
be deconvoluted into two distinct peaks, W 4f;,, and W 4f;,
with binding energies of 35.60 to 35.95 eV and 38.01 to 37.75 €V,
respectively.***” The presence of spin-orbit coupling of ~2.1
suggests the existence of the WO®" oxidation state.*>*® For the
WO,-GO-CEM materials, these peaks can be deconvoluted in
two pairs. For these samples, a distinct pair of XPS peaks are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Backscattered SEM images of WO3, GO and WO3-GO samples.

observed at lower binding energies of 36.82 to 36.75 eV and
35.20 to 34.63 eV, which can be correlated to the existence of
W>" oxidation states.* This result suggests that for the samples
produced using the CEM reactor, there is the formation of
defective WO;_,. The materials also exhibit a weak emission at
~42 eV, ascribed to W 5p3/,, which suggests the oxide formation
of WO;.** WO3-GO(B)-AP does not exhibit a peak around 42 eV,
which can be ascribed to the low-intensity of the W emission.
Fig. 3 also shows the high-resolution XPS O 1s spectra. The
spectra of all samples can be deconvoluted into two distinct
peaks; however, the shape and binding energies are much
different. The spectra of the samples WO;-GO(A)-CEM, WOj;-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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GO(B)-AP and WO3-GO(B)-CEM exhibit a peak at ~532 eV, which
was previously ascribed to the bonds of the oxygen and tungsten
in lower oxidation states, due to a small amount of water con-
taining h-WO;.*®* However, W at low oxidation states has been
only observed on WO;-GO(A and B)-CEM samples. This peak
has also been ascribed to the O-H in adsorbed H,O0;**° to
C-0O-C bond;* and to oxygen chemisorbed on the surface of
prepared composites.®® The samples, WO;-GO(B)-AP and CEM,
also show a peak at ~531 eV, assigned to the chemisorbed
oxygen of the surface hydroxyls.** Also, 531 eV is the minimum
energy required to disassemble W-O and the oxygen anion
(O*>7) on the lattice sites of Wolfram.** Conversely, the sample

RSC Adv, 2023, 13, 26794-26803 | 26797
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Fig. 2 Secondary electron SEM images and EDS images of the WO3-GO samples.

WO3-GO(A)-CEM exhibits a peak at 530.73 eV, which may
correspond to the O®>~ oxygen bond with W®" atoms.** Also, it
could be ascribed to chemisorbed oxygen species present at the
surface of the composite.” Finally, the sample WO;-GO(A)-AP
shows a peak at 533.13 eV, which can be ascribed to hydroxyl
(-OH) groups on the surface of the composites or the C=0
bond of the composite.*” In summary, the high-resolution O 1s
spectra show mainly ascribed to oxygen species non-chemically
bonded to the W. This observation can be ascribed to the low
atomic percentage of W compared to C and O in the samples.
The only sample that shows binding energy that can be ascribed
to the W-O bond exhibits a higher atomic percentage of W
(Table 2).

The deconvoluted C 1s core level of XPS high-resolution for
the WO3-GO samples shows tree peaks in Fig. 3. The binding
energies are around 284.38 + 0.05, 285.91 + 0.08 eV and 288.00

26798 | RSC Adv, 2023, 13, 26794-26803

+ 0.08 eV for the samples WO;-GO(A)-CEM, WO3-GO(B)-AP and
WO;-GO(B)-CEM. The binding energies for the sample WO;-
GO(A) show small displacement; coincidently, the samples
exhibit a higher atomic percentage of C (Table 2). The peak
around 288 eV may correspond to carbonate species ascribed to
O=C-0 bonds.******** The peak around 284 is associated with
the C=C-C bond, corresponding to sp> bonding in gra-
phene.*#3%525455 The peak around 285 is associated with C-O
bonds'45,49,50,52

Thus, different from the morphologies, the chemical
composition varies significantly upon changing the reactor
cavity and heating mode. These aspects can result from changes
in the crystalline structure of the materials.

To understand the effect of microwave conditions on the
crystalline structure, Raman spectra (Fig. 4) and XRD patterns
(Fig. 5) of the samples were collected. Raman spectra of WO3-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The survey, C 1s, O 1s and W 4f high-resolution spectra of the WOs-GO samples.

Table2 The atomic percentage of W, C and O was obtained from XPS
spectra

Element (%)

Material W C o N
WO;-GO(A)-AP 0.09 86.01 13.90 —
WOs—GO(A)—CEM 1.11 79.79 18.16 0.94
WO3-GO(B)-AP 0.02 84.58 15.40
WO3—GO(A]—CEM 0.47 79.44 20.07 0.02

(GO) samples (Fig. 4) show the characteristics bands of WO;
around 806 cm ' and 701 cm ™' ascribed to O-W-O antisym-
metric stretching, and W,04 and W;0g stretching.>**”

The Raman spectrum of GO and WO;-GO samples (Fig. 4)
exhibits two bands at around 1350 and 1604 cm™ %, corre-
sponding to the D and G bands of graphitic structure. The G
band is related to the C-C vibrations of the carbon with sp*
orbitals and is characteristic of graphitic sheets’ distinct peaks.
D band is associated with the vibrational defects of the C-C
bond.*® The higher ratio between the Ip/Ig bands can be related
to the reduction degree of GO.* The Ip/I; ratio calculated for
GO(A)-AP (Fig. 4a) was 0.93; in comparison, WO3-GO(A)-AP
(Fig. 4a) shows a smaller value (0.88), which is associated with
partial oxidation of graphene. On the other hand, the I/I; ratio
for GO(A)-CEM (Fig. 4b) is smaller (0.79) than the value

© 2023 The Author(s). Published by the Royal Society of Chemistry

calculated for WO5;-GO(A)-CEM (1.29). The I/l ratio is similar
for the WO;-GO(B)-AP and GO(B)-AP samples (0.77) (Fig. 4c).
Finally, the Ip/Ig ratio of WO;-GO(B)-CEM was calculated as
(1.02), whereas the value calculated for GO (B)-CEM was 0.92.

These results show that for the samples prepared using the
CEM reactor, the Ip/I; ratio of GO-CEM was not affected by the
heating mode. The formation of WO; lead decreased the
reduction degree of GO on the WO;-GO-CEM samples. Thus,
that led us to believe that de GO takes part in the WO; forma-
tion; this observation is consistent with the changes in the size
of WO; on the WO3(A and B)-CEM and WOj;(A and B)-GO-CEM
samples (Fig. 1). As a result, it may indicate the formation of
a real heterojunction between both materials.

Among the GO-AP samples, a fast heating mode induced the
reduction degree of GO(A)-AP compared to the GO(B)-AP. The
Ip/l ratio value for the GO(B)-AP and WO;-GO(B)-AP may
indicate that a mixture of the components forms these mate-
rials. Finally, the lower Ipp/I; ratio of WO3-GO(A)-AP compared to
GO(B)-AP may also indicate that the GO takes part in the WO;
growth process. For this set of materials, no evident changes in
morphology were observed (Fig. 1).

The crystalline phase of the samples was confirmed via XRD
diffraction. All pristine GO samples (Fig. 5) have shown the
same pattern, with an intense peak around 25° found in the GO
structure. The peak around 24.5° was found in the few layers of
rGO obtained from graphite flakes.*

RSC Adv, 2023, 13, 26794-26803 | 26799
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The peaks observed for WO;(A)-AP (Fig. 5a) are associated
with the crystalline phase of W30 (PDF number 01-071-
3817).%%> The same peaks are observed in WO3-GO(A)-AP;
however, for this sample, no peaks can be attributed to the
crystalline structure of graphene or graphite. On the other
hand, WO3(A)-CEM (Fig. 5b) showed peaks associated with the
hexagonal phase of WO; (PDF 01-085-2459).%® In comparison,
WO3-GO(A)-CEM exhibited some peaks of WO; hexagonal in the
mixture with the triclinic structure of WO; (PDF 01-071-0305).**
Observing a hexagonal phase is consistent with the high-reso-
lution W 4f XPS spectrum of this material (Fig. 3).

WO;(B)-AP (Fig. 5¢) showed a mixed phase between WO,
hexagonal and the hydrated form of WO; with a characteristic
peak at 16.8°. WO;-GO(B)-AP, in turn, exhibited peaks related to
the pure orthorhombic phase of WO;-H,O (PDF 01-084-0886).%
Finally, WO;(B)-CEM and WO;-GO(B)-CEM (Fig. 5d) showed
both the pure hexagonal phase of WO3, which is consistent with
the W 4f XPS results (Fig. 3).

Hexagonal WO; can be obtained under conventional
synthesis by heating the tungsten precursor hydrothermally at
180 °C for 12 to 24 h.**®*® However, the orthorhombic WO,
hydrate can also be prepared under milder conditions.* In this
sense, the microwave-assisted synthesis described here reduced
the time required for the synthesis, which may be ascribed to

26800 | RSC Adv, 2023, 13, 26794-26803

the fast heating hates (a thermal effect). On the other hand, the
triclinic structure is typically obtained at higher temperatures
during an annealing process.”®”* Thus, the triclinic structure
produced here may result from creating hot spots during the
synthesis. These hot spots can make a higher temperature
locally, which some scientists consider a non-thermal effect.

Interestingly, we are unaware of the use of hydrothermal
treatment to obtain the W30 phase. Traditionally, this structure
is produced by sputtering methods followed by calcination.””
Thus, the obtention of the W;0 phase may also be ascribed to
creating hot spots.

Understanding the reasons for such significant changes is
a great challenge. The reactional condition (A) (Table 1) implies
the fastest possible heating. In this sense, the magnetron life-
span and the design of the cavity geometry will impact the
heating rate when AP and CEM equipment are considered.
Therefore, changes in the characteristics of the GO, WO;, and
WO3-GO(A)-AP materials when compared to the GO, WO3, and
WO;-GO(A)-CEM materials are expected to be different. By
observing the heating curves (ESI filet), it is possible to notice
that both pieces of equipment take around 1 minute to reach
180 °C. However, when the CEM equipment is used, the irra-
diation power values are closer to 300 W during the heating
process to 180 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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On the other hand, when the AP equipment is used, the irra-
diation power is more relative to the maximum value for less than
30 seconds. This observation leads us to believe that microwaves
interact more intensely with the particles in the reaction media at
the initial stages of the synthesis when the CEM equipment is
used. Thus, the differences in microwave intensity at the begin-
ning of the synthesis process could be a reason for the changes in
the properties observed.

For reaction condition B (Table 1), both reactors must heat
the reactional mixture to 200 °C for 10 minutes. The heating
graphs (ESI-filet) show that the irradiation power delivered by
the reactors as a function of time is very different. For the CEM
instrument, the irradiation power is higher at the final stages of
the process, whereas the AP instrument delivers higher power at
the beginning of the process.

Considering all results, it is possible to observe that the irra-
diation power intensity as a function of time is more homoge-
neous when the CEM instrument is used. This characteristic may
be responsible for producing crystalline structures, which are
commonly reported under milder conditions through conven-
tional synthesis. In this sense, microwaves show the advantage of
reducing the reaction time due to a thermal effect (high heating
rate).

© 2023 The Author(s). Published by the Royal Society of Chemistry

On the other hand, the irradiation power is typically more
intense at the beginning of the synthesis process when the
Anton Paar instrument is used. This characteristic may create
more hot spots (a non-thermal effect), leading to the formation
of crystalline structures typically obtained under higher
temperatures using conventional heating sources.

4. Conclusion

This work discusses the thermal and non-thermal effects asso-
ciated with microwave irradiation as a heating source in the
synthesis of WO;-GO composites. For this study, two reactors
with different cavities operating in monomode and fixed
temperature were used.

It was observed that the microwave cavity of the CEM
provides a more homogeneous irradiation intensity as a func-
tion of reaction time. On the other hand, the Anton Paar reactor
concentrates the highest irradiation power intensity at the
beginning of the synthesis process.

As a result, it is observed that the crystal structure of pure
WO; and WO; in the composite with GO prepared in the
microwave CEM is predominantly hexagonal. This structure is
obtained when WO; is synthesized under a conventional

RSC Adv, 2023, 13, 26794-26803 | 26801
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hydrothermal route and temperature similar to that employed
in this work. However, under the conventional route, the
synthesis time is much longer. Therefore, the main advantage
of using microwaves is the reduction of time.

For pristine WO; and the composite with GO prepared in the
Anton Paar microwave, the crystalline structures observed are
only produced at elevated temperatures when conventional
heating methods are used. This result leads us to believe that
hot spots create a significant local temperature increase (a non-
thermal effect).

It was also observed that the geometry of the cavity guides
the growth of the particles, generating distinct morphologies in
the materials as a function of the reactor cavity; this is another
evidence of a non-thermal effect. Finally, the data suggest that
GO participates in the growth process of WO;, which evidences
the formation of a heterojunction.

By focusing on the thermal and non-thermal effects of
microwaves in WO;-graphene oxide synthesis, we demonstrate
the potential for tunning the material properties, advancing
material synthesis and microwave-assisted techniques in
developing high-performance composites.
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