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https://doi.org/10.18280/rcma.350514 ABSTRACT

Many materials are known for their remarkable uses in modern research, including
tungsten carbide (WC), which has many hardness characteristics, such as high toughness
and notable chemical resistance. Because of its stability, it is essential in a variety of
industrial sectors, particularly in cutting tools and coatings used in applications that are
resistant to wear. WC nanoparticles were created using the hydrothermal synthesis
technique. A composite that improves structural stability and functional efficacy is
created when WC nanoparticles are added to graphene (G) and carbon nanotubes (CNTs).
Verifying the materials' structural, physical, and chemical characteristics is the aim of the
characterizations carried out for this investigation. WC and its composites were validated
using a range of methods, such as energy-dispersive X-ray spectroscopy (EDXS), field-
emission scanning electron microscopy (FESEM), and X-ray diffraction (XRD) analyses.
The electronic and optical properties of the materials were also revealed by Raman, UV-
Visible, and photoluminescence (PL) spectroscopy, which demonstrated that the band
gap characteristics are considerably changed by the addition of carbon nanostructures.
When WC nanoparticles encapsulated with graphene (WC-G) and carbon nanotubes
(WC-CNT), it exhibited noticeably superior corrosion resistance compared to pure
tungsten carbide, these results are revealed by electrochemical tests.
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1. INTRODUCTION

The intrinsic qualities of tungsten carbide (WC), including
durability, tensile strength, and resistance to chemical
interactions, are widely recognized as essential characteristics
in demanding industrial settings as protective coatings, wear-
resistant components, and structural reinforcements,
especially in industries where corrosion and mechanical stress
are common [1]. However, as engineering uses become more
complicated, traditional WC materials have come close to
reaching the limits of what they can do. This has made more
people  interested in  nanostructured  alternatives.
Nanotechnology has been added to materials science, which
has made it possible to make tungsten carbide in
nanoparticulate form. This opens up new ways to improve its
excellent mechanical and chemical properties. WC has better
wear resistance, toughness, and surface stability at the
nanoscale. The enhanced specific surface area and the
complex grain architecture are primarily responsible for these
improvements [2, 3]. These developments not only help WC-
based systems last longer and perform better, but they also
make it easier to design components that are more specifically
suited, increasing the systems' effectiveness for complex
industrial applications [4, 5].

Corrosion is still a big problem in many areas, such as
aerospace, marine engineering, and cars. When materials
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break down like this, it costs more to keep them in good shape
and makes work less efficient. People know that tungsten
carbide (WC) is very strong and doesn't wear out easily, but it
doesn't work well in corrosive conditions because it breaks
down and oxidizes easily [6, 7]. Recent research has alleviated
these limitations by incorporating carbon-based nanoparticles
into WC matrices. Graphene (G) [8, 9] and carbon nanotubes
(CNTs) [10, 11] have been used to make composites that work
better overall. These carbon-based reinforcements have a lot
of benefits that work together. The most important thing they
do is make the composites stronger and better at conducting
electricity. More importantly, they help make thick protective
layers that stop processes that break things down. This makes
coatings made with WC last longer [12, 13]. Graphene and
CNTs also have a lot of surface area and are naturally stable,
which makes them even better at stopping pathways that lead
to electrochemical breakdown [14, 15].

Various studies have been conducted on WC-based
composites, including carbon-based nanomaterials. In the
study done by Guan et al. [16], the effects of WC on thermal
and mechanical attributes of carbon fiber (CF)/copper (Cu)
binary composites were investigated. The results revealed that
the incorporation of WC into the binary CF/Cu system
improves its thermal and mechanical properties, which
originates from the effective role of WC in enhancing the
interface bonding between Cu and CF and subsequently,
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diminishing the poor interface bonding between the two
components [16]. In another study, the fabricated composite
exhibited higher tensile strength compared to pure Cu and also
the binary system of CNTs/Cu, which was attributed to role of
WC in creating robust interfacial bonding among components.
The robust interface bonding not only enhanced tensile
strength but also improved the electrical and thermal
conductivity of the binary composite [17].

Researchers have devised several ways to make tungsten
carbide nanoparticles, such as mechanical alloying, chemical
vapor deposition (CVD), sol-gel processing, and hydrothermal
synthesis. Hydrothermal synthesis is the most popular method
because it is cheap, can be used on a large scale, and gives you
precise control over the shape of the nanoparticles [4, 16]. This
level of control makes it possible to make nanoparticles with
specific sizes and shapes, which is important for improving the
material's functional properties. When graphene and CNTs are
added to tungsten carbide matrices, they make stronger
nanocomposites less likely to corrode. These changes make
the modified composites look very promising for advanced
protective coatings, where long-term performance and
durability are important [9, 18-20]. The carbon nanostructures
and the WC matrix work together to make the material
stronger than regular tungsten carbide when things get tough.
We made WC nanoparticles for this study using a
hydrothermal method because it is very precise and can be
done again. Then, the nanoparticles were mixed with graphene
and CNTs in a controlled way to make the material less likely
to rust.

The research employed various characterization techniques
to examine materials, like X-ray diffraction (XRD) to look at
the structural properties and field emission scanning electron
microscopy (FESEM) to show the morphological aspects, also
chemical makeup was examined using energy-dispersive X-
ray spectroscopy (EDXS). Photoluminescence (PL), Raman,
and UV-Visible spectroscopy were employed to study the
materials' electrical characteristics. These characterization
results demonstrated the successful synthesis of three distinct
materials: pure WC nanoparticles, WC-graphene (WC-G), and
WC-CNT nanocomposites.

These results show that these advanced materials could be
very useful in situations where corrosion is likely to happen,
especially as protective coatings. This study examines
practical approaches to prolong the durability of tungsten
carbide by developing nanocomposites, directly addressing
the persistent challenge of its insufficient corrosion resistance.
The results have important effects on the development of new
materials. First, they show that WC needs to be changed so
that it lasts longer in tough situations. Second, they made it
possible to do more research on the best protective coatings.
These results give us useful information that will help us use
nanomaterials more in factories where it is very important to
keep things from rusting.

2. EXPERIMENTAL SECTION
2.1 Synthesis of WC nanoparticles

WC nanoparticles were made using a cheap and energy-
efficient hydrothermal method [16]. The first step in making
the compound was to mix 5 g of ammonium meta-tungstate
(AMT), which is the source of tungsten, with warm deionized
water to make a precursor solution. Then, 4.6 g of maize starch
was added as the carbon precursor, and the mixture was stirred
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very hard to make sure it was well mixed. The solution was
then put into a stainless-steel autoclave with Teflon lining. The
autoclave was tightly sealed to keep the reaction conditions the
same. Hydrothermal treatment occurred at 200°C for 8 hours
without mechanical stirring during the reaction period. After
allowing the system to naturally cool to room temperature, the
resulting contents were extracted and diluted. The precursor
material was obtained by spray-drying the solution using hot
air at 250°C. Finally, the tungsten carbide nanoparticles were
produced by calcining the precursor material in a vacuum
furnace at 980°C for 1 hour.

2.2 Synthesis of graphene nanosheets

Synthesis of graphene is typically done by means of various
techniques [21]. However, in this work, graphene nanopowder
was prepared from the US Nano Company and used without
additional purification

2.3 Synthesis of carbon nanotubes via chemical vapor
deposition method

CNTs were fabricated using the CVD method. The first
thing that had to be done was to produce a catalyst. To
maintain the iron structure stable, magnetite (FesOs) was
mixed with aluminum oxide (Al20s, 2.9%) and calcium oxide
(Ca0, 3.0%) [22]. An electric furnace was utilized to cook the
catalyst mixture, then crushed it and used a screen to get
particles that were between 1.2 and 1.5 mm in size. Next, the
catalyst was lowered while hydrogen flowed over it at 500°C
for an hour. This turned iron nanoparticles into nano-
crystalline iron. They put the iron catalyst that they had
manufactured in a quartz boat and put it in an extremely hot
furnace. Before the reaction started, the catalyst was heated up,
and hydrogen gas was blown over it to get rid of any dirt on
the surface. When the catalyst was ready, ethylene gas (C2Ha)
was put into the furnace at a rate of 5 to 10 L per hour. The
reaction happened at 700°C for an hour. The ethylene broke
down, and the carbon atoms gathered together to become
multi-walled carbon nanotubes (MWCNTSs) during that time.
After the reaction, some samples underwent hydrogenation at
500°C to decompose any remaining iron carbide (FesC) into
iron and carbon. This step promoted the agglomeration of
small iron particles into larger clusters, making it easier to
separate them from the carbon matrix. The final product was a
black, fluffy material composed of MWCNTs.

2.4 How to make nanocomposites with WC-G and WC-
CNT

WC-G and WC-CNT nanocomposites were made by
putting them together in a way that was easy and worked well.
50 mL of ethanol and 0.2 g of WC were mixed with 0.05 g of
graphene or CNTs. To make sure that all the parts were mixed
evenly, the mixture was stirred well on a hot plate. After that,
the solution was carefully heated to about 60°C to get rid of
the ethanol and leave a dry powder. After that, the powder was
ground up into a uniform nanocomposite material. It was done
three times for each study, and the data shown are typical.

3. RESULTS AND DISCUSSION
3.1 Characterization analyses

Figure 1 exhibits XRD patterns of pure WC and



nanocomposites of WC@graphene and WC@CNT. XRD is
one of the most highly used characterization analyses, which
is utilized for the identification of crystal structures of
materials. Moreover, it is a beneficial means for estimating the
average size of the particles.
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Figure 1. XRD images of (a) WC along with its
nanocomposites, including (b) WC@G, and (c) WC@CNT,
which are recorded from 5 to 80°

Figure 1(a) demonstrates an XRD image of pure WC, which
is recorded from 5 to 80°. In this regard, different diffraction
peaks are detected at 26 of 31.6, 35.7, 48.4, 64.1, 65.7, 73.1,
75.6, and 77.2°. The aforementioned peaks are respectively
ascribed to crystal planes of (001), (100), (101), (110), (002),
(111), (200), and (102) (JCPDS file No. 65-8828), which are
assigned to hexagonal phase (P-6m2) of tungsten carbide [16,
23-25]. For the WC@G composite, in addition to diffraction
peaks detected in the XRD pattern of pure WC, a new
diffraction peak appears. In accordance with Figure 1(b)
showing the XRD pattern of WC composited with graphene,
the sharp peak located at 20 of 26.6° is attributed to graphene’s
(002) crystal plane [26, 27]. In terms of the WC@CNT
composite (Figure 1(c)), the diffraction peaks relevant to pure
WC are obvious. Besides, another peak can be seen at 26 of
about 25.7°, which is attributed to CNTs’ (002) crystal plane
[28, 29]. The mean size of the particles could be estimated by
means of the following relationship, known as Debye—
Scherrer’s formula [30]:

K4
Pcosb

(1

In this regard, D is assigned to mean size of the particles, K
exhibits the Scherrer constant (K = 0.98), A signifies the
wavelength of X-ray with the value of 1.541 A, 0 shows the
Bragg angle, and f demonstrates the full width obtained at half
maximum (FWHM). By using Eq. (1), the mean size of 23.5,
39.1, and 20.5 nm is respectively obtained for WC,
WC@graphene, and WC@CNT.

FESEM images obtained from pure WC and its
nanocomposites with either graphene or CNTs are portrayed
in Figure 2. FESEM analysis is commonly hired to
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morphologically scrutinize the materials. Additionally, it is
capable of providing valuable information on the size of the
particles. As depicted by Figure 2(a), the FESEM image of
pure WC, innumerable agglomerated nanoparticles can be
seen, which are evenly dispersed. The nanoparticles show no
regular shape and their size changes roughly from 82 to 290
nm (Figure 2(b)).

Compositing the nanoparticles of pure WC with graphene
has led to no change in their morphology. In this direction,
irregular-shaped nanoparticles of pure tungsten carbide are
distributed graphene sheets’ surface, as demonstrated by
FESEM image of WC@graphene nanocomposite (Figure
2(c)). The size of WC nanostructures in WC@graphene
nanocomposite varies roughly from 66 to 240 nm (Figure
2(d)). Similar to WC@graphene, compositing tungsten
carbide with CNTs caused no alteration in the morphology of
WC nanostructures. Accordingly, and based on Figure 2(e), an
interwoven network of carbon nanotubes is evident, on which
the nanoparticles of WC are uniformly dispersed. WC
nanostructures within the nanocomposite of WC@CNT
demonstrate a size ranging from 58 to 152 nm (Figure 2(f)).

EDXS was another characterization test, which was
designed to probe the elemental composition of the
synthesized WC and its nanocomposites, including
WC@graphene and WC@CNT. EDXS pattern of pure WC is
illustrated in Figure 3(a).

Accordingly, the well-defined peaks of tungsten (W)
element are observed at around 1.75, 7.5, 8.5, 9.75, and 11.25
keV. In addition, the peak of carbon (C) element is detectable
at about 0.25 keV. The peaks of C and W elements originate
from tungsten carbide nanoparticles. The weak peak of oxygen
(O) element could arise from the moisture or physiosorbed
carbon dioxide (CO2) molecules.

The EDXS patterns of WC@graphene and WC@CNT
nanocomposites are illustrated in Figure 3(b) and Figure 3(c),
respectively. Accordingly, the noticeable peaks of W and C
arising from pure WC are obviously detected. The major
difference between the EDXS pattern of pure WC with that of
nanocomposites is the intensity of the peak of C element. In
comparison with WC, the EDXS patterns of WC@graphene
and WC@CNT nanocomposites reveal a carbon peak with
higher intensity, which is due to introduction of either
graphene or CNTs.

Raman spectra of WC, WC@graphene, and WC@CNT are
illustrated in Figure 4. In accordance with the Raman spectrum
of pure WC shown in Figure 4(a), several peaks are observed.
The major peaks seen at 681 and 804 cm™ pertain to the
vibration of W-C bond [31, 32]. Besides, other peaks are
detectable for pure WC, which are centered at 70, 235, and
4055 cm’!. As evidenced by the Raman spectrum of WC
composited with graphene (Figure 4(b)), the peaks showing
pure WC are observed at 70, 235, 681, and 804 cm. In
addition, another peak can be found at 1578 cm’', which
corresponds to G-band.

Raman spectra of the carbonaceous materials such as
graphene and CNTs manifest two well-defined peaks, one of
which is found at approximately 1362 cm™ (D-band), which is
attributed to sp® defects within the carbonaceous material. This
peak is capable of providing information on structural
imperfections as well as surface defects. D-band possesses A
symmetry and denotes the k point phonons’ breathing mode
[33-36].
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Figure 2. FESEM images obtained from (a, b) pure WC and its nanocomposites with (c, d) graphene and (e, f) CNT
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Figure 3. EDXS patterns of (a) WC and its nanocomposites with (b) graphene, and (¢) CNT

The other peak is situated at about 1578 ¢cm™ (G-band),
which is indicative of sp? carbon atoms’ in-plane vibration and
is attributed to vibrational mode of E,,. G-band features the
symmetry and also crystallizability of carbon atoms [33-36].
No peak demonstrating D-band can be detected in the
spectrum of WC(@graphene nanocomposite. In terms of the
sample composited with CNTs, the main peaks pertinent to
WC nanostructures are evident (Figure 4(c)). In addition, the
D- and G-bands can be found. As all the characterization tests
attested, it can be come to an end that pure WC and its
nanocomposites, including WC@graphene and WC@CNT,
are successfully prepared.
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Figure 4. Raman spectra of (a) WC and its nanocomposites
with (b) graphene, and (c) CNT, which are recorded in the
Raman shift from 0 to 4500 cm™!

3.2 Optical properties investigation

In order to examine optical properties of WC and its
nanocomposites, UV-Visible spectroscopy was conducted.

According to UV-Visible spectrum of pure WC from ~200
to 1000 nm (Figure 5), an attenuated absorption peak is
detectable at about 270 nm, which is located in the UV region.
Compositing pure WC with graphene has given rise to no
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change in its absorbance spectrum. In this regard, the weak
absorption peak found for pure WC can also be seen in the
UV-Visible absorbance spectrum of WC@graphene
nanocomposite. Like other samples, the nanocomposite of
WC@CNT demonstrates the absorption peak at 270 nm.

Absorbance (a.u.)

—— WC@CNT

L — WC@graphene

: — W C

200 400 600 800 1000
Wavelength (nm)

Figure 5. UV-Visible absorbance spectra of the samples
from ~200 to 1000 nm

To investigate the energy band gap (E.) factor, the Tauc’s
plots of the samples were plotted (Figure 6). In this regard, the
straight line obtained through plotting (ahv)? versus photon
energy (hv) is extrapolated to horizontal axis, with the aid of
which the energy band gap of the samples is calculated. In the
Tauc’s plot, a denotes the material’s absorption coefficient, 4
represents Planck’s constant, and v shows the frequency of the
light [37, 38].

In accordance with Figure 6, the energy band gap calculated
for WC, WC@graphene, and WC@CNT, respectively, is
6.28, 6.15, and 5.63 eV. As a consequence, compositing pure
WC with either graphene or CNTs caused a reduction in the
energy band gap. The lower energy band gap corresponds
shorter distance between the valence and conduction bands,
which facilitates the electron transition between the two bands
and subsequently, improves photocatalytic properties.
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Figure 6. The energy band gap of (a) WC, (b)
WC@graphene, and (c) WC@CNT

In addition to UV-Visible spectroscopy, PL spectroscopy
was adopted to investigate the optical characteristics of
samples. According to Figure 7 showing the PL spectra of pure
WC and its nanocomposites, two sharp peaks can be detected,
one of which is situated at 309 nm (UV area) and the other is
found at 619 nm (visible region).

Obviously, the PL peaks of the composites are more intense
than pure WC. These results are in a well agreement with
energy band gap values where WC@graphene and WC@CNT
nanocomposites demonstrated less E, in comparison with pure
WC. Both graphene and CNT reduced the bandgap of WC
material; hence, the pathways are more efficient for the
electrons.
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Figure 7. PL spectra of WC, WC@G, and WC@CNT

3.3 Corrosion resistance and corrosion

measurements

inhibitory

Figure 8 demonstrates Nyquist plots recorded for the bare
stainless steel and the ones coated with WC, WC@graphene,
and WC@CNT. The inset equivalent circuit was adopted for
fitting the plots. In this regard, R;, Ry, and CPE are
respectively ascribed to resistance of solution, charge transfer
resistance, and constant phase element, which are tabulated in
Table 1.
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Figure 8. The Nyquist plots taken for (a) the bare stainless
steel and the ones coated with (b) WC, (¢) WC@G, and (d)
WC@CNT (inset is the equivalent circuit)

Table 1. The results obtained from the fitting of Nyquist
plots of the samples

Sample Rs Rt
Stainless steel ~ 51.71 448.86
wC 11.66 525.46
WC@graphene 40.66 669.44
WC@CNT 30.69 707.26

Accordingly, the Re shown by the bare stainless steel is
448.86 Q. Obviously, coating it with WC resulted in an
increase in charge transfer resistance. In this direction, the R
delivered by the sample with WC is 525.46 Q. Including either
graphene or CNT into WC increased Re. To this end, the
charge transfer resistances obtained for WC@graphene and
WC@CNT, respectively, are 669.44 and 707.26 Q.

Referring to literature, R indicates the difficulty of
transferring the charges on the surface of the coating. In other
words, the higher value of R means the higher resistance of
the coating against corrosion [39]. Therefore, WC@graphene
and WC@CNT nanocomposites could outperform pure WC in
protecting stainless steel from corrosion.

The WC and its nanocomposites' corrosion inhibitory was
examined by monitoring their open circuit potential (Eocp). In
equilibrium state of system, the Eocpr and free corrosion
potential corresponded, and also on the surface of metal shown
no net electric current passes. This factor is valuable for
inhibitory properties of materials [40].

For Eocp measurements, a three-electrode system was
adopted where the bare stainless steel or its counterpart coated
with our sample was assigned as the working electrode.
Moreover, Ag/AgCl and Pt wire were respectively employed
as the reference and counter electrodes. All the electrodes were
immersed in a 3.0 wt% NaCl aqueous solution.

According to Figure 9(a), showing the OCP-time curve of
the free sample (bare stainless steel), the potential reached a
steady state after 1000 s. Changing the bare stainless steel
working electrode to WC-coated stainless steel has resulted in
a movement of potential toward more positive values (Figure
9b), signifying that this sample was less exposed to corrosion.
Compositing pure WC with either graphene or CNTs shifted
its open circuit potential to more positive values (Figures 9(c)
and (d)), meaning that WC@graphene and WC@CNT
nanocomposites are less corrosion-prone compared to other
samples. As a result, WC and its nanocomposites could be



ideal candidates for corrosion inhibitory purposes (Figure 10).

-0.40+ d
_0'4]_/‘/_/——_‘—_—"

;)tiﬂ-o.u- —~=C
?-0.43-//-
v ~
g -0.44- //—’— b
= -0.45]
g -0.461 2
o™
-0.48-

200 400 600 800 1000

Time (s)

Figure 9. OCP-time plots for (a) the bare stainless steel and
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Figure 10. The ability of the synthesized samples in
inhibition of corrosion

4. CONCLUSIONS

This study produced WC nanoparticles, and also the
nanocomposites of WC@G and WC@CNT were synthesized
in order to study their optical properties as well as corrosion
inhibitory features. Different characterization tests were used
to confirm their preparation.

The XRD pattern of WC nanostructures showed that they
have a hexagonal phase (P-6m2) because of the crystal planes.
When pure WC was mixed with graphene or CNTs, the main
diffraction peak of those materials showed up. FESEM
pictures showed that WC nanostructures had shapes that were
not regular, and adding graphene or CNTs to them did not
change their shapes. We also used Raman spectroscopy to
make sure the samples were made right. Their Raman
spectrum showed the main peaks that were linked to pure WC
nanoparticles. On the other hand, the Raman spectra of
WC@G and WC@CNT nanocomposites revealed each or
both of D- and G-band, which were attributed to carbonaceous
materials of graphene and CNTs.

Compositing pure WC improved its optical properties,
which was ascribed to the role of graphene and CNTs in
lowering the energy band gap of WC. Compositing also
increased R and shifted the open circuit potential to more
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positive values, which causes corrosion. The tunable band
structure of WC-based composites, together with their
corrosion inhibition performance, suggests promising
applications in environments where photoelectrochemical and
barrier protection mechanisms may be synergistically
exploited. Further studies are needed to decouple these effects.
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