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Abstract

WC powders with a size in the range of 20–60 nm were prepared through carbothermal reduction of a novel core–shell structured

precursor in vacuum. The samples were characterized by X-ray diffraction (XRD), transmission electron microscope (TEM), high-

resolution transmission electron microscopy (HRTEM) and X-ray photoelectron spectroscopy (XPS). The thermolysis process of the

precursor has been investigated by themogravimetric analysis and differential thermal analysis (TG–DSC). The results revealed that the

single phase WC nanopowders were synthesized at 980 1C for 1 h. Spectra of XPS indicate that the surface of the specimen mainly

consists of W, C and O three species elements only. The effects of experimental parameters and reaction mechanism have been explored.

Mainly due to the homogeneous chemical composition of the precursor, the synthesizing temperature was greatly lower than the

conventional method.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Tungsten carbide was widely used in many industrial
applications because of its particular properties, such as
high melting point, hardness, toughness, excellent wear
and corrosion resistance [1,2]. Most of the applications of
WC is being used as cement carbide in the tool industry for
the production of cutting tools, mining tools, drilling tools
and wear resistant applications [3–5]. It is also used as a
potential catalyst substitute for noble metals like Pt, Pb
and Ir in catalysis industries [6,7]. Many reports indicate
that the decrease of the particle size is in favor of
increasing the tool life and improving the catalytic activity
[2,8,9]. So the preparation of nano-sized WC powders has
become a research hotspot.
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A number of methods have been used to synthesize WC
nanopowders, such as mechanical alloying, solid state
metathesis, hydrogen or CO by CVD method, thermal
decomposition of metal complexes, and the ion arc method
[10–14]. However, these common methods in preparing
WC nanopowders face enormous challenges like high
costs, low yields, impurities and wide particle size distribu-
tions. Presently, Kodambaka reported a carbothermal
reduction method which uses carbon coated WO3 precur-
sor to prepare WC nanopowders [15]. This is ideal for the
preparation of WC nanopowders by direct reduction
tungsten oxide with carbon. It is in favor of improving
the contact area between the WO3 and carbon, increasing
the reaction rate and decreasing the reaction temperature
and time. In their work, the nano-sized tungsten trioxide
and carbon black or high purity gases were needed as
reactants. It is not commercially viable.
The hydrothermal method is an effective route for

preparing a carbon coated core–shell structure, which has
been attracting more and more interest [16]. In this
process, metal salts and organic polymers were used as
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Fig. 1. HRTEM micrograph of the precursor.
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source materials, and it does not need expensive reductive
gas or complex equipment. Presently, a series of works have
been done on the synthesis of metal @ C, oxides @ C or
compound @ C [17–19]. Based on the same principle, this
method can be used to synthesize carbon coated tungsten
oxide structures, which would directly prepare WC nano-
powders through in-situ reduction and carburization
without expensive reductive gas or complex equipment.
However, until now, this method has not been developed
as the post synthesis method, while relative reports are rare.

In this work, we will show a facile method by using cheap
materials as reactants to prepare WC nanopowders. Here,
the hydrothermal method was used to prepare the carbon
coated core–shell precursor which the elements W and C
are tightly contacted. Then, the WC nanopowders were
obtained by carbothermal reduction of the precursor at a
lower temperature and a shorter reaction time in vacuum.

2. Experimental

All of the reagents used were purchased from Chendu
Kelong Chemical plant. 5 g ammonium metatungstate
(AMT ((NH4)6(H2W12O40) � 4H2O, analytical grade) was
dissolved into hot deionized water), 4.6 g corn starch
((C6H10O5)n, molecular weight 342.29, industrial grade)
was added into the above solution and mixed them
uniformly. It was then added into a Teflon-lined autoclave.
The autoclave was sealed into a stainless steel tank and
maintained at 200 1C for 8 h without shaking or stirring.
When the autoclave had been naturally cooled to room
temperature, the products were taken out and diluted. The
precursors were obtained by spray-drying the products with
hot air at 250 1C. Finally, the target products were obtained
by heating the precursors in a vacuum furnace at 980 1C for
1 h, with the temperature rate increase of 10 K min�1.

Phase identification was performed by an X-ray dif-
fractometer (XD-3, Purkinje, Beijing) using Cu Ka radia-
tion (l=0.15406 nm) at a scanning rate of 0.021/s in the 2y
range of 30 to 881. The transmission electron microscopy
(TEM) images were taken with a Hitachi H-800 transmis-
sion electron microscope, using an accelerating voltage of
200 kV. High-resolution transmission electron microscopy
(HRTEM) images were operated at a FEI Tecnai-G2F20
using an accelerating voltage of 200 kV. The X-ray photo-
electron spectroscopy (XPS) spectra were recorded with a
XSAM 800 photoelectron spectrometer (Kratos, England),
using nonmonochromatized Mg Ka (l=0.9889 nm) X-ray
as the excitation source. Thermogravimetry–differential
scanning calorimetry (TG–DSC) analysis was carried out
with the NETZSCH STA-409 simultaneous thermal
analyzer.

3. Results and discussion

According to the previous work [20], the ammonium
metatungstate would transform into WO3, H2O and NH3.

The corn starch would be carbonized under high temperature
and pressure conditions, and then form core–shell structures.
The research indicated that the optimal conditions of the
process of hydrothermal are 200 1C for 8 h. Although not all
of the metal ions and carbon would precipitate to form core–
shell structure after the hydrothermal process, residual metal
ions and carbon did not affect the preparation of the
composite powders. During the spray-drying, the residual
metal ions and carbon would be evenly deposited on the
surface of the core–shell particles to obtain the uniform
precursors. Fig. 1 is a HRTEM micrograph of the precursors
prepared by hydrothermal method at 200 1C for 8 h. From
the picture, one can see that the particles are typical spherical
core–shell structures with the diameter of about 20–60 nm
and evenly dispersed.
Fig. 2 shows the XRD patterns of the precursor and the

samples obtained under different reaction conditions. Fig. 2a
shows the diffraction peaks of the precursor obtained by
spry-drying; here, there are no apparent peaks. It indicates
that the core–shell mixtures are of an amorphous structure.
Fig. 2b shows the XRD patterns obtained at 800 1C for 1 h.
One can see that the carburization reaction is incomplete,
which shows the phases of W and W2C along with the major
phase of WC. When the temperature was increased to
900 1C, the W phase disappeared, while the peaks corre-
sponding to WC and W2C increased (Fig. 2c). It indicated
that the carburization intensity increased with the increase of
temperature. When the temperature is increased to 980 1C,
the XRD patterns consist of WC peaks without any traces of
W2C phase and tungsten metal. As is shown in Fig. 2d, all
the peaks correspond to that of pure WC, which is in
agreement with the reported value (JCPDS 89-2727).
Fig. 2e is the diffraction patterns of powders obtained at



Fig. 2. XRD patterns of precursor (a) and the samples prepared at

800 1C, 1 h(b); 900 1C, 1 h (c); 980 1C, 1 h (d); 1100 1C, 1 h (e).

Fig. 3. TEM micrograph of WC prepared at 980 1C for 1 h.
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1100 1C for 1 h. Compared with Fig. 2d, the line of Fig. 2e
has no remarkable changes, indicating that the reaction is
over at 980 1C.

In this work, the optimal synthesis condition of WC is at
980 1C for 1 h. The reaction temperature is lower (200 1C–
500 1C) than the previous reports [15,21]. The reaction
time is lower (3–70 h) than those conventional methods
[22]. The TEM micrograph of synthesized samples was
shown in Fig. 3. Point out that the powders are spherical
with a diameter in the range from 20 to 60 nm.

Fig. 4 presents the W 4f (a), O 1s (b) and C1s (c) binding
energy spectra of the WC nanopowders obtained at 980 1C
for 1 h. As shown in Fig. 4a, the W 4f region displays three
peaks centered at 37.5, 34.23 and 32.06 eV. The peaks at
32.06 and 34.23 eV are corresponding to WC, and the
additional peak at 37.5 eV is assigned to tungsten oxides
(W6þ ) because the sample would be oxidized in the
presence of air at room temperature. Here, the W and
W2C cannot be observed which is consistent with the XRD
result in Fig. 2d and hints the complete transformation
from W to WC. Spectra of O 1s XPS energy region
contains two peaks 532.65 eV (Oh) and 530.42 eV (Od),
as shown in Fig. 4b. The peak of Oh is considered to
hydroxyl oxygen (OH�) which mainly originated from air
and can be removed by drying the sample at certain
temperature. The peak of Od is ascribed to tungsten
trioxide (W6þ) due to the oxidation of WC exposure to
the air. The C 1s signal (Fig. 4c) is comprised of two peaks
284.5 eV (Cf) and 283.45 eV (Cc). The Cc peak is due to
the photoelectrons ejected from the carbon in tungsten
carbide lattice. The Cf peak corresponds to free carbon
contaminated on the surface of carbides and the free
carbon in the sample due to the provision of excess carbon
in the reaction system. These results agree with the
previous reports [23–25].

In order to understand the physical phenomena occur-
ring during the thermal processing, simultaneous TG–DSC
measurements were carried out for the precursor. The
results are given in Fig. 5. As shown in Fig. 5, a long broad
endothermic peak occurs from room temperature to
800 1C, which exhibits the mass slowly declining. This is
a complex process which may own to a loss of adsorbed
and included water of the precursor, while a part of
tungsten trioxide was reduced. According to precious
research, the reduction of tungsten trioxide may have
one or more products: WO2.9, WO2.72, WO2, and W. The
involved reaction can be expressed as Eq. (1). The sharp
endothermic peak at 873 1C with large mass loss is due to
the reduction from WO3�x to WC (Eq. (2)). A small
exothermic peak at 972 1C in DSC curve may attribute to
the crystallization of WC. When increasing the tempera-
ture to 950 1C, the TG is a straight line without any mass
change as the temperature increases, which indicates that
the reaction is over and pure WC is formed. This result is
in accord with the XRD result. In the actual process, we
found an important issue that the reaction temperature is
lower than 900 1C. The main products are W2C instead of
WC. In addition, the heating rate also seriously affected
the experimental results. Research results indicate that the
improvement of the heating rate is in favor of the
production of WC. When the heating rate is lower than
5 1C min�1, the main products are W2C instead of WC as
well. Once W2C is generated, it is very hard to get rid of in
the subsequent process, even by elevating temperature or



Fig. 4. XPS spectrum of W 4f (a), O 1s (b) and C 1s (c) energy peaks for WC nanopowders obtained at 980 1C for 1 h.

Fig. 5. TG–DSC curves of thermoanalysis of the precursor running at

10 1C/min in Ar flow.
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prolonging holding time. However, this theory still needs
further research.

WO3þC¼WO3�xþCO (1)

WO3�xþC¼WCþCO (2)
4. Conclusion

In summary, the single phase WC nanopowders with a
diameter from 20 to 60 nm were successfully synthesized at
980 1C for 1 h by an easy and convenient carbothermal route.
Here, the corn starch was used as the carbon source, while the
hydrothermal method was used to prepare core–shell precur-
sors. This approach is cheaper and more controllable, and can
obtain better quality powders at a lower temperature and a
shorter time than the conventional methods. This process is
ideal for cost-effective industrial production.
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