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Abstract

Single phase tungsten carbide nanoparticles (WC-NPs), (mean particle diameter 5.4 nm), distributed over carbonized polyaniline (C-PANI)
nanotubes/nanosheets were synthesized by a solid state reaction between WOj3 and nitrogen-rich carbonized polyaniline at 1000 °C in a reducing
atmosphere. The resulting composite was characterized by X-ray diffractometry, electron microscopy, thermogravimetry in oxidizing and
reduction atmospheres and elemental analysis. We suggested that the synthesis of WC as a single phase was facilitated by reactive C atoms with

dangling bonds, formed upon nitrogen removal.
© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Tungsten carbides (W,C,) were studied recently as promising
supporting material for platinum catalysts in low-temperature
fuel cells [1-3]. Their advantages were reported to be as
follows: high stability, low electrical resistivity, strong Pt/
support interaction and enhanced activity of Pt based electro-
catalysts [3-5]. Usually tungsten carbide was prepared by solid-
state reaction between a suitable tungsten source and graphitic
carbon at temperatures above 1000 °C. This procedure yielded a
mixture of phases such as low-valence W oxides (WO,), WC
and W,C [6-9], while the large particle size caused relatively
low specific surface area. Different approaches and tungsten
precursors can be used to obtain single phase WC nanoparticles
(WC-NPs), but the processes are sometimes very time-
consuming. For instance, when scheelite ore was used as source

*Corresponding author at: University of Belgrade Faculty of Physical
Chemistry Studentski trg 12 11158 Belgrade Serbia.
Tel./fax: +381 11 2187133.
E-mail address: slavko@fth.bg.ac.rs (S. Mentus).

of tungsten, its preparation by ball milling consumed 2—4 days
[10,11]. The procedure using gas—solid reaction between the
tungsten source and a hydrocarbon gas [1,12] allowed a
reduction in both the time and temperature of synthesis. In
addition, the synthesis procedure can be rationalized using a
suitably chosen tungsten precursor [13]. Synthesis of phase-pure
WC was also achieved using an electrical discharge machining
followed by heat treatment of the resulting powder under N, or
H, atmosphere [14].

Some authors achieved the enlargement of the specific
surface area using supporting carbon of high surface area
[1,5]. Various carbon materials were used for the synthesis
purposes, involving Ketjen Black EC300J [1], ordered meso-
porous carbon [2], carbon microspheres [4], Vulcan XC-72 [6]
and carbon nanotubes (CNTs) [15]. Such prepared composites
effectively expose WC-NPs to reacting media and ensure good
electrical conductivity, making them suitable in various
electrochemical applications.

In the synthesis of WC/carbon composites the thermal
stability/inertness of carbon presents an important obstacle.
The thermal stability of nitrogen-containing carbons was the
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subject of several literature reports [16—19]. A decrease of
nitrogen content upon heating was well documented for
N-doped CNTs [16], N-doped graphene [17], C-PANI [18]
and other nitrogen rich carbon types [19]. Assuming that the
bond cleavage accompanying the removal of nitrogen from
N-containing carbons may be beneficial for the carburization
of tungsten, we attempted the WC synthesis by solid-state
reaction of WO;3; with nitrogen-rich carbon obtained by
carbonization of polyaniline. The WC-NPs/C-PANI nano-
composite involving single phase WC crystallites of very
small mean radius (5.4 nm) was obtained successively at
relatively low temperature and short time. The beneficial role
of the initial content of N atoms in C-PANI precursor was
emphasized.

2. Experimental

Tungsten powder (Alfa Aesar) was dissolved in 30% H,O,,
to obtain tungstic acid solution. Under continuous stirring,
either the nanostructured C-PANI [20], or Vulcan XC-72, was
added to this solution, with mass ratio against W of 9:1. By
overnight drying at 80 °C, the precursors were obtained
consisting of carbonaceous support impregnated with hydrated
WOs;. The carburized materials, denoted as WC-NPs/C-PANI
or W,C,/XC-72, were obtained by heating the precursors to
1000 °C at a rate of 10 °C min~' in a reducing 5% H,/Ar
atmosphere, following by an isothermal treatment at 1000 °C
for 4h. The tungsten content in the resulting composite
materials was determined by thermogravimetry (TG), upon
combustion of the carbonaceous fraction under an air stream
within a TA SDT 2960 thermobalance. To check the tempera-
ture stability of supporting carbons, the thermograms of
C-PANI and Vulcan XC-72 under a stream of 5% H,/Ar
(both 99.9995 vol%) up to 900 °C were also recorded.
Elemental analysis of both composite samples was carried
out by Elemental Analyzer Vario EL III (Elementar).
A scanning electron microscope (SEM) JEOL JSM 6460 LV
was used to characterize the morphology of the samples. The
X-ray powder diffractograms (XRD) were obtained on a
Philips PW-1710 automated diffractometer using CuKa line.
The mean crystallite diameter was calculated using the X-ray
Line Fitting Program (XFIT) with a Fundamental Parameters
convolution approach [21].

The periodic density functional theory (DFT) calculations
were performed using PWscf code of QuantumESPRESSO
distribution [22]. Full calculation details and model verification
are provided in Supplementary data.

3. Results and discussion

The thermogravimetric stability test of C-PANI equilibrated
with air, observed in a reducing atmosphere (Fig. 1, top),
indicated the release of roughly 7% of the adsorbed water up to
100 °C, while mass loss commencing at around 500 °C,
according to the literature [16—19], should be due to
the nitrogen removal. The weight loss of around 9% between
500 and 900 °C matches closely the nitrogen content in
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Fig. 1. TGA/DTA curves of C-PANI (circles) and Vulcan XC-72 (squares) in
5% H,/Ar stream (top) and energy balance for removal of N and C atom from
(graphitic N-doped) graphene sheet (bottom) estimated using DFT.

C-PANI [20]. The elemental analysis (Table 1) confirmed a
strong decrease in N/C ratio upon carburization (from 0.12 in
C-PANI to 0.02 in WC-NPs/C-PANI). In addition, we con-
firmed by DFT calculations that the removal of the nitrogen
atom from the graphene network is energetically favored in
comparison with the removal of the C atom (Fig. 1, bottom). It
is reasonable to expect that the defects formed in the C-C
network, i.e., the C atoms with unsaturated, dangling bonds,
accompanying the nitrogen removal become the reactive sites
for further C—C bond breaking. A similar TG profile, confirm-
ing nitrogen removal from N-doped CNTs upon heating to
1000 °C in argon, was recently reported by Liu et al. [16],
where also lower binding energy of pyridinic nitrogen relative
to quaternary (graphitic) nitrogen was found. Heat treatment of
N-doped graphene under a reducing atmosphere at 900 °C
induced C-N bonds cleavage and removal of nitrogen [17].
The decrease in nitrogen concentration was found also upon
the carbonization of partially carbonized C-PANI [18] and
other nitrogen-rich carbons [19].
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Characteristics of prepared WC-NPs/C-PANI and W,C,/XC-72 samples obtained by XRD analysis, TG analysis and elemental microanalysis. Elemental

composition of C-PANI is enclosed, too.

XRD analysis Present phases
Relative amounts (%)

Crystallite size (nm)

TG analysis Tungsten mass fraction (%)

Elemental composition” (wt%) Element
C 74.8
N 8.9
O 14.2
H 2.1
S _
W _

C-PANI

WC-NPs/C-PANI W,C,/XC-72
wC wC e W,C
100 15 85
5.4 72 10.2
15.9 12.5
WC-NPs/C-PANI W,C,/XC-72
66.5 80.0
1.4 0.2
15.6 7.1
0.6 02
15.9 12,5

“Obtained by compiling the results of elemental microanalysis (C, N, H, S) and thermogravimetric analysis (W), while oxygen content was determined

by difference.
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Fig. 2. TGA/DTA curves of WC-NPs/C-PANI and W,C,/XC-72 in air.

The thermogravimetric analysis of the synthesized compo-
sites in air atmosphere was carried out in order to determine
the C:W mass ratio, and the results are presented in Fig. 2. Due
to a much higher initial specific surface area of C-PANI in
comparison with Vulcan (322 against 220 m* g~' [6,23] the
composite WC-NPs/C-PANI is more able to adsorb moisture,
and the expulsion of moisture causes the initial mass loss of
this composite, visible up to temperature 100 °C. Both
composites are relatively resistant to oxidation in air up to
500 °C, however on further heating, a sudden combustion
appears visible as an abrupt drop of the TG curve. The
composite WC-NPs/C-PANI is more reactive with oxygen,
most probably because of its higher specific surface area. As
expected, the combustion is accompanied by an exothermic
peak of the DTA curve. As a result of heating in air up to
650 °C, all carbon content is driven off in form of CO,, while
both WC-NPs/C-PANI and W,C,/XC-72 yielded pure WO3 as
a final residue. The 20.1 wt% of residue upon WC-NPs/C-
PANI combustion corresponds to 15.9 wt% of metallic W, or
to 16.9 wt% of WC in the composite. The 15.8 wt% of residue
upon W,C,/XC-72 combustion corresponds to 12.5 wt% of

metallic W or to 13.0 wt% of carbide mixture. In both cases,
the increase in tungsten content, relative to its content of 10%
in the precursor, overrates the predictions based on full
moisture removal (maximum 7% in C-PANI, and almost
negligible percent in Vulcan XC-72), and nitrogen removal
from C-PANI Upon normalization of the results of elemental
analysis (Table 1), before and after carburization to a constant
content of metallic tungsten (of 10 mass units), one may
calculate that during carburization of a C-PANI+WO;5; com-
posite a notable loss of carbon took place, approximately 2.6
mass units per unit of mass of tungsten. Actually, from the
starting mass ratio C:W=0.9 x 74.8:10=67.32:10, we
obtained the composite with a final mass ratio C:
W=66.5:15.9=41.8:10, where, according to the mass ratio
in WC, only a small fraction, 0.65:41.15, of carbon was
chemically bonded, while the majority was in an elemental
state in the composite. The loss in carbon 67.32-41.8=25.5
per 10 mass units of W, may be attributed to the reaction of the
supporting carbon material, partly with WO;, and, in a greater
part, with the oxygen traces in the flushing gas. According to
the TG stability test in Fig.1, the main loss of carbon is
expected to take place during the isothermal treatment of the
precursor samples at 1000 °C, and its minimization appears to
be rather a technical than a fundamental problem. A relative
increase in O concentration was registered in each of the
carburized samples, which may indicate the diffusion of
oxygen from WO; toward the bulk of supporting carbon
material.

XRD analysis of WC-NPs/C-PANI (Fig. 3) revealed dif-
fraction patterns of pure hexagonal WC phase. This indicated
complete conversion of WOz to WC. From the line broad-
ening, crystallite size of WC-NPs was determined to amount to
5.4 nm. When Vulcan XC-72 was used as a precursor, the
phase mixture W,C (85%) and WC (15%) was obtained, while
mean crystallite size amounted to 7.2 and 10.2 nm, for WC and
W,C, respectively.

The SEM picture of WC-NPs/C-PANI (Fig. 4) showed that
this composite retained the morphology of original C-PANI
(nanotubes/nanosheets, [23]), with slight sintering as a
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Fig. 3. XRD patterns of W,C,/XC-72 (top) and WC-NPs/C-PANI (bottom).

consequence of carburization. The SEM picture of W,C,/XC-
72 indicated uniform granules roughly 50 nm in diameter,
(Fig. 3), corresponding to an original morphology of Vulcan
XC-72 which has been documented many times so far. The
SEM images reveal globules with an average diameter of
approximately 50 nm [24-26]. This indicates that morphology
of Vulcan XC-72 is not changed upon carburization.

The composition of the final carbide phase depends on the
formation rate of an activated carbon atom (C*) and its
diffusivity through tungsten [12]. Slow formation of C* and
its fast diffusion through the metallic W enable W,C to be first
formed. If diffusion of C* is slow, a WC shell forms around the
W core. Thus, assuming the rate of C* diffusion to be
independent of the carbon source, the conclusion may be
derived that C-PANI promotes the fast formation of a large
number of C* atoms above 500 °C, especially in the range 700—
900 °C, where WO, in the precursor was predominantly reduced
to metallic tungsten [12]. This may be considered to favor WC
formation and to reduce the synthesis temperature. Surface
functional groups of C-PANI were identified and quantified
previously using XPS [23,27]. Since pyridinic nitrogen con-
tributes with ~35% in the total nitrogen content in C-PANI
[23,27], WC formation at lower temperatures is favored in view
of the fact that pyridinic nitrogen displayed higher reactivity
relative to other types of nitrogen in the carbon source [16]. The
heteroatoms (N and O), if present in the carbon source, help to
spread the tungsten source uniformly over the carbon surface

SEl  30kV 4
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Fig. 4. SEM images of the WC-NPs/C-PANI (A) and W,C/XC-72 (B).

during precursor formation, and consequently, favor high
dispersion of W,C,, as we confirmed in this study.

4. Conclusions

Nitrogen-rich carbon was used for the first time to prepare
WC/C composite. Phase pure WC-NPs, with mean crystallite
size of 5.4 nm, were deposited on C-PANI by direct reduction
in an Hy/Ar stream where nitrogen rich C-PANI served as both
the carbon source and the support. Nitrogen atoms incorpo-
rated in a carbon network of C-PANI are removed at elevated
temperatures (above 500 °C) thus promoting the formation of a
large number of activated carbon atoms, facilitating, we
suggest, successful WC-NPs formation. A reductive gaseous
atmosphere led to a reduced sacrificial loss of carbon. Based
on our findings, nitrogen-rich carbon can be used for a facile
synthesis of phase-pure WC-NPs at relatively low tempera-
tures. This could provide a route for a low cost mass
production of WC-NPs/carbon composites for various applica-
tions, such as electrocatalysis and charge storage.
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