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Tungsten carbide (WC) is a widely used engineering material which is usually prepared at high temperature.
A new mechanism for synthesizing nanoscaled WC at ultralow temperature has been discovered. This
discovery opens a novel route to synthesize valuable WC and other carbides at a cost-efficient way. The novel
formation mechanism is based on an ion-exchange resin as carbon source to locally anchor the W and Fe
species. As an intermediate, FeWO4 can be formed at lower temperature, which can be directly converted
into WC along with the carbonization of resin. The size of WC can be less than 2 nm. The catalyst made with
Pt nanoparticles supported on nanosized WC-GC (WC-graphitized carbon) shows enhanced
electrocatalytic activity for oxygen reduction reaction. The result also indicates that the Pt nanoparticles
deposited on WC-GC are dominated by Pt (111) plane and shows a mass activity of 257.7 mA mg21

Pt@
0.9 V.

T
ungsten carbide (WC) is an interstitial compound of C atoms filling into W crystal, which has high strength
and rigidity as covalent compound, high melting point as ionic crystal and electromagnetism as transition
metal. WC has wide applications in national defense, chemical industries, electronic industries, mechanical

tools and surface coatings1–6. WC has the characteristics of high hardness, good wear-resistance, good fracture
resistance and high temperature strength. Those properties make it an idea coating material for pottery, china
ware, and incise instrument. However, due to the high melting point of WC (normally as high as 2800uC), it is
hardly to form horniness alloy through sintering process. Usually, Co metal was used to bind WC particles to
improve its bending resistance, but Co reduces the rot-resistance, hardness and wear-resistance of the alloy1,2,
which caused the development of occupational asthma to a certain degree7. Therefore,the methods to sinter WC
by discharge of ion3, microwave4, high frequency inducement5 and high temperature insostatic pressing6 were
adopted, but the high processing cost restricted their applications in industrial production scale.

The WC nanoparticles as hard metal alloy precursor could obviously improve the strength, hardness and
toughness of the sintered alloys8,9. The smaller the WC particle size is, the lower the compaction temperature and
the shorter the sintering time will be. Goren-Muginstein et al. found that nanometer sized WC particles could
compact at 500uC, compared to over 1200uC for the micrometer sized WC particles10.

Aside from its physical properties, since Levy and Boudar reported the Pt-like performance of WC as catalyst10,
the research of the WC in chemical and electrochemical catalysis has been widely interested. WC has been
proposed to partially or totally replace the noble metals like Pt to reduce the cost11–26. WC as catalyst was firstly
used for alkane isomerization and showed a high catalytic activity which is comparable with Pt10,11. Fairly high
catalytic activities were also found for WC in catalyzing hydrogenation of ethane and corn stalk12–14, reforming of
methane and cellulose15,16, decomposition of methanol17, dehydrogenation of butane18, and hydrogenation and
dechlorination of Freon19 and so on. WC showed the selectivity in catalyzing alkane isomerization and alcohol
hydrogenation20,21 when the surface of WC is being modified or the reaction temperature is being changed. In the
electrochemistry, WC alone showed limited activity for oxygen reduction in alkaline solution22. Philip et al.
pointed out that the catalytic activity of WC on hydrogen oxidation was one hundred thousandth of Pt catalyst23.
But the catalytic activity of WC on methanol oxidation was not so bad24,25. Nakazawa et al. reported that the
electronegative WC could absorb the hydrogen in methanol, leading to the dehydrogenation and oxidation of
methanol26. Delightfully, the synergistic effect of WC with Pt or Pd has been found in electrocatalysis, that is, WC
as electrocatalyst promoter could improve the electrocatalytic activity of noble metal catalyst and could partially
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substitute the noble metal27–31. Furthermore, WC has higher resist-
ance in acidic solution and higher temperature. It showed a resist-
ance to the CO poisoning, leading to prolonged catalytic life for
direct alcohol fuel cells32–43.

To prepare WC nanoparticles with cost efficient method, lower
energy expenditure, and controllable particle size is a critical chal-
lenge for wide application of WC in industries. The traditional syn-
thesis technique for WC involves heating the fully mixed WO3 (or W
metal) and carbon powder at 1000–1600uC. But the resultant WC
particles are generally big in size and lower in specific surface area.
Numerous methods have been developed to obtain nanoscale WC
particles44–52. As an example, less than 10 nm WC particles could be
made by ball milling. However this method is time and energy con-
suming. Moreover, the products produced by ball milling are prone
to contamination in milling pot. Shen et al. used an improved micro-
wave heating method, the size of the WC particles could be con-
trolled by adjusting the heating and relaxing time44. Lee et al.
exchanged the oxygen in WO3 with cation of zeolite halogenate,
and then reduced the intermediates to WC by CO at 550–750uC45.
Due to the difficulty of exchanging the ions in solid materials, the
product in general consist of larger WC particles with up to several
hundred nanometers in size. Nevertheless, these methods remain
more or less the following disadvantages: complex procedures, long
time, high temperatures and high energy consumption. Most impor-
tantly, it is hardly to obtain pure WC. The products might consist of
WC mixed with WOx, W2C or WC12x and W metal53–59.

Herein, we report the preparation of WC nanoparticles supported
on graphitized carbon (WC-GC) with controllable size (1–10 nm) at
lower reaction temperatures (550–750oC) and short reaction time (,
1 h) under the aid of additives. It is realized for the first time that the
successful yield of pure WC can be achieved at lower temperature. A
new synthesis mechanism is therefore proposed.

Results
Figure 1a–c show the XRD patterns of heat treated resins at
500–900uC which were exchanged in tungsten precursor (WC-
GC10, WC-GC5 and WC-GC2) solutions with the presence of
K4[Fe(CN)6]. It is clear that all the samples have the similar reaction
products with changing of temperatures. The FeWO4 (XRD: PDF-
74-1130) appeared at lower temperatures of 500–600uC. The WC
peaks (XRD: PDF-51-0939) appeared at 650uC with FeWO4 peaks
weakened. Then FeWO4 peaks disappeared at 800uC and the peaks of
WC became stronger. The WC peaks became even stronger with
higher degree of crystallinity at 900uC. What surprised us is that
there were no other carbides found but pure WC. The results indi-
cated that WC was formed via an intermediate of FeWO4 with the
rising of temperature. At the same time, iron acted as a catalyst to
graphitize the resin at lower temperature, indicated by the shift of the
broad amorphous carbon peak toward the right side and the appear-
ance of graphite peak around 25u in XRD patterns at the temperature
over 650uC. The peak of iron carbide appears around 41u.

Figure 1 | XRD patterns of (a) WC-GC10, (b) WC-GC5 and (c) WC-GC2 heated at 500–9006C with the addition of K4[Fe(CN)6] and (d) XRD patterns
of WC-GC5 at 630–6506C for different times.
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The sample synthesized by using D314 resin as carbon source,
AMT as W source without K4[Fe(CN)6] is also presented for com-
parison. Figure 2 shows the XRD patterns. At lower temperatures,
tungsten oxide like WO2 (XRD: PDF-32-1393) dominated the prod-
uct which was decomposed from W7O24

62. WC12x (XRD: PDF-20-
1316) appeared at 800uC. The final product was a mixture of WC,
WC12x and W2C even after heating at 1000uC for 3 h. It is almost
impossible to synthesize pure WC in such conditions.

Figure 3 shows the TEM images of WC-GC10, WC-GC5 and WC-
GC2 heated at 650uC for 3 h. It is clear that the WC particles were
uniformly dispersed on carbon matrix. Figure 3d is the TEM image of
WC-GC5 with lower magnification, while, the inset is the HRTEM
image of WC-GC5, the WC (100) and GC (002) crystal lattices can be
clearly seen, which further proves the coexistence of WC and par-
tially graphitized carbon in the WC-GC samples. From the randomly
selected 100 particles, the average particle sizes were calculated as
5.3 nm, 3.5 nm and 1.9 nm for WC-GC10, C-GC5 and WC-GC2,
respectively. The size distribution of the particles was very narrow as
shown in Figure 3e, 3f and 3g, indicating the advantages of localized
ion exchange.

Pt nanoparticles were further loaded on the WC-GC support to
evaluate its oxygen reduction reaction (ORR) activities as an electro-
catalyst. Figure 4 compares the XRD patterns of the Pt on WC-GC
(denoted as Pt/WC-GC) samples including Pt/WC-GC10, Pt/WC-
GC5 and Pt/WC-GC2. The dominating Pt 2h peak at 39.8u corre-
sponds to (111) crystal lattice of Pt. The 2h peaks at 46.2uand 67.5u,
which correspond to (200) and (220) facets of Pt, are hardly dis-
cerned. This result suggests that Pt nanoparticles deposited on
WC-GC are dominated with Pt (111) plane, which has been
approved to be the most active lattice site for oxygen reduction
reaction62.

Figure S4 shows the TEM images of Pt/WC-GC5. The dispersion
of Pt particle is very uniform. The Pt particle size distribution is
narrow as shown in the inset of Figure S4a with the average size of
2.0 nm. Figure S4b is the HRTEM image of WC-GC5, in which the
graphite crystalline lattice is clearly seen. The inset image also clearly
shows the Pt (111) and WC (100) crystal lattices. It is expected that
the Pt (111) dominated catalyst will be more active along with the
synergistic effect with WC63 compared with commercial catalyst.
Therefore, we further investigated the selective synthesis of Pt
(111) nanomaterials onto WC toward ORR.

Figure 5a compares the ORR curves on Pt/WC-GC10, Pt/WC-
GC5, Pt/WC-GC2 and commercial Pt/C electrodes in O2 saturated
0.1 mol L21 HClO4 solution with a scan rate of 5 mV s21 and the
rotating rate of 1600 rpm at 25uC. It is clear that the performance of

Pt/WC-GC10, Pt/WC-GC5 and Pt/WC-GC2 were much better rela-
tive to the benchmark of Pt/C at 0.9 V. Figure 5b shows the mass
activity plots of these electrodes calculated from the experimental
data using the well-known mass transport correction for rotating
disk electrode63:

ik~idi= id{ið Þ ð1Þ

where i is the experimentally obtained current, id refers to the mea-
sured diffusion-limited current and ik the mass-transport-free kin-
etic current. The mass activity can be determined via the calculation
of ik using equation (1) and normalized with the Pt loadings. The
mass activities measured from the curves in Figure 5b are summar-
ized in Table 1. Among the three Pt/WC-GC electrocatalysts,
Pt/WC-G5 has the highest catalytic activity for ORR. It is worth to
note that in this study, the measured activity of the commercial Pt/C
electrocatalyst is in good agreement with the reported or predicted
value in literatures62,63.

The WC contents in the WC-GC samples are shown in Table 2.
The data were obtained through the following process: The WC-GC
sample (1 g) was firstly oxidized at 1400uC in air for 1 h to remove all
the C elements including amorphous and graphite carbon; then the
residue was proved to be pure WO3 by the characterization of EDS
and XRD; at last, the WO3 powder was weighed and then calculated
the WC content in the WC-GC sample. It can be seen from Table 2
that WC-GC2 has too low WC content to fully exert the synergistic
effect on Pt. Meanwhile, WC-GC10 has the highest WC content,
which certainly has the lowest surface area and could not disperse
Pt particles well. However, WC-GC5 has the mediate WC content
and surface area comparing to WC-GC2 and WC-GC10, so Pt/WC-
GC5 showed the highest catalytic activity.

Discussion
As we know that WC is an interstitial compound with accepted
formation mechanism of W R W2C (or WCx) R WC. To deduce
the reaction mechanism for our new system, we carefully analyzed
the variation of the XRD patterns as the temperatures change. As an
example, the WC-GC5 sample with middle ammonium metatung-
state (AMT) concentration was selected and heated from room tem-
perature to 630uC and 650uC at a rate of 5uC min21. The sample was
then holding at 650uC for 5 min, 10 min, 30 min, 1 h, 1.5 h and 2 h.
From the XRD patterns shown in Figure 1d, we can see that the
sample consist of single phase FeWO4 at 630uC without any WC.
The WC appeared where the sample was heated to 650uC and hold
for 5 min. Continuously heating the sample from 5 min to 1.5 h at
650uC resulted in the peaks of WC became stronger along with the
weakening down of the FeWO4 peaks. The FeWO4 peaks totally
disappeared when the holding time reached 2 h. There were no W
metal and other W compounds found in the whole processes, indi-
cating that the WC was converted directly from FeWO4.

Based on above results, we propose a reaction mechanism of WC
as follows, using resin as carbon source, AMT as W source and
K4[Fe(CN)6] as both graphitization catalyst precursor and reactant.

At #500uC: W7O24
6 2 1 [Fe(CN)6]4 2 R FeWO4 (1)

At 650–800uC: FeWO4 1 C R WC 1 COx 1 FeCy (x 5 1–2;
y $ 0) (2)

Over 800uC: WC (lower crystallinity) R WC (highly crystal-
lized) (3)

The reaction mechanism of WC using resin as carbon source,
AMT as W source without K4[Fe(CN)6] could be depicted as follows.

At # 600uC: W7O24
62 R WO2 (4)

At 700–800uC: WO2 1 C R WC12x (5)
At 900–1000uC: WC12x 1 C R W2C; W2C 1 C R WC (6)
Since the formation mechanism is different with and without the

existence of K4[Fe(CN)6], pure WC can only be obtained in the
presence of K4[Fe(CN)6].

Figure 2 | XRD patterns of the heat treated D314 resin exchanged in
0.005 mol L21 W precursors without K4[Fe(CN)6].

www.nature.com/scientificreports
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To further understand the effect of iron on the formation of WC,
the effect of the Fe/W atom molar ratio was also evaluated. The
results as shown above were obtained in a solution with excess
K4[Fe(CN)6] (0.05 mol L21) compared with AMT. The product is
totally different if less K4[Fe(CN)6] used. Figure S1 shows the XRD
patterns of the resin exchanged in 10 times lower concentration of
0.005 mol L21 K4[Fe(CN)6] and higher concentration of 0.0014 mol
L21 AMT (W atom concentration is 0.01 mol L21) which was heated
at different temperatures. The ratio of the Fe to W was 1:2. It can be
found in Figure S1 that FeWO4 can form at 650uC. However, the final
product was a mixture of WC and W2C. The reason is that part of the

WC formed via the direct conversion of FeWO4RWC and part of
the WC was produced via the pathway of WO2RWC12xR
W2CRWC. According to the formula of FeWO4, the atomic ratio
of Fe to W is 1:1. The excess W can only be converted to WC via other
reaction mechanism as shown in equation (6). In that case, the prod-
uct is a mixture of carbides even higher temperature is used.

In conclusion, the pure WC can be readily formed at lower tem-
peratures in the presence of iron precursor with the excess of Fe to W
captured by ion exchange with resin. The development of an energy-
saving method for synthesizing nanosized WC at ultralow temper-
ature and short processing time is of significance for practical

Figure 3 | TEM images and histograms of (a) WC-GC10, (b) WC-GC5 and (c) WC-GC2. (a)–(c) TEM images of the samples heated at 650uC for 3 h,

(d) TEM image of the WC-GC5 sample with small magnification, inset is the HRTEM image and (e)–(g) the histograms of the WC particles.

www.nature.com/scientificreports
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application. We tried to further reduce the temperature and proved
that WC could be formed at the temperature of as lower as 580uC.
Figure S2a shows the XRD patterns of WC-GC2, WC-GC5 and WC-
GC10 heat treated at 580uC for 20 h. The results were similar with
that shown in Figure 1. Only WC with iron compounds was found.
After the treatment of the sample in 5 M HCl solution, all the iron
compounds were removed as shown in Figure S2b. It revealed that
WC not only can be synthesized at very low temperature in an iron-
containing system but also is stable in an acidic solution.

Figure S3 shows the XRD patterns of WC-GC2, WC-GC5 and
WC-GC10 heated at 650uC and 800uC. They all have graphite
(GC), WC, Fe2C and Fe3C peaks but no peaks of other W compounds
or W metal, indicating 100% yield of WC was achieved through this
energy and time efficient synthesis route.

The Raman spectroscopic measurements further proved that the
resin was partially graphitized under the catalysis of iron (Figure
S3c). The ratios of the G-line to D-line were used to judge the degree
of the graphitization. The G-line at 1585 cm21 corresponds to a
splitting of the E2g stretching mode of graphite and reflects the struc-
tural intensity of the sp2-hybridized carbon atom60,61. The D-line at
1350 cm21 is attributed to the vibrations of carbon atoms with dang-
ling bonds in disordered graphite planes and the defects incorpo-
rated into pentagon and heptagon graphite-like structures. The IG/ID

values for WC-GC2, WC-GC5 and WC-GC10 were 1.52, 1.39 and
1.36, respectively. The results show that the samples prepared in

dilute AMT concentration gave a higher degree of graphitization.
This is reasonable since the concentration of iron precursor was
maintained the same but the concentration of tungsten precursor
was reduced.

Figure S3d shows the typical TG and DTG results of the sample
after ion-exchanged in 0.05 mol L21 K4[Fe(CN)6] and 0.0007 mol
L21 AMT solution (atom concentration of W is 0.005 mol L21) in N2

atmosphere. The mass loss before 80uC is the evaporation of free
water moisture. The sharp mass loss between 300 and 450uC corre-
sponds to the evaporation and decomposition of the resin with
releasing of CO, CO2. The slow mass loss after 500uC corresponds
to a continuous process of carbonization and graphitization of the
melted resin along with the formation of WC nanoparticles. The
DTG curve reached zero after 3 h at 650uC means all W was con-
verted to the stable WC nanoparticles.

The results in Figure S2 and Figure S3 proved our theory in reac-
tion mechanism. The final products maintain almost the same in
structure after 20 hours heating at 580uC, 3 hours heating at
650uC and directly heated to 800uC without temperature holding.
This indicates that the FeWO4 can be converted to WC at a temper-
ature of as low as 580uC, however, the conversion rate is temperature
dependent with higher temperature results in higher conversion rate.

In summary, the WC nanoparticles as small as less than 2 nm on
graphitized carbon were effectively synthesized for the first time at a
significantly lower temperature compared to conventional method.
Furthermore, a new reaction mechanism is proposed which involves
the conversion of FeWO4 to form the nanoscale WC. This formation
pathway is based on an ion-exchange resin as carbon source to locally
anchor the W source and Fe source as graphitization catalyst. With a
proper recipe, FeWO4 as an intermediate can be formed at lower
temperature which can then be directly converted into WC along
with the carbonization of resin without the coexistence of other
tungsten compounds and metal W in the final product. The disper-
sion of W and Fe are uniform due to the natural of ion exchange

Figure 4 | XRD patterns of Pt/WC-GC10, Pt/WC-GC5 and Pt/WC-GC2.

Figure 5 | (a) Polarization curves on Pt/WC-GC10, Pt/WC-GC5, Pt/WC-GC2 and commercial Pt/C electrodes in O2 saturated 0.1 mol L21 HClO4

solution, 256C, scan rate: 5 mV s21, 1600 rpm and (b) the corresponding mass activities by mass-transport correction.

Table 1 | The performance comparison of the four electrocatalysts

Electrocatalyst Pt mass content* im at 0.9 V (mA mg21
Pt)

Pt/WC-GC10 37.5% 213.8
Pt/WC-GC5 37.9% 257.7
Pt/WC-GC2 37.8% 191.8
Pt/C 47.6% 124.6
*The data were determined by inductively coupled plasma-atomic emission spectrometry (icp).

www.nature.com/scientificreports
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process, which is beneficial to the formation of FeWO4 and the
conversion into WC. This finding opens an energy-saving route to
mass produce nanoscale WC with extremely high yield. It is possible
to apply this mechanism to synthesize other nanosized carbides.

The nanosized WC on graphitized carbon showed highly
enhanced electrocatalytic activity for oxygen reduction reaction after
the loading of Pt nanoparticles. The result indicated that the Pt
nanoparticles deposited on WC-GC dominated by Pt (111) plane,
which has been approved to be the most active site for ORR. A typical
electrocatalyst, Pt/WC-GC5, showed mass activity of as high as
257.7 mA mg21

Pt@0.9 V which is two times higher than that of
commercial Pt/C electrocatalyst.

Methods
Synthesis. Preparation of WC-GC with ion-exchange resin as carbon source. The
mixtures of solutions with three different concentrations of ammonium
metatungstate (AMT, A.R. Tianjin Jinke Fine Chemicals, China) and K4[Fe(CN)6]
(A.R. Guangzhou Chemical Reagent Factory, China) in deionized water (100 ml) was
equally prepared. The polyacrylic weak-base anion-exchange resin (D314, 10 g,
Shanghai Hualing Resin CO., Ltd, China) was then impregnated into these three
solutions and followed by washing with D.I. water for 3 times, respectively. The
exchanged resin was further dried and heated at different temperatures in N2

atmosphere. The final WC-GC samples were grinded and treated with 5 mol L21 HCl
solution to remove the Fe element. The WC-GC samples prepared with K4[Fe(CN)6]
concentration of 0.05 mol L21 and AMT concentrations of 0.0014, 0.0007 and
0.0003 mol L21 (W atom concentrations were 0.01, 0.005 and 0.002 mol L21) were
denoted as WC-GC10, WC-GC5 and WC-GC2, respectively. The samples without
K4[Fe(CN)6] were also prepared with the same process.

Preparation of Pt/WC-GC electrocatalyst. Pt supported on the WC-GC10, WC-
GC5 and WC-GC2 (denoted as Pt/WC-GC10, Pt/WC-GC5 and Pt/WC-GC2)
samples were prepared and evaluated for oxygen reduction reaction. Typically, WC-
GC (50 mg) were added to a mixture of 45.46 mg H2PtCl6 and 20 ml glycol (A.R.
Tianjin Fuyu Fine Chemicals Co., Ltd, China) to form an uniform ink in ultrasonic
bath for 30 min. The pH of the mixture was then adjusted to 10 by adding 5 wt%
NaOH/glycol solution (A.R. Guangzhou Chemical Reagent Factory, China) and put
into a homemade programmable microwave oven (1000W, 2.45 GHz) for heating at
a 5 s on and 5 s off procedure for 20 times. Afterwards, the mixture was washed with
water for 4–5 times and dried in vacuum at 80uC for 2 h. The Pt contents in the
electrocatalyst were targeted as 40 wt%. The actual Pt contents were determined by
Inductively Coupled Plasma-atomic Emission Spectrometry (ICP, IRIS(HR), USA)
method.

Characterizations. 5 mg Pt/WC-GC or 4 mg Pt/C (47.6 wt% Pt) were dispersed in
1.95 ml ethanol and 0.05 ml 5 wt% Nafion suspension (DuPont, USA) under
ultrasonic agitation to form the electrocatalyst ink. The electrocatalyst ink (2.5 ml) was
deposited on the surface of a grassy carbon rotating disk electrode and dried at room
temperature. The total Pt loadings were 0.01 mg cm22. The electrochemical
measurements were carried out in an oxygen-saturated 0.1 mol L21 HClO4 (A.R.
Guangdong Guanghua Chemical Co., Ltd) solution scanned between 0 to 1.1 V at a
scan rate of 5 mV s21 at 25uC. A platinum foil (1.0 cm2) and a reversible hydrogen
electrode (RHE) were used as counter and reference electrodes, respectively.

All chemicals were purchased as analytical grade and used as received.
The morphologies of the WC-GC and electrocatalysts were characterized by

transmission electron microscopy (TEM, JOEP JEM-2010, JEOL Ltd.) operating at
200 kV. The crystal structures of the prepared samples were determined using a X-ray
diffractometer (D/Max-IIIA, Rigaku Co., Japan, CuK1, l 5 1.54056Å radiation), the
graphitization degrees of WC-GC were determined with Laser Micro-Raman
Spectrometer (Renishaw inVia, Renishaw plc). The mass change with temperature
and time were determined by a thermogravimetry coupled with Fourier transform
infrared spectrometer (TG-IR, TG-209/Vector-22).
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