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Abstract 

Nanoscale tungsten carbide (WC) and WC:nC nanocomposites have been 

synthesized by the precursor method. The precursor, obtained in the form of a glassy 

mass by thermal treatment of a mixture of (NH4)10W12O41∙7H2O and glycerol, was 

heated in inert gaseous atmosphere up to 1050 – 1100 C. The concentration of 

chemically active carbon in the precursor and nanocomposites depends on the W/C ratio 

in the initial mixture. At W/C = 1/3 pure tungsten carbide is formed; at W/C > 1/3 

composites of WC and free carbon (WC:nC) are formed. Heating of the precursor with 

W/C = 1/6 up to 1100 C in helium atmosphere results in the formation of carbon-

encapsulated tungsten carbide nanoparticles. An increase in the precursor-heating rate 

leads to the formation of chain-like structures. Each chain consists of hexagonal WC 

grains with unit cell parameters a = 2.93 Å and c = 2.83 Å. Free carbon in WC:nC 

composites forms agglomerates of carbon “nano-onions” of spherical or multi-layered 

tubular shapes. 
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1.  Introduction 

Tungsten carbide (WC) is an important industrial material since it possesses 

unique physicochemical properties including a high melting temperature, high wear 

resistance, high resistivity to thermal shock, and a very high hardness close to diamond. 

Being the hardest among binary carbides, WC is widely applied in the production of 

abrasive materials and cutting tools [1, 2].  Usually, the presence of pure carbon in WC 

powders is undesirable, since WC:nC composites have lower hardness [3, 4]. However, 

nowadays there is a growing interest not only in WC but also in carbon-containing 

WC:nC composites in the nanostructured form as potential Рt-substituting materials in 

electrochemical cells used for the electrocatalytic cleaning of waste water and for the 

production of hydrogen [4-14]. WC:nC nanocomposites loaded with Pt 

nanoparticles display stronger resistance to CO poisoning and better durability toward 

methanol electrooxidation compared with the commercial Pt/C catalyst [14, 15]. For 

application as electrode materials and catalysts, WC and WC:nC need to be produced in 

the form of nanodispersed powders or aggregates with a highly developed surface. In 

this respect it is necessary to develop methods for the synthesis of these materials in the 

nanodispersed state with different morphological and dimensional characteristics of the 

nanoparticles, as well as in the form of aggregates with high specific surface area. 

The traditional carbothermal synthesis method of WC – hours-long solid-state 

annealing of mixtures of W or WO3 with carbon at 1400 – 1600 C in hydrogen 

atmosphere – is widely used for the production of high-purity crystalline tungsten 
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carbide [2]. This approach is very energy-consuming, and it cannot be applied for 

obtaining nanodispersed samples due to the recrystallization phenomenon. Among the 

methods for the synthesis of WC and WC:nC nanoscale powders described in the 

literature, the precursor synthesis based on different colloidal precursors of tungsten and 

carbon is very promising [16-28]. There are several variations of the precursor method 

for the synthesis of nanodispersed tungsten carbide, differing in the choice of initial 

reagents: tungstic acid (H2WO4) or ammonium tungstates (for example (NH4)2WO4, 

(NH4)10W12O41·5H2O or (NH4)6H2W12O40·xH2O) are used as a source of tungsten and 

organic compounds, and polymers (such as citric acid, n-octylamine, resorcinol, 

polyacrylonitrile, polyaniline and carbohydrates) are used as a source of carbon. The 

reagents are mixed in water or organic solvent, and then the obtained mass is dried. The 

obtained precursor is treated thermally in inert gaseous medium or in vacuum. This 

method allows the synthesis temperature to be decreased to 1000 – 1100 C. Another 

approach relies on the use of tungsten carbonyl W(CO)6 as a precursor, the vapors of 

which are decomposed at 600 – 800 C accompanied by the formation of WC 

nanopowder [27]. Its advantages include the possibility of mixing components at the 

molecular level, controlling precursor and product particle dispersion, low synthesis 

temperature, as well as a short synthesis time compared to the traditional carbothermal 

method. The formation of excessive free carbon during thermolysis of the organic 

component is usually considered as a drawback of the precursor methods; to remove 

excessive free carbon, products of thermolysis are calcinated in a mixture of argon and 

hydrogen [25]. However, for applications as components in electrochemical cells, the 

presence of carbon is an advantage, especially if during the synthesis the morphology of 

both WC nanoparticles and carbon support can be controlled. Thus, detailed knowledge 
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of the physicochemical conditions of formation as well as of the properties of the 

excessive free carbon, which usually accompanies carbides in the synthesis, is of great 

importance [17, 18] and would allow the synthesis of nanodispersed carbonless WC or 

WC:nC materials with specific properties and for particular applications.  Consequently, 

the aim of this study is to understand chemical, phase, and morphological changes that 

occur during the thermally stimulated transformations of initially molecular-dispersed 

metal-organic precursors and to develop the precursor-based approach, which allows to 

control the excess and the morphology of free carbon in WC:nC nanocomposites. 

 

2. Experimental 

Nanodispersed WC and WC:nC were synthesized using (NH4)10W12O41∙7H2O 

and glycerol (C3H8O3) as tungsten and carbon sources, respectively. The ratios of the 

reagents (NH4)10W12O41∙7H2O (99.9%) and C3H8O3 (99.9%) required for the production 

of tungsten carbide containing no impurity carbon were taken in accordance with the 

following reaction [17]:  

(NH4)10W12O41∙7H2O + 12C3H8O3 = 12WC + 24CO + 10NH3 + 60H2O  (1) 

Equation (1) represents a summary reaction, which does not show the full complexity of 

the chemical process. For the production of WC:nC nanocomposites, the concentration 

of glycerol was increased. The initial substances were thoroughly mixed in heat-

resistant glass beakers and heated on a hot plate at 100 – 150 C until the 

(NH4)10W12O41∙7H2O crystals were completely dissolved in glycerol and a transparent 

colorless gel was formed. The process of gel formation was accompanied by the 

evaporation of water and ammonia; increasing the temperature to 220 – 250 C speeds 

up this evaporation, upon completing of which the gel has hardened and turned into a 
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black glassy mass having a composition close to the hypothetical compound 

WO2(С3Н6O3) [17] (Figure 1 a, b). The material produced in this way was ground in a 

porcelain mortar and then, as a precursor, heated stepwise in helium atmosphere at 400 

– 1100 C.  

Phase analysis was carried out using a POLAM S-112 polarized-light 

microscope in transmission mode and a STADI-P X-ray diffractometer (STOE, 

Germany) using Cu-Kα radiation in the 2θ range 10 to 60 with a step of 0.02. The 

obtained X-ray powder diffraction patterns were compared with those in the Powder 

Diffraction File – PDF2 database (ICDD, USA, release 2009). The Debye-Scherrer 

method was used to determine the size of the particles from the X-ray diffraction 

patterns. The microstructure of the particles were studied by means of scanning (SEM) 

and transmission (TEM) electron microscopy using JSM JEOL 6390LA and FEI Titan 

80-300 microscopes, respectively. Raman spectra of the powders were collected with a 

RENISHAW-1000 spectrometer (λ = 514.5 nm, Ar
+
-laser). The specific surface area 

was estimated by means of the BET low-temperature nitrogen sorption method with a 

TriStar 3000 auto analyzer. The carbon content in the samples was determined by a 

tried-and-true method on a МЕТАВАK-СS-10 gas analyzer [17]. The electronic state of 

the surface of the synthesis products was analyzed by X-ray photoelectron spectroscopy 

(XPS) methods using an ESCALAB MK II electron spectrometer with 

nonmonochromatic Mg-K radiation (1253.6 eV).  

 

3. Results and discussion 

3.1. X-ray powder diffraction and scanning electron microscopy 
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Microscopic analysis of the precursor samples produced by thermal treatment of 

organometallic solutions and gels with the (NH4)10W12O41∙7H2O/C3H8O3 ratio equal to 

1/12 (designated as “I”), 1/16 (“II”), and 1/20 (“III”) at 220 – 250 C, revealed that all 

of them are glassy optically isotropic substances of dark-grey or black colour depending 

on the temperature and duration of calcination. The black colour of the precursor is due 

to the presence of elementary carbon formed as a result of thermal transformations of 

the organic component of the gel. Most of the precursor dissolves in hot water during 

mixing, while carbon contained in the precursor precipitates as a black sediment. 

The SEM images shown in Fig. 1 demonstrate the change in the morphology of 

the samples produced by heating of precursors at 200, 240, 500, 600, 800, and 1100 C 

in helium atmosphere. Reaction temperatures were carefully chosen based on the 

observed properties of the reaction products after each stage of the thermal treatment 

and in accordance with available literature data about phase transformations in related 

systems [22-28]. 

Changes in the composition and morphology of powders with annealing 

temperature are summarized in Table 1. The products of annealing the precursor at 400 

C are amorphous according to X-ray data (Fig. 2), which agrees with the absence of 

phase contrast in the optical microscope. Poorly resolved lines of the oxide W18O49 

appear on the X-ray diffraction patterns of the samples heated at 600 – 750 C [29, 30]; 

the lines of WO2, W, W2C, and WC emerge after annealing of the precursor at 800, 850, 

950, and 1000 C, respectively (Fig. 2). The lines of tungsten carbide oxide W18O49 on 

the X-ray diffraction pattern (Fig. 2) correspond to the wire-like crystals seen in Fig. 1 

(e, f). Particles of W, W2C and WC have a granular structure. The concentration of free 

carbon after annealing of the precursor (I) at 1100 C for 10 min was found to be 0.26 
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wt% and the X-ray diffraction pattern showed the formation of hexagonal tungsten 

carbide, WC (Fig. 2). 

Based on the X-ray diffraction data and elemental analysis data, the sequence of 

solid phase transformations upon heating of the precursors (I) in the temperature 

interval 400 – 1100 C in helium atmosphere can be described as follows Eq. 2: 

WO2(С3Н6O3) → X → W18O49 → WO2 → W → W2C → WC (2) 

where X stands for the X-ray amorphous phase. Each phase in this sequence is formed 

through the interaction of the previous phase with carbon as the temperature increases. 

A similar scheme of phase transformations was proposed [26] to describe the interaction 

of WO3 with carbon obtained by heat treatment of the gel formed by 

(NH4)6H2W12O40∙nH2O and glucose and for a description of the thermolysis of the 

(C8H17NH3)2WO4 precursor isolated from non-aqueous medium [22].  

On the X-ray diffraction pattern of the sample produced by thermal treatment of 

precursor (II), in addition to the lines from hexagonal WC, a line at d = 4.6189 Å and a 

diffuse halo in the 2θ range 18 – 25 were observed (Fig. 2). These features are caused 

by the presence of structured and amorphous carbon [11]. Since the concentration of 

carbon in the precursor depends on the amount of glycerol in the initial reaction 

mixture, this method allows one to synthesize WC:nC composites containing different 

amounts of free carbon. So, because of heating of precursors (II) and (III) in helium 

atmosphere, WC:nC composites are formed, containing 11.2 and 18.6 wt% free carbon, 

respectively. Excess of organic reagent in the precursor does not change the above-

described sequence of phase formations, but affects the process of WC:nC composite 

formation: for its completion it is sufficient to heat precursor (II) up to 1100 °С and 

precursor (III) up to 1000 – 1050 C with a rate of 15 /min. Homogeneous tungsten 
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carbide can be produced by thermal treatment of a precursor having a composition 

similar to that of the hypothetical compound WO2(C3H6O3). In the absence of glycerol, 

the thermal transformation of (NH4)10W12O41∙7H2O in helium atmosphere leads to the 

formation of a dark blue powder of W18O49. 

For all three precursors, the described carbothermal transformations occur at 

relatively high rate and low temperatures, allowing obtaining tungsten oxides and then 

tungsten carbides in the form of nanoparticles. The nano-sized dimensions of WC and 

WC:nC composites were confirmed by electron microscopy (Figs. 1, 3, 4). The WC:nC 

composite obtained by heating precursor (II) up to 1000 C in helium atmosphere can 

be described by tungsten carbide nanoparticles distributed in a carbon cellular matrix 

(Table 1). If the heating rate is doubled, in addition to nanoparticles (10 – 60 nm in size) 

“frame structures” are formed, which consist of chains of WC grains oriented at 60 

with respect to each other (Fig. 3 a – d). The electron diffraction patterns obtained from 

these structures can be indexed in a hexagonal cell with parameters a = 2.93 Å and c = 

2.83 Å. Tungsten carbide grains in the chains contain a large amount of stacking faults 

alternating along the a axis of the crystal. Most of the observed defects can be described 

by the displacement vector 1/6 <1 1 -2 3> in the {1 -1 0 0} planes typical of the 

hexagonal structure of WC (Fig. 3 e, f). The carbon observed in the sample forms 

agglomerates consisting of graphitic carbon, multi-layered “onion structures” [31] with 

a spherical shape or the shape of multi-walled nanotubes (Fig. 4).  

In order to separate free carbon from composite powders obtained after 

annealing of precursors (II) and (III) (free carbon content in these samples was 11.2 

wt% 18.6 wt%, respectively) we used a hot solution of concentrated hydrofluoric acid 

with a small addition of nitric acid. These acids dissolve the tungsten carbide phase 
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completely. Alternatively, composites can be treated with formic acid [32, 33]. The 

resulting black bulky mass of free carbon was vacuum-filtered from the solution, 

washed with distilled water, and dried at 200 C in air for 1 h. The specific surface areas 

of carbon samples (II) and (III) determined from the low-temperature nitrogen 

adsorption data, were 1128 and 1200 m
2
/g, respectively. The cellular morphology of the 

carbon residual mass removed from WC:nC composite powder (III) reflects the 

structure of the colloidal state of the precursor formed during high-temperature 

decomposition of the colloidal solution at 200-250 C, Fig. 5.  

 

3.2. Raman spectroscopy 

The Raman spectra of the of precursor (I) and products of its annealing in 

helium atmosphere in the temperature range 400 - 600 C contain intensive lines at 

1364 and 1597 cm
-1

 (Fig. 6) typical of free carbon [34, 35]. The line at 1338 cm
-1

 (D-

line) is due to vibrations of the С–С bonds in the sp
3
-hybrid state. Considerable 

broadening and high intensity of the D-line suggests the presence of small ordered 

regions of graphitic carbon, which is corroborated by the position and the intensity of 

the line at 1599 cm
-1

 (G-line) [36-38]. The line at 2000 сm
-1

 has been attributed to the 

С–О vibrational modes of oxidized graphene [39-41]. An increase of the annealing 

temperature up to 600
 
C makes the line at 2000 сm

-1
 more pronounced. A broad diffuse 

line in the 2300 - 3300 cm
-1

 region is associated with the C–H bond vibrations and D- 

and G-mode vibrations of the graphitic-carbon planes in free carbon [37-38]. The 

observed Raman spectra are similar to those of WO3/GO composites (GO stands for 

graphene oxide) [39]. In the low-frequency region of the spectra, narrow well-resolved 

lines at 803, 704, 262, and 127 сm
-1

 are observed, which are typical of the O–W–O 
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bond vibrations in the structure of WO3, WO2, and W18O49 oxides [29, 30, 42]. The 

Raman spectrum of the sample produced by annealing precursor (III) at 1100 C in 

helium atmosphere also features all characteristics of the vibrational spectra of free 

carbon having the form of oxidized graphitic carbon: two rather intense lines at 1343 

cm
-1

 (D-line) and 1592 cm
-1

 (G-line) are observed together with the lines of the 

vibrational spectrum of the basic WC phase (Fig. 7). After removal of the WC phase 

from the WC:nC nanocomposite by acid treatment, the Raman spectrum of the carbon 

sample features only carbon lines, which we assigned to oxidized graphitic carbon 

(nano-onions and tubular structures): narrow intense lines of approximately the same 

intensity at 1344 and 1594 cm
-1

, broad central lines at 2688 and 2920 cm
-1

 and a weak 

line at ~3180 cm
-1

, which are composite lines (overtones) since they can be obtained 

from doubling of the D- and G-line, respectively, or by their combined addition [43] 

(Fig. 7).  

 

3.3. X-ray photoelectron spectroscopy 

The XPES measurements allowed us to obtain additional information about the 

oxidation state of tungsten and the chemical forms of carbon (and oxygen) in the 

powders of carbon-containing composites WC:nC. By combining Ar
+
 ion beam etching 

of the sample surface and energy analysis of photoelectrons, we also quantitatively 

estimated the average content of W, C, and O in different chemical forms on the surface 

of WC:nC particles and at varying depths. The spectra were analyzed taking into 

account that during ion etching the light atoms (C and O) could be removed from the 

surface much easier than tungsten. As a result, the reduction of oxides and carbides, 

which present on the particle surface, is probable. The overview XPE spectrum of the 
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WC:nC powder containing 18 wt% carbon (Fig. 8) recorded before argon ion etching 

exhibits intense W4f, C1s, and O1s lines. The spectra of these internal electronic states 

both for the surface and after three ion-sputtering events (1, 4, and 14 min) are shown in 

Fig. 8.  

The W4f band consists of two doublets corresponding to the 4f7/2 and 4f5/2 lines 

of tungsten (Fig. 8), which are attributed to tungsten carbide WC and oxide WO3. In 

practice it is difficult to distinguish between the WC phase and metallic tungsten from 

an analysis of W4f lines only. The formation of the WC phase is confirmed by the 

presence of a component of the C-W bond in the energy spectrum of the C1s level. A 

quantitative estimation of the ratio of carbon atoms in C-W form and tungsten atoms in 

W-C form (see the bar graph in Fig. 9) points towards carbon deficiency at the surface 

of WC particles. Therefore, WC, W2C, and metallic tungsten phases can be expected to 

be present in the powder. As mentioned above, besides tungsten carbide, the W4f band 

contains a doublet attributed to WO3. WO3 is present on the surface and is gradually 

removed as the powder is polished with the ion beam. As a result of ion bombardment, 

the tungsten band originating from WC broadens first due to destruction of the carbide 

structure by the ion beam, and second due to partial reduction of WC to WCx (x = 0.9 – 

1) or to W2C. The main chemical components of the WC:nC powder and the semi-

quantitative tendency of the change in their average content measured from the surface 

into the bulk of the particles are shown in Fig. 9.  

As ion cleaning of the surface of WC:nC particles proceeds, the line associated 

with the C-C bond at 284.05 eV begins to dominate in the C1s band (Fig. 8). This line is 

a signature of graphite- and diamond-like forms of carbon, amorphized graphene, 

carbon nanotubes, fullerenes, and graphene films [44]. The second component in the 
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C1s band is attributed to carbide states of carbon in WC or in WCx. Finally, in the 

region of high binding energies, there are components that we ascribe to organic forms 

of carbon adsorbed on the surface during storage of the powders in air. During ion 

etching, the intensity of the C-C band decreases and that of the C-W band increases, 

indicating that tungsten carbide localizes in the core of the particles, whereas the phases 

with C-C bonds dominate at the surface (free carbon, presumably in the form of thin 

molecular layers of oxidized graphene). The ratio between these two forms of carbon 

varies from 7:1 to 3:1 when going from the surface into the bulk of the composite 

particles. Lines from tungsten oxide WO3 and oxygen bound with carbon can be 

distinguished on the oxygen spectra (Fig. 8). The latter can be related both to organic 

contaminations on the surface and to oxidized graphene. Tungsten oxide WO3, which is 

likely to be the product of oxidation of a WC nanoparticle’s surface by atmospheric 

oxygen, is removed from the surface by ion etching.  

 

4. Conclusions 

The proposed method, based on the heating of organic-inorganic 

(NH4)10W12O41∙7H2O/C3H8O3 homogeneous gel-like precursors, enables, by varying the 

amount of chemically active carbon in the precursor, obtaining both single-phase WC 

and WC:nC composites with tungsten carbide particles of nanometre size (5-60 nm). 

The carbothermal reduction of the precursor to carbide can proceed through different 

stages, depending on the initial composition of the precursor. For the formation of 

WC:nC nanocomposite and nanodispersed WC containing 99.9 wt% of the main 

product, it is sufficient to heat the precursors with a preset W:C ratio up to a maximal 

temperature of 1100 C. At 1000 – 1100 C this transformation takes place within 10-20 
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min, which is very fast for carbothermal synthesis, suggesting that the process of 

reduction is under kinetic control. The reason why our carbothermal reduction is 

kinetically controlled may lie in the self-organization of the precursor as the colloid, 

which is similar to nematic liquid crystals [16]. The most important feature of the 

proposed precursor method for the synthesis of WC or WC:nC nanocomposites is, in 

our opinion, the combination of the following factors: (1) preparation of the precursor in 

the form of a non-aqueous liquid solution of an organometallic compound that is 

homogeneous at low temperatures; (2) transformation of the homogeneous solution into 

a gel and then into a glassy state through heating; (3) the use of a liquid chemical 

reagent (glycerol) as a carbon source for carbothermal reduction of tungsten and 

formation of WC. Free carbon separated from the WC:nC composites inherited cellular 

morphology and thereof showed high values of specific surface area (1200 m
2
/g). 
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Figure Captions 

Fig. 1. SEM images of the initial precursor sample (a, b) and samples heated in 

helium atmosphere at 240 °C (c, d), 500 °C (e, f), 800 °C (g, h), 950 °C (i, j) and 1100 

°C (k, l). 

Fig. 2. X-ray diffraction patterns of the samples produced by heating of the 

precursor in helium atmosphere at 400
 
°C, 800

 
°C and 1100 °C (samples (I) and (III)). 

Fig. 3. The WC:nC composite obtained by heating precursor (II) up to 1000 °C 

in helium atmosphere: (a) overview SEM image; (b) enlargement from area (1) showing 

tungsten carbide WC forming “chain” structures; (c) enlargement from area (2) showing 

WC nanoparticles in the carbon matrix; (d) - (f) high-resolution TEM images of WC 

tungsten carbide “chain” structures (the black arrows indicate the position of stacking 

faults, circles denote the positions from which fast Fourier transformation patterns were 

obtained).  

Fig. 4. High-resolution TEM images of WC:nC composites obtained by heating 

precursor (II) up to 1000 °С in helium atmosphere: (a) bright field image TEM image 

showing WC nanoparticles and amorphous carbon; (b) high-angle annular dark field 

scanning transmission electron microscopy image with nanometre-sized WC particles in 
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an amorphous carbon matrix; (c) - (d) high-resolution episcopic microscopy image of 

multilayer carbon “onion” structures in the WC:nC composite, which have a spherical 

shape or the shape of multilayer tubes.  

Fig. 5. SEM image of carbon produced as a result of the removal of WC from 

the WC:nC nanocomposite by means of acid treatment.  

Fig. 6. Raman spectra of precursor (1) and samples produced by heating it at 400 

°С (2) and 600 °С (3) in helium atmosphere.  

Fig. 7. The Raman spectra of WC:nC (1) and carbon (2) produced by the 

removal of WC from the WC:nC nanocomposite by means of acid treatment.  

Fig. 8. Overview spectrum of WC:nC powder recorded before Ar
+
 beam etching 

(at the top) and the spectra of internal electronic states of W4f, C1s, and O1s before and 

after argon ion beam etching of the surface for 1, 4, and 14 min.  

Fig. 9. Estimated content of W, C, and O atoms (at.%) in different chemical 

forms in the WC:nC powder. The data are given for the surface and for 1, 4, and 14 min 

of ion etching of the upper layers.  

 

 

Tables 

Table 1. Annealing temperature, composition, and morphology of precursor 

synthesis products. 

Compound 

according to XPA 

data 

Temperature 

range, °С 

Morphology according to microscopic 

analysis data 

WO2(С3Н6O3) 200 – 240 Glassy mass 

Аmorphous phase 250 – 500 Formations including spheres with sphere 
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diameter of 100-250 μm 

W18O49 550 – 750 

Spherical capsules to 100 μm in diameter 

filled with needles with ~20 nm cross-

section and a length to 1500 nm 

WO2 750 – 800 

Spherical capsules to 100 μm in diameter 

filled with rods with 300-500 nm cross-

section and a length to 5000 nm 

W 900 – 950 
Aggregates of metallic tungsten in a carbon 

shell 

W2C 950 – 1000 
Aggregates built of W2C particles in a 

carbon shell 

WC 1000 – 1100 
Tungsten carbide particles with dimensions 

of the order of 50 nm 
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