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INTRODUCTION
Vanadium carbide (VC) is particularly important for industrial applications due to its excellent high temperature strength, 

high thermal and chemical stability even at high temperatures [1-5]. It has been widely used for cutting materials, abrasive and anti-
wear materials. Meanwhile, VC is an extremely hard refractory ceramic material and can also be used as an additive to tungsten-
base and titanium-base to fine the grain to improve the property of a cermet [6,7]. Moreover, VC exhibits catalytic behaviors, which 
are almost comparable to platinum metal owing to their similar electronic and magnetic properties [8-10]. Some researches indi-
cated that vanadium carbides are much more efficient catalysts than traditional catalytic materials (Ni, Pt, Rh, etc.) for N-H bond 
activation due to the broadening of the d-band that would give vanadium carbides an opportunity to be better electron acceptors 
than the platinum group metals [11]. Due to its promising properties and extensive applications, it is worth to investigate various 
ways of synthesizing nanocrystalline VC with convenient manipulations. Various methods have been explored for the synthesis of 
VC such as carbothermal reaction, direct element reaction, mechanical alloying ion exchange route and thermal decomposition of 
the precurs or etc. [12-16]. Among these methods, the most popular method for synthesizing the VC is the carbothermal reduction 
and this method is also regarded as an economical method for commercial production [17,18].

In this paper, it developed a simple and convenient route by combining solution combustion synthesis (SCS) and carbother-
mal reduction method to prepare VC nanoparticles. Solution combustion synthesis (SCS) is a well-known method for the prepara-
tion of nanocrystalline oxides [19]. This method has a lot of advantages. The reaction of SCS is an exothermic reaction. It saves 
energy because the heat needed to drive the chemical reaction is provided by itself and not by an external source; the combus-
tion reaction is instantaneous; and the production exhibits high specific surface area, well-defined chemical compositions, and 
homogeneous distribution of the elements [20-22]. During the recent years, some researchers began to employ the SCS method to 
prepare non-oxide ceramic powder. We have successfully synthesized nitrides by the combination of combustion synthesis and 
carbothermal reduction [23-26]. In the present work, the synthesis of VC nanoparticles by SCS and carbothermal reduction method 
has been investigated for the first time. Firstly, a homogeneous mixture of vanadium oxide and carbon precursor was prepared by 
SCS. Subsequently, the prepared precursor was carbothermally reduced to VC particles.
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EXPERIMENTAL SECTION
Synthesis

Precursor was prepared by SCS using ammonium vanadate (NH4VO3), ammonium nitrate (NH4NO3), glycine (NH2CH2COOH) 
and glucose (C6H12O·H2O) as raw materials. Analytical reagent grade chemicals were purchased commercially. As a typical sample 
preparation procedure, 5.8 g NH4VO3, 24 g NH4NO3, 12 g NH2CH2COOH and 30 g C6H12O·H2O were dissolved in deionized water 
under stirring to obtain a redox mixture. The mixture was filled into a glass, and was heated in air on a temperature-controlled 
electrical furnace. The experimental phenomenon were similar with the previous reports [27,28]. The whole process took only several 
minutes, resulting in a fragile and foamy products (precursor). The carbonization of precursor was performed in a tube furnace. A 
strict temperature program was followed in all runs, with heating at a constant rate of 10 K min‒1 up to the plateau temperature. 
The precursor was calcined in a flowing N2 at various temperatures for 3 h.

Characterizations

The products were analyzed by X-ray diffractometer using Cu-Kα (λ=0.1542 nm) radiation [X-ray diffraction (XRD); Rigaku, 
D/max-RB12] and Thermo Gravimetric Analysis (TGA)/differential scanningcalorimetry (DSC) (MettlerToledo, Switzerland). The 
morphology and particle size of the prepared products were studied by scanning electron microscopy (SEM, JSM-5600) and trans-
mission electron microscopy (TEM, Tecnai G2 F30 S-TWIN). The specific surface area (SSA) of the precursor was determined by 
the Brunauer-Emmett-Teller (BET) method using an automated surface area and pore size analyzer (QUADRASORB SI-MP, Quanta-
chrome Instruments, Boynton Beach, FL). The X-ray photoelectron spectroscopy (XPS) analysis was carried out using AXIS Ultra 
DLD spectrometer equipped with an Al Kα X-ray source and electrostatic hemispherical electron analyzer.

RESULTS AND DISCUSSION
Preparation of the Precursor

Figure 1 shows the X-ray diffraction (XRD) pattern of the precursor prepared by SCS. It indicates that the precursor is com-
posed of V2O5 and VO2. It is well known that SCS is in essence a redox exothermic reaction between oxidizer and reducer. During 
heating, the redox reaction between ammonium vanadate, ammonium nitrate and glycine occurs. Eq.1 describes this reaction 
in a simple manner. Because of the energy released from the exothermic reaction, the glucose decomposes (Eq.2) and carbon 
generated from the glucose reacts with the V2O5 (Eq.3). The V2O5 has been reduced to VO2. Meanwhile, a part of carbon has been 
oxidized, as shown in Eq.4. In this way, a precursor that contains the mixture of V2O5, VO2 and carbon can be obtained. Moreover, 
a large volume of gases liberated during the reactions would effectively prevent the agglomeration of particles, rendering the 
formation of porous, fragile, foamy, and black precursor.

Figure 1. XRD pattern of the precursor.

 

Figure 2. SEM photograph of the precursor.
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Figure 3. EDS element mapping data of (a) SEM image of the precursor, (b) V, (c) O and (d) C elements throughout the precursor.

Figure 2 presents the SEM images of the precursor. The precursor has a porous structure (Figure 2a) and consists of flaky 
particles with an average thickness of about 2 μm (Figure 2b). The specific surface area of the precursor is 6 m2/g.  
shows the map distribution of V, O and C elements. It is evident that the precursor has homogeneous distribution of V, O and C. 
Intimate contact between the vanadium and the carbon can decrease the diffusion distance between the reactants and improve 
the reactivity.

4 3 2 5 2 4 3 2 5 2 2 22 2 12 14 4 33NH VO C H NO NH NO V O N CO H O+ + → + + +                                    (1)

6 12 6 26 6C H O C H O→ +                                     (2)

2 5 22V O C VO CO+ → +                        (3)

2 2C O CO+ →
                              (4)

Synthesis of Vanadium Carbide Nanoparticles

Figure 4 shows the TG and DSC curves of the precursor in N2 atmosphere. It is clear that sample undergoes a mass loss 
of ~7% before 300°C due to the adsorbed water evaporation. Increasing calcined temperature to 1200°C, the sample gradually 
loses a large of mass of 68% and maintain stable.

 

Figure 4. TG and DSC curves of the precursor in N2 atmosphere.

Figure 3
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Figure 5. XRD patterns of the carbonization products calcined at various temperature.

Figure 5 demonstrates the X-ray diffraction analysis of the products calcined at 700-1200°C. The sample, calcined at 
700°C, is comprised of single phase V2O3. It indicates that the precursor has been reduced to V2O3. The reaction is shown in Eq.5. 
At the temperature of 900 and 1100°C, the samples are mainly comprised of VC and the weak diffraction peaks of V2O3 also 
appear, indicating the transformation of V2O3 to VC (Eq.6). The vanadium oxide phases cannot be detected in the XRD pattern of 
the sample calcined at 1200°C (Figure 4). All the sharp reflection peaks can be indexed to the VC compound (PDF NO. 65-8074) 
and the pure-phase of VC is prepared at 1200°C.

XPS was used to study the components and surface properties of the products. Figure 6 shows several regions of the XPS 
spectra of the products prepared at 1200°C. Wide survey scans (Figure 6a) identified the presence of vanadium (V 2p), carbon 
(C 1s), and oxygen (O 1s). Figure 6b depicts the XPS spectra of V 2p. Peaks at 513.9 and 521.5 eV should result from V 2p3/2 and 
V 2p1/2 spin-orbit component of VC respectively [29]. The peaks at 516.2, 517.4 and 523.7 eV are assigned to the V 2p species of 
V2O3, VO2 and V2O5 

[30]. In Figure 6c, the peak of C 1s spectrum at 284.6 eV is attributed to the free carbon on the surface of the 
products and the peak at 282.5 eV is attributed to the photoelectrons ejected from the carbon in vanadium lattice [16,30]. Two peaks 
at 286.3 and 288.6 eV are assigned to the oxygen bound species C-O and C=O respectively [31]. The high-resolution O 1s spectrum 
is shown in Figure 6d and it indicates that the oxygen species not only include simple lattice oxygen (529.5 eV) but also at least 
include hydroxyl oxygen (532.0 eV) [16,29]. The XPS results confirm the formation of VC and there are oxygen on the surface of VC 
due to exposure to the air. The similar phenomenon has also been mentioned by other researches [16,29].

   

Figure 6. Wide (a) and narrow scan (b, c and d) XPS patterns for product prepared at 1200 ℃.
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Figure 7. SEM images of the carbonization products calcined at various temperature: (a)700°C, (b) 900°C, (c)1100°C, (d)1200°C.

Figure 8. TEM images of the carbonization products calcined at various temperature: (a)700°C, (b) 900°C, (c)1100°C, (d)1200°C.

The morphologies of the products calcined at different temperature are investigated by SEM and TEM. As shown in Figure 7, 
all the calcined products exhibit the sheet structure. From the TEM images (Figure 8), it can be also observed that the carboniza-
tion product calcined at 700°C is comprised of nanoparticles of 20 nm. With increasing the calcined temperature up to 1200°C, 
the particle sizes increase to 25~30 nm. The relatively low growth rate of VC particles can be attribute to the homogeneous dis-
tribution of carbon, which can inhibit the growth of VC nanoparticles during the calcined process.

Figure 9 display the reaction mechanism of the carbonization process. was investigated by analyzing the phase transforma-
tion and microstructure evolution. (a) After combustion synthesis, vanadium oxides (VO2 and V2O5) and carbon are homogeneous 
distribution and closely contacted with each other. (b) Due to the high contact area of vanadium oxides and carbon, carbon atoms 
did not need a long distance diffusion and V2O5 and VO2 can be reduced to V2O3 at a relative low temperature, which had been 
verified by the XRD results. During the reduction process, CO was formed and escaped from the reaction interface (eq. (5) and (6)). 
(c) With the increase of calcined temperature, carbon atoms entered into the lattice and occupied most of the lattice positions of 
oxygen atoms, resulting in forming VC. Therefore, part of V2O3 in the surface of sample was carbonized to VC. (d) When the tem-
perature increase up to 1200°C, carbon atoms continued to enter into the lattice and V2O3 has been absolutely carbonized to VC.

2 2 32VO C V O CO+ → +                                    (5)

V2O5+2C→V2 O3+2CO                        (6)

2 3 5 2V O C VC CO+ → +                                    (7)
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Figure 9. Reaction mechanism of the carbonization process.

CONCLUSIONS
Vanadium carbide (VC) nanoparticles were prepared via a simple and novel route by carbothermal reduction of a combus-

tion synthesized precursor. A homogeneous precursor had been prepared by solution combustion synthesis in a few minutes us-
ing ammonium vanadate, ammonium nitrate, glycine and glucose as raw materials. The precursor was subsequently calcined at 
1200°C under nitrogen and the pure-phase of VC was successfully prepared. The sizes of prepared VC nanoparticles were less 
than 30 nm. It provides a new approach to prepare nanocrystalline VC and is suitable for large scale production of VC nanopar-
ticles.
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