
 

 

 

Trans. Nonferrous Met. Soc. China 29(2019) 1776−1783 

 
Preparation of high purity vanadium nitride by 

magnesiothermic reduction of V2O3 followed by nitriding in N2 atmosphere 
 

Rui XU, Yue-dong WU, Guo-hua ZHANG  
State Key Laboratory of Advanced Metallurgy, University of Science and Technology Beijing, Beijing 100083, China  

Received 27 December 2018; accepted 9 June 2019 
                                                                                                  

 
Abstract: High purity vanadium nitride (VN) powders were prepared via a two-step process using vanadium trioxide (V2O3) as the 
raw material. The V2O3 was firstly reduced at 873 K in Ar atmosphere via magnesiothermic reduction reaction to get the mixture of 
V and MgO, and then the products were further nitrided at 1473 K in N2 atmosphere. Finally, the as-prepared samples were 
acid-leached to obtain pure VN powders. X-ray diffractometry and field-emission scanning electron microscopy were used to analyze 
the phase transition and morphological evolution of the samples. The results reveal that the overall morphology of the obtained VN 
powder retains the morphology of the initial V2O3 powders. After removing MgO by acidic leaching, the porous VN particles can be 
obtained, with the oxygen content of 0.178 wt.%. Compared with the traditional methods, high purity VN powders with a small 
amount of oxygen and no carbon can be obtained. 
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1 Introduction 
 

In the past few years, metal nitrides, especially 
transition metals nitrides, have received more and more 
attention owing to their excellent chemical and physical 
properties [1−3]. Among them, vanadium nitride (VN) 
with good wear resistance, extremely high hardness, high 
melting point and high thermal conductivity has been 
widely applied in cutting tools, superconducting devices, 
and catalysis. Furthermore, VN is an excellent alloy 
additive and widely used in the production of 
high-strength low-alloy (HSLA) [4−6]. 

A large number of methods have been proposed to 
prepare VN, such as direct reaction of metal vanadium 
and nitrogen, solid-state metathesis (SSM) at an elevated 
temperature [7], ammonolysis of precursor compounds of 
vanadium [8], and mechanochemical synthesis under a 
pressurized nitrogen atmosphere [9]. In the industrial 
production, VN is produced on a large scale by the 
carbonitrothermic reduction process. Carbon has been 
widely used in industrial fields with some attractive 
advantages such as easily-obtained and cheap. However, 
carbon is not a strong reducing agent at temperatures 

below 1873 K, which has been proved by Ellingham 
diagram [10]. For this reason, excessive carbon is always 
added to ensure the completion of the reduction reaction, 
which inevitably leads to the existence of residual carbon 
in the reduction products [11,12]. Therefore, to get a 
high purity vanadium nitride, a reducing agent with a 
stronger reducibility should be chosen. 

Based on the Ellingham diagram of oxides, it can be 
found that Ca, Mg and Al are the possible reductants to 
reduce V2O3. Among them, Ca has an extremely 
chemical affinity to oxygen and is the strongest reducing 
agent. Although Al also has a strong reducing ability, it is 
hard to remove the generated Al2O3 from the products. 
The reduction ability of Mg is not as strong as Ca, but it 
is much cheaper than Ca, meanwhile, the byproduct 
MgO can be easily removed by leaching in HCl solution, 
as described in Eq. (1). Consequently, Mg is selected as 
the reductant in the current study [13,14]. 
 
MgO+2HCl=MgCl2+H2O                     (1) 
 

In this work, a new method for preparing high 
quality VN based on magnesium reduction was proposed. 
V2O3, Mg powders and MgO were used as raw materials. 
Since  magnesiothermic  reduction  reaction  was  an 
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extremely exothermic reaction, a certain amount of  
MgO was added. Owing to a high melting point    
(3125 K), MgO would not participate in the reaction, but 
act as a diluent in the reaction to reduce the reaction 
temperature and the volatilization of Mg. This method 
has the following advantages: (1) VN without the 
contamination of C could be obtained; (2) the residual 
oxygen content could be controlled to a low level. 
Therefore, this method may give a possible way for 
producing high purity VN. 
 
2 Experimental 
 
2.1 Raw materials 

The main chemicals used in this process, including 
Mg powder, hydrochloride acid, anhydrous ethanol, and 
MgO were supplied by Sinopharm Chemical Reagent 
Beijing Co., Ltd., China. V2O3 powders (>95 wt.%) were 
purchased from Alfa Aesar, England. 
 
2.2 Experimental procedures 

According to the stoichiometric proportion, high 
purity V2O3 (>95 wt.%, with the other component of 
high-valence vanadium oxide), Mg (>99.8 wt.%) powers 
and MgO (>98 wt.%) were weighed and mixed 
uniformly in an agate mortar. Considering the 
volatilization behavior of Mg, which had a low melting 
point (921 K), excessive Mg was added. The mixture 
was pressed into cylindrical briquettes in a stainless steel 
mold and then placed into an alumina crucible, which 
was accommodated into the constant-temperature zone 
of a vertical tube furnace with MoSi2 rods as the heating 
elements. The schematic diagram of the experimental 
equipment is shown in Fig. 1. The diameter of the 
alumina tube was 600 mm. 

At the first reduction stage as shown in Eq. (2), a 
series of experiments were carried out to find the optimal 
temperature, reaction time and the amount of MgO 
addition. High purity argon (>99.999%) with a flowing 
rate of 400 mL/min was introduced into the furnace 
during the whole reaction process. After reaction, the 
sample was cooled down to the room temperature before 
being taken out from the furnace. And then, the 
nitridation stage was carried out in N2 atmosphere at 
1273 K or 1473 K as described by Eq. (3). The 
temperature of the system was raised to the desired 
temperature at a heating rate of 5 K/s and held for 4 h, 
and then cooled to room temperature. During this  
process, high purity nitrogen (>99.999%) with a flowing 
rate of 400 mL/min was introduced into the furnace.  
V2O3+3Mg+xMgO=(3+x)MgO+2V              (2)  
2V+N2(g)=2VN                             (3) 
 

To separate MgO from the as-product, the sample 
was milled and leached in 1 mol/L HCl at a room 
temperature under magnetic stirring for 2 h. Then, the 
sample was filtered and washed several times with 
deionized water and anhydrous ethanol (> 99.7 wt.%). 
Then, the wet powders were placed in the dry oven for  
2 h to obtain the grey-brown VN powders. 

The phase composition of sample was examined by 
X-ray diffraction (XRD, TTR III; Rigaku Corporation, 
Tokyo, Japan) using Cu Kα radiation in the range of 
2θ=10°−90° with a scanning rate of 10 (°)/min. The 
morphology was characterized using the combination of 
field-emission scanning electron microscopy (FE-SEM, 
JSM−6701F, Japan) and energy dispersive spectroscopy 
(EDS). The residual oxygen content in the final products 
was determined by the oxygen−nitrogen−hydrogen 
analyzer (EMGA−830, HORIBA, Japan). 

 

 
 
Fig. 1 Schematic diagram of experimental equipment 
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3 Results 
 
3.1 Phase transition 

Figure 2(a) shows the XRD patterns of products 
prepared after reacting at different temperatures for 2 h 
in a flowing Ar atmosphere with a MgO/V2O3 molar 
ratio of 3. It was found that all diffraction peaks were 
indexed as V and MgO when the temperature was higher 
than 873 K, indicating that V2O3 was completely reduced 
to V; whereas, at 823 K, the diffraction peaks of V2O3 
and Mg were observed, which demonstrated that the 
kinetic condition was not fast enough at 823 K to reduce 
the V2O3 within a short time. Figure 2(b) presents the 
XRD patterns of samples obtained after reacting at 873 K 
for different time with a MgO/V2O3 molar ratio of 3. It 
could be seen that all diffraction peaks were indexed as 
V and MgO when the reaction time was longer than   
45 min. However, the V2O3 and Mg were observed when 
the reaction time was only 30 min, and no diffraction 
peak of V was detected, which indicated that the reaction 
did not take place under this condition. Therefore, the 
reduction process should be carried out at a temperature 
higher than 873 K for about 1 h. 

To investigate the effect of MgO addition on the 
reaction process, the reaction temperature was set to be 

873 K while the MgO/V2O3 molar ratio were 0, 1 and 3, 
respectively. Figure 2(c) shows the XRD patterns of the 
products prepared in a flowing Ar atmosphere with 
MgO/V2O3 molar ratio of 1, and it was found that the 
as-prepared sample was mainly composed of VO2, V and 
MgO after reacting for 10 min. Compared with the 
sample prepared with a MgO/V2O3 molar ratio of 3  
(Fig. 2(b)), the reduction process has taken place within 
such a short time. The appearance of VO2 may result 
from the oxidation of the residual V2O3, which could be 
described by Eq. (4). Meantime, when there was no 
addition of MgO to the system, except for VO2, Mg and 
MgO, a small amount of MgV2O4 phase was also 
detected (Fig. 2(d)). The appearance of MgV2O4 may be 
caused by the insufficient content of Mg. The reaction 
temperature greatly increased without the extra addition 
of MgO, leading to the volatilization loss of Mg. The 
residual V2O3 reacted with MgO to form MgV2O4, as 
shown in Eq. (5). Therefore, it was necessary to add a 
certain amount of MgO to the system, which could 
decrease the actual reaction temperature and assist in 
decreasing the volatilization loss of Mg. The reaction 
condition was acceptable when the MgO/V2O3 molar 
ratio was 3. 
V2O3+1/2O2=2VO2                                         (4) 
V2O3+MgO=MgV2O4                        (5) 

 

 
Fig. 2 XRD patterns of products obtained under different reaction conditions: (a) Samples prepared at different temperatures after 
reacting for 2 h with MgO/V2O3 molar ratio of 3; (b, c) Samples obtained at 873 K after reacting for different time with MgO/V2O3 
molar ratios of 3 (b) and 1 (c); (d) Samples prepared at 873 K without holding and without MgO addition 
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To prepare the VN powders, the as-prepared sample 
after the magnesiothermic reduction was further nitrided 
in a nitrogen atmosphere at a high temperature.    
Figure 3(a) shows the XRD patterns of the VN obtained 
after nitriding for 4 h in a N2 atmosphere at 1273 and 
1473 K, respectively. It could be found that all 
diffraction peaks belonged to VN and MgO phases and 
no V phase was detected. After the acidic leaching 
process, a small amount of V2N was detected from the 
sample obtained at 1273 K (Fig. 3(b)). This may be 
owing to a low gas−solid reaction rate. However, when 
the nitridation temperature was increased to 1473 K,  
the V2N phase disappeared, indicating that a high 
temperature was beneficial to the nitration process. The 
pure VN phase could be prepared after nitriding at   
1473 K for 4 h in a N2 atmosphere. 

 
3.2 Microstructure 

Figure 4 shows the microstructures of the raw 

materials V2O3 and the prepared VN at 1473 K before 
and after leaching. From Fig. 4, it could be found that the 
overall morphology of the as-prepared VN powders 
retained that of the initial V2O3 powders. Before leaching 
process, the surface of the particles was smooth as that of 
the raw materials V2O3 shown in Figs. 4(b, e). However, 
when MgO was removed by leaching process, the 
prepared VN particles were more porous, as shown in 
Figs. 4(c, f). According to previous research [15], the 
reason for this phenomenon may be that during the 
magnesiothermic reduction process, the byproduct MgO 
with a high melting point was formed and distributed 
closely with the prepared V particles, which prevented 
the physical contact and sintering among different V 
particles. At the high temperature nitridation stage, 
nitrogen combined with vanadium to generate VN. After 
leaching in HCl solution, MgO particles were removed 
and the VN particles with a porous structure were formed, 
as shown in Figs. 4(b, c, e, f). 

 

 
Fig. 3 XRD patterns of products prepared at 1273 and 1473 K before (a) and after (b) leaching  
 

 
Fig. 4 SEM images of raw material V2O3 (a, d) and VN prepared at 1473 K before (b, e) and after (c, f) leaching 
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An area scan was conducted to further examine the 
elemental distributions of the sample obtained at 1473 K. 
It could be found from Fig. 5 that the nitrogen region 
was completely overlapped with the vanadium region. 
Moreover, a part of the oxygen was detected, which may 
be caused by the passivation of VN particles due to the 
porous structure and high specific surface [16,17]. 
 
4 Discussion 
 
4.1 Adiabatic temperature calculation 

The magnesiothermic reduction process is a strong 
exothermic reaction which could result in the extreme 
increase of the system temperature, and leads to the 
volatilization of Mg. In the current study, a certain 
amount of MgO was added as a diluent to minimize the 
heat effect. If the reaction conditions are assumed to be 
adiabatic, the heat released from the reduction reaction 
will raise the system temperature and the highest 
temperature that a reaction system can reach is called as 
the adiabatic temperature (Tad) [18], which could be 
calculated by Eqs. (6)−(8)  

ad 
f ,298  298

= (product) d
T

pH n c TΘ−Δ Δ               (6) 
 

ad 
f ,298 m 298

= (product) d +
T

p nH n c T HΘ−Δ Δ Δ         (7) 
 

mp 
f ,298 m 298

= (product,solid) d +
T

pH n c T nHΘ−Δ Δ +  
ad

mp

 

 
(product, liquid) d

T
pT

n c TΔ               (8) 
 
where f ,298H ΘΔ  is the change of standard enthalpy of 
formation of the reduction reaction at 298 K; n is the 
mole number of each component; Δcp is the change in 

specific heat capacity; Tmp is the melting point of the 
product; and ΔHm is the change of molar enthalpy of this 
transformation process. Equation (6) is applicable for the 
case where Tad<Tmp. Equation (7) describes the case 
when Tad=Tmp, while when Tad>Tmp, the relationship turns 
to be Eq. (8) [19]. 

According to Eqs. (6)−(8), the adiabatic temperature 
could be calculated and the change of adiabatic 
temperature with the MgO addition is shown in Fig. 6. 
The thermodynamic data for the calculation of adiabatic 
temperature were obtained by HSC Chemistry 6.0 
software. It could be found from Fig. 6 that the adiabatic 
temperature significantly decreased when the MgO/V2O3 
molar ratio was less than 3. Although a much higher 
addition of the MgO would result in a much lower 
adiabatic temperature, this could also lead to a high cost 
and a very slow reaction rate owing to the separation 
effect of lots of MgO particles. Considering the factors 
mentioned above, the MgO/V2O3 molar ratio of 3 was 
chosen in the current study. Even if the adiabatic 
temperature is still as high as about 1900 K, the heat 
dissipation and the gradual release of heat within the 
reaction period will make the actual temperature be 
lower than the adiabatic temperature. 
 
4.2 Thermodynamic analysis 

Figure 7 shows the changes of the standard Gibbs 
free energy for different reactions, with the data obtained 
from HSC Chemistry 6.0 software. It could be found that 
a relative high temperature was essential for the 
carbothermal reduction and nitriding process to prepare 
VN，as described by Eq. (9). Compared with carbon, Mg 
was a stronger reducing agent. As indicated above, V2O3 

 

 
Fig. 5 SEM image (a) and element mapping distributions (b−d) of VN prepared at 1473 K 
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Fig. 6 Effect of MgO addition on adiabatic temperature of 
Reaction (2) 
 

 
Fig. 7 Temperature dependence of change of Gibbs free energy 
for different reactions 
 
could be easily reduced to V by Mg at a low temperature, 
which was further nitrided in N2 atmosphere to generate 
VN, as described by Eqs. (2) and (3), respectively. From 
Fig. 7, it can be seen that the changes of the standard 
Gibbs free energy are always negative for Eqs. (2) and 
(3), indicating that these two reactions are feasible from 
the viewpoint of thermodynamics. 
 
V2O3+3C+N2(g)=2VN+3CO(g)                 (9) 
 

The Ellingham diagrams of MgO, V2O3, VO, and 
V−O solutions were calculated and could be found in 
previous work [20]. As known to all, the change of the 
standard Gibbs free energy for oxidation reaction of 
different elements (oxygen potential) as a function of the 
temperature, and the order of stability of various mental 
oxides could be intuitively shown in the Ellingham 
diagram. The lower the line position in the diagram is, 
the more stable the oxides are. It was found that the line 
position of MgO was lower than that of V2O3, VO and 
V−0.6wt.%O solid solution which was formed by the 
dissolution of oxygen in the lattice of V metal. This 
indicated that Mg was stronger enough to reduce the 
oxygen content in V metal to an extremely low value in 

the temperature range of 873−1273 K. The oxygen 
content of VN powder prepared in current study was 
0.178 wt.%. 
 
4.3 Reaction mechanism 

As mentioned above, the addition of MgO was 
beneficial to slowing the reaction process. The main 
reason for this was that a part of the released heat was 
absorbed by MgO. As calculated above, the adiabatic 
temperature was sharply decreased when MgO was 
added. The added MgO particles were uniformly 
distributed between Mg and V2O3, and separated them 
from each other. The distribution of raw materials with 
different MgO additions is shown in Fig. 8. It can be 
seen from Fig. 8(a) that when no MgO was added to the 
raw materials, V2O3 was surrounded by Mg. With the 
increase of MgO addition, as shown in Figs. 8(b) and (c), 
the distance between Mg and V2O3 particles increased 
accordingly. When the temperature of the system was 
raised to 873 K, the reaction began to take place in a very 
small region. If there is no MgO distributed between Mg 
and V2O3 particles, the reaction region will be easily 
connected together and the whole reduction reaction will 
be carried out quickly. When MgO is added, due to the 
presence of MgO, Mg cannot contact with V2O3 easily, 
and the reduction reaction will only happen in a small 
region. As the reaction proceeded, the heat released from 
the reaction accumulated and the temperature of the 
system rose continuously. The whole reaction region was 
finally linked together to make the reaction complete. 
Therefore, with the increase of the MgO addition, more 
heat was absorbed and it became more difficult to 
connect the small reaction regions, which led to a longer 
reaction time. Furthermore, it should be noted that the 
MgO addition decreased the temperature of the system, 
which is beneficial to the decrease of the volatilization of 
Mg. 

According to the experimental results and the above 
thermodynamic calculation, possible mechanism for the 
preparation of the porous VN is shown in Fig. 9. In order 
to simplify the analysis, it was assumed that the shapes 
of all raw materials were spherical. Firstly, the raw 
materials Mg, V2O3 and MgO were mixed uniformly. At 
the magnesiothermic reduction stage, V2O3 was reduced 
to V and MgO by Mg. Then, at the nitridation stage, with 
the continuously introducing of N2 to the system, 
vanadium started to combine with nitrogen to form 
vanadium nitride. Based on the experimental results, a 
higher temperature could accelerate gas−solid reaction 
rate that was beneficial to the nitridation process. The 
MgO particles, which were distributed around VN 
particles, prevented the sintering of VN particles. When 
MgO was removed by acidic leaching, the porous VN 
particles were obtained. 
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Fig. 8 Distribution of raw materials with different MgO additions: (a) Without MgO; (b) MgO/V2O3 molar ratio of 1; (c) MgO/V2O3 
molar ratio of 3 
 

 
Fig. 9 Systematic diagram about preparation mechanism of VN powder 
 
 
5 Conclusions 
 

(1) High-purity VN with a porous structure was 
prepared by a magnesiothermic reduction of V2O3, 
followed by nitridation reaction in N2 gas and acidic 
leaching to remove MgO. During the reaction process, 
MgO was added to decrease the system temperature and 
the volatilization of Mg. 

(2) Compared with the carbothermal reduction, 
there was no residual carbon in VN product. Furthermore, 
the strong chemical affinity between Mg and oxygen 
could reduce the residual oxygen content to be low level. 
The oxygen content of VN powder prepared at current 
study was 0.178 wt.%. 

(3) The experimental results showed that the V2O3 
could be reduced to V after reacting at 873 K for about  
1 h with with a MgO/V2O3 molar ratio of 3. The VN 
phase was formed after nitriding at 1473 K for 4 h in N2 
atmosphere. After removing MgO by acidic leaching, the 
VN with a porous structure was obtained. 
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镁热还原三氧化二钒和氮气氮化制备高纯度氮化钒 
 

徐 瑞，吴跃东，张国华 

 
北京科技大学 钢铁冶金新技术国家重点实验室，北京 100083 

 
摘  要：以三氧化钒(V2O3)为原料，通过两步法制备高纯度氮化钒(VN)粉末。首先，在 873 K、Ar 气氛中通过镁

热还原反应将 V2O3还原，得到 V 和 MgO 的混合物；然后，在 1473 K、N2气氛中对样品进行氮化；最后，通过

酸浸获得高纯度的 VN 粉末。采用 X 射线衍射仪和场发射扫描电子显微镜对样品的相变和形貌演变进行分析。实

验结果表明，所制备的 VN 粉末的总体形貌保持初始 V2O3 粉末的形貌。通过酸浸除去 MgO 后，可以得到多孔

VN 颗粒，其氧含量为 0.178%(质量分数)。与传统方法相比，这种方法可获得含有少量氧且不含碳的高纯度 VN
粉末。 
关键词：镁热还原反应；氮化反应；氮化钒粉体；制备 
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