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Abstract: The VO2 powders were prepared by hydrothermal synthesis. The effects of heat treatment conditions and 
Y-doping on the structure and phase transition temperature of VO2 were studied. The XRD, SEM and TEM results show 
that the heat treatment temperature has a significant effect on the crystal transformation of VO2 precursor. Increasing 
temperature is conducive to the transformation of precursor VO2(B) to ultrafine VO2(M). The Y-doping affects the 
structure of VO2. Y

3+ can occupy the lattice position of V4+ to form YVO4 solid solution, which can increase the cell 
parameters of VO2. Due to the lattice deformation caused by Y-doping, the aggregation of particles is prevented, and the 
grain is refined obviously. DSC curves show that Y-doping can reduce the phase transition temperature of VO2(M). 
After adding 9 at.% Y, the phase transition temperature can be reduced from 68.3 to 61.3 °C. 
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1 Introduction 
 

VO2 is a typical thermally induced phase 
change compound. When temperature is up to 
~68 °C, its crystal structure will change, along  
with its electrical conductivity and optical 
transmittance [1−3]. Thermally induced phase 
transition is reversible and occurs in an extremely 
short time, which makes VO2 have excellent 
application value in fields of sensors [4,5], smart 
coating [6], and energy saving windows [7−9]. 
However, for bulk single-crystal VO2, the 
preparation cost is very high. Also, before and after 
the phase transition, there is a volume change of 
about 0.3%. In addition, after several phase 
transitions, structural fragmentation will be 
observed, which is not conducive to its practical 
application. 

The VO2 powders can well withstand the stress 

caused by the volume expansion before and after 
phase transition. In addition, ultra-fine scale 
materials are more conducive to the photoelectric 
mutation performance, so the research on the 
synthesis of ultrafine VO2 powders is of great 
theoretical importance and applied value [10−12]. 

The phase transition temperature of 68 °C is 
still relatively high for VO2 application in the field 
of energy-saving windows. To solve this problem, a 
series of researches have been carried out on 
element doping, including W [13,14], Mo [15,16], 
Sb [17], Zr [18], F [19], Cr [20], Nb [21], and    
Al [22]. Although there is no unified conclusion on 
the influencing mechanism of various elements 
doping on the structure and properties of VO2, it is 
generally acknowledged that introducing metal ions 
with higher valence state or larger radius into VO2 
can reduce the phase transition temperature. 

Rare earth ions are often used as dopants of 
photoelectric materials and photocatalytic materials,  
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which play a significant role in improving the 
photoelectric properties. However, there are few 
reports on the preparation of VO2 using rare earth 
doping. It is reported that Eu-doping decreases   
the semiconductor-to-metal transition (SMT) 
temperature of monoclinic VO2 polycrystalline thin 
films from 68 to 47.5 °C due to substitution of 
trivalent Eu3+ ions in VO2 lattice [23]. Similar 
phenomenon in SMT temperature of VO2 thin  
films with Gd3+-doping is also observed [24]. 
Considering the similarity of properties among rare 
earth elements, it can be inferred that Y3+ is a 
promising dopant. Based on this motivation, we 
prepared the Y3+-doped VO2 powders. The 
preparation of ultrafine powder by hydrothermal 
synthesis has the advantages of mild reaction 
conditions, easy control of chemical valence state 
and narrow particle size distribution [25]. Therefore, 
the ultrafine VO2 powders were prepared by the 
hydrothermal synthesis method. The effects of heat 
treatment conditions and rare earth element Y on 
the structure and phase transition temperature of 
VO2 powders were also investigated. 
 
2 Experimental 
 

0.01 mol oxalic acid (C2H2O4ꞏ2H2O, analy- 
tically pure) and 0.005 mol vanadium penoxide 
(V2O5, analytically pure) powders were mixed with 
80 mL deionized water. The mixture was 
continuously stirred at 50 °C until the suspension 
turned into dark blue. Then, 10 mL urea precipitant 
(H2NCONH2, analytically pure, 0.15 mol/L) and a 
certain proportion of Y2O3 dopant (analytically pure) 
were added. After full stirring, the mixed 
suspension was transferred into a closed poly- 
tetrafluoroethylene reactor with heat preservation at 
190 °C for 72 h. After the reaction was finished, the 
product was filtered and washed thoroughly to 
obtain precursor VO2(B). The precursor VO2(B) 
was placed in the tube furnace with heat treatment 
for a certain time under nitrogen atmosphere and 
then cooled down to ambient temperature in the 
furnace. The product was dispersed with ultrasonic 
treatment to obtain ultrafine VO2(M) powders. 

X-ray diffractometer (D8 ADVANCE A25) 
was employed to analyze the phase composition. 
TEM and HRTEM images of the powders were 
obtained by using high-resolution transmission 
electron microscope (JEM−2100F STEM/EDS). 

Scanning electron microscope (SEM) (JSM−6390A) 
was applied to observing the microstructure. Laser 
particle size analyzer (Mastersizer 2000) was used 
to detect the particle size distribution of the powder 
particles. Differential scanning calorimetry 
(STA449F3) test technology was used to analyze 
the phase transition temperature of the ultrafine 
VO2(M) powders. 
 
3 Results and discussion 
 
3.1 Effect of heat treatment conditions on phase 

and structure of VO2 
Figure 1 shows the XRD patterns of VO2 

powders prepared at different heat treatment 
temperatures. It can be seen that the heat treatment 
temperature has a certain influence on the phase of 
VO2. The product is mainly monoclinic VO2(B) 
after a heat treatment at 400 °C, which indicates 
that the precursor crystal form is not sufficiently 
transformed to the VO2(M) phase at this 
temperature. 
 

 

Fig. 1 XRD pattern of VO2 powders at different heat treatment 

temperatures 

 
When the temperature is up to 600 °C,  

VO2(M) diffraction peak can be detected, but with 
low crystallinity. When the temperature further 
increases to 800 and 1000 °C, the diffraction peak 
strength is significantly enhanced with 2θ of 27.76°, 
37.09° and 55.63°, and the corresponding product  
is VO2(M). This indicates that appropriate 
enhancement in the heat treatment temperature can 
strengthen the crystal transformation from VO2(B) 
to VO2(M). 

Figure 2 shows SEM images of VO2 powders 
prepared under different heat treatment conditions. 
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Fig. 2 SEM images of VO2 powders synthesized under different heat treatment conditions: (a) Without heat treatment; 

(b) 400 °C, 5 h; (c) 600 °C, 5 h; (d) 600 °C, 7 h; (e) 800 °C, 5 h; (f) 800 °C, 7 h; (g) 1000 °C, 5 h; (h) 1000 °C, 7 h 

 
It can be seen that the sample without heat 
treatment presents a typical VO2(B) nanosheet 
structure (Fig. 2(a)). After a heat treatment under 
400 °C for 5 h, the sample still shows obvious 
VO2(B) structure with irregular layered morphology 
(Fig. 2(b)). It is interesting to note that the sample 
presents granular structure but a few laminates exist 
in the matrix with a higher heat treatment 

temperature of 600 °C for 5 h (Fig. 2(c)). When the 
heat treatment time is extended to 7 h at 600 °C, the 
particle dispersion can be observed obviously   
(Fig. 2(d)). The possible reason for the morphology 
changes is that longer time at higher temperature of 
600 °C can promote the crystalline transformation 
of VO2. The higher temperature provides sufficient 
energy for the grain growth not only in a single 
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direction, but in both two-dimensional and 
three-dimensional directions. The recrystallization 
process breaks original equilibrium and improves 
particle dispersion. When the temperature rises up 
to 800 °C, the crystal structure is more fully 
transformed, and spherical grains can be observed 
(Fig. 2(e)). However, this temperature state cannot 
last very long time. When the heat treatment time is 
extended to 7 h at 800 °C, obvious adhesion occurs 
among the particles, as shown in Fig. 2(f). For the 
heat treatment at 1000 °C for 5 h, the grain 
transforms into spherical shape with a grain size of 
~10 μm (Fig. 2(g)). When holding time is extended 
to 7 h, the phenomenon of particle adhesion is also 
observed, along with the disappearance of partial 
grain boundaries (Fig. 2(h)). 
 
3.2 Effect of Y-doping on structure and phase 

transformation of VO2 
Y-doped VO2(M) powders were prepared with 

Y2O3 as dopant. XRD results of different samples 
are shown in Fig. 3. The diffraction peaks in Fig. 3 
match the standard card JCPDS No. 17−0341 of 
YVO4 and the standard card JCPDS No. 43−1051 
of VO2(M), indicating that Y3+ in the sample does 
not exist in the form of Y2O3, but reacts with VO2 to 
form the YVO4 phase. YVO4 belongs to the 
tetragonal crystal system, and the space group is 
I41/amd. Cell parameters a, b and c are 7.118, 7.118 
and 6.289 nm, respectively. This is mainly because, 
after Y2O3 doping, Y3+ occupies the lattice position 
of V4+ in VO2, forming a substitutional solid 
solution. In addition, it is known from the results in 
Fig. 1 that, the characteristic peak of VO2(M) (011) 
crystal plane is at 2θ of ~27.7°. After doping 3, 6 
and 9 at.% Y in the samples, the angular positions 
(2θ) are shifted to 27.84°, 27.86° and 27.92°,  

 

 

Fig. 3 XRD patters of VO2(M) powders doped with 

different contents of Y3+ 
 
respectively. These small shifts to higher diffraction 
angles indicate the decrease in the crystal lattice 
spacing according to Bragg’s equation (d=λ/(2sin θ), 
d is spacing, λ is wavelength of X-ray, and θ is 
diffraction angle). The diffraction peak positions 
imply that a certain doping level of Y can cause 
slight lattice distortion in VO2. 

In order to further analyze the lattice structure 
of the samples, TEM test was performed on the 
samples with 6 at.% Y doping, and the results are 
shown in Fig. 4. The clear lattice planes can be seen, 
indicating a good crystallinity of the obtained 
powders. The interplanar distance of (011) plane is 
0.319 nm, which is consistent with the HRTEM 
image of VO2. This means that although there is a 
certain amount of YVO4, the sample is still mainly 
in the form of VO2 phase. 

The microstructures of samples doped with 
different contents of Y are shown in Fig. 5. It can be 
seen that Y-doping plays a significant role in grain 

 

 

Fig. 4 TEM (a) and HRTEM (b) images for 6 at.% Y-doped VO2 powders 
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Fig. 5 SEM images of VO2 powders doped with different contents of Y: (a) 3 at.%; (b) 6 at.%; (c) 9 at.%; (d) 12 at.% 

 

refinement. When the un-doped samples are treated 
at 800 °C for 5 h, the particle size is 2−3 μm, and 
that is less than 2 μm after Y-doping. The particle 
size decreases obviously with increasing Y dosage. 
After adding 9 at.% Y, the particle size of about  
500 nm can be obtained. This is probably because 
of the lattice deformation caused by Y-doping 
during the recrystallization process with heat 
treatment. The lattice deformation results in barrier 
accumulation among grain boundaries, preventing 
aggregation of particles. It slows down the grain 
growth, and finally the morphology with smaller 
grain size can be obtained. Interestingly, increasing 
Y dosage up to 12 at.%, the particle size of VO2 no 
longer decreases significantly. It is mainly due to 
the appearance of excess Y3+, which results in 
failure of some Y3+ entering into VO2 lattice 
effectively. 

The EDS results of VO2 with different 
Y-doping levels are shown in Table 1, indicating 
that the measured value is coincident with the 
experimental design value basically, except the   
12 at.% adding level. For this level, partial Y 
cannot enter the main structure of VO2, which 
results in lower measured value. 

Figure 6 shows particle size distribution 
diagram of Y-doped VO2 powder samples. It    
can be seen that the particle size of each sample is 

Table 1 EDS results of Y-doped VO2 powders 

Theoretical  

content of Y/at.%
Element 

Content/ 

wt.% 

Content/

at.% 

0 

O 35.01 63.17 

V 64.99 36.83 

Y 0 0 

3 

O 34.45 64.06 

V 56.11 32.78 

Y 9.44 3.16 

6 

O 32.03 62.80 

V 50.23 30.94 

Y 17.74 6.26 

9 

O 29.75 61.22 

V 46.29 29.91 

Y 23.96 8.87 

12 

O 29.37 61.31 

V 43.40 28.46 

Y 27.23 10.23 

 

substantially normally distributed. After adding 3, 6, 
9 and 12 at.% Y, the average particle sizes of VO2 
powder samples drop from 886.1 to 683.8, 469.4, 
277.6 and 321.3 nm, respectively. These particle 
size distribution data are similar to the SEM results 
of Fig. 5. This indicates that Y-doping has an 
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obvious grain refinement effect on VO2 powder.   
9 at.% Y has the most significant effect of grain 
refinement on VO2 powder samples, and smaller 
average particle size along with a narrow size- 
distributed region can be observed. 
 

 

Fig. 6 Particle size distribution of Y-doped VO2 powders 

 
Differential scanning calorimetry (DSC) was 

applied to investigating the contents of Y on the 
phase transition temperature of VO2(M) samples, 
and the results are shown in Fig. 7. 
 

 
Fig. 7 DSC curves of VO2 powders doped with different 

contents of Y 

 
It can be seen from Fig. 7 that obvious 

endothermic peaks corresponding to the phase 
transitions for all the tested samples can be detected 
during environmental heating process. 

Within the doping range of 9 at.%, the 
transformation temperature decreases with 
increasing Y-doping amount. When adding 3 at.% Y, 
the phase transition temperature of VO2 reduces 
from 68.3 to 65.2 °C. Further increasing Y content 
up to 9 at.%, the phase transition temperature drops 

down to 61.3°C. The main reason is that the 
Y-doping changes the energy level structure of VO2. 
The introduction of impurity elements and the 
difference in radii of Y and V ions destroy the stable 
phase structure of V4+−V4+. As the amount of Y 
increases, lattice deformation increases, thereby 
reducing the phase transition temperature of VO2. 
When Y-doping level is up to 12 at.%, the phase 
transition temperature of VO2 does not change 
significantly. And the value of phase transition 
temperature is 61.8 °C, which is close to that of   
9 at.% Y-doped VO2. This is mainly due to the 
excessive Y addition, which leads to partial Y 
failure to achieve effective doping. In addition, the 
heat absorption peaks of each DSC curve are 
integrated, and the phase change enthalpy values of 
the un-doped samples, the samples doped with 3, 6, 
9 and 12 at.% Y were 13.5, 6.9, 5.6, 42.3 and   
36.3 J/g, respectively. Therefore, an appropriate 
increase in the doping amount of Y is beneficial to 
improving the phase change performance of VO2. 
 
4 Conclusions 
 

(1) Appropriate enhancement in the heat 
treatment temperature is conducive to the crystal 
transformation process of VO2(B)→VO2(M). The 
crystal transformation of VO2 heat-treated at 800 °C 
for 5 h under nitrogen atmosphere is more complete, 
and the grains are spherical. 

(2) For VO2(M) powders doped with Y2O3, Y
3+ 

will occupy the lattice position of V4+ to form the 
substitutional solid solution of YVO4 and increase 
the cell parameters of VO2. 

(3) The lattice deformation of VO2 caused by 
Y-doping prevents the particles from accumulating, 
thus refining the grains. 

(4) Due to the difference in ionic radius, 
Y-doping destroys the stable phase structure of 
V4+−V4+, thereby reducing the phase transition 
temperature. When the Y-doping content is 9 at.%, 
the phase transition temperature can be reduced 
from 68.3 to 61.3 °C. 
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热处理条件和 Y 掺杂对 VO2粉体结构及相变温度的影响 
 

王 斌 1,2，李二虎 1，杜金晶 1，朱 军 1, 2，李林波 1, 2，周甜甜 1 

 

1. 西安建筑科技大学 冶金工程学院，西安 710055； 

2. 陕西省冶金工程技术研究中心，西安 710055 

 

摘  要：以水热合成法制备 VO2粉体，研究热处理条件和 Y 掺杂对 VO2结构及相变温度的影响。XRD、SEM 和

TEM 结果表明：热处理温度对 VO2 前驱体的晶型转变影响显著，升高温度，有助于 VO2(B)向 VO2(M)转变。Y

掺杂对 VO2 结构产生影响，Y3+可以占据 V4+晶格点阵位置，形成 YVO4 固溶体，从而增大 VO2 的晶胞参数。Y

掺杂导致的晶格变形能阻止颗粒的聚集，因此，Y 掺杂具有一定的细化晶粒作用。DSC 曲线表明，Y 掺杂可以降

低 VO2(M)的相变温度，当 Y 掺杂浓度为 9%(摩尔分数)时，相变温度可由未掺杂的 68.3 °C 降低到 61.3 °C。 

关键词：VO2 粉体；水热合成；热处理；Y 掺杂；相变温度 
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