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A B S T R A C T

Al/W co-doped VO2 with a monoclinic structure, space group P21/c, was synthesized (hereafter, Al/W-doped
VO2(M1)) and its thermochromic property was investigated. First, to prepare the precursor for Al/W-doped
VO2(M1), V2O5, (NH4)10W12O41·5H2O, and AlCl3·H2O were dispersed in a citric acid solution and then hydro-
thermally treated in an autoclave. Then, the Al/W-doped VO2(M1) powders were synthesized by heating the
obtained precursor at various temperatures under an Ar gas flow. The Al/W-doped VO2(M1) has a monoclinic
structure with space group P21/c, similar to undoped VO2(M1) and W-doped VO2(M1). The Al/W-doped
VO2(M1) indicated that the monoclinic to tetragonal transition temperature was lowered to approximately room
temperature by the Al and W doping. The Al/W-doped VO2(M1) had the lower optical band gap and showed a
larger IR reflectance in the 800–2000 nm range, compared with W-doped VO2(M1) and pure VO2(M1).

1. Introduction

Vanadium dioxide (VO2) has several polymorphs, including VO2(R),
VO2(M), VO2(B), VO2(A), and VO2(C). Monoclinic rutile-type VO2,
space group P21/c, (hereafter, VO2(M1)) transforms at approximately
68 °C to tetragonal rutile-type VO2, space group P42/mnm, (hereafter,
VO2(R)) [1]. The first-order metal-to-insulator transition of VO2(M1) to
VO2(R) [2] causes a reversible change in electric, magnetic, and optical
properties [3]. These properties make these materials candidates for
many promising applications in diverse fields, such as in gas and tem-
perature sensors [4], optical switching devices [5,6], smart windows
[7,8], smart tiles [9], battery materials [10], and capacitors [11].

There have been many reports on various additives [12] for
VO2(M1), including W [13–16], Mo [13,17], Al [18], Fe [13,19], Ti
[20], Sn [13], Sb [21], and Mg [22], to control its transition tempera-
ture and UV–vis–NIR reflectance. In particular, the doping of W into
VO2 was reported to be effective in lowering its transition temperature
[14,23,24]. However, W-doped VO2(M1) exhibited a smaller increase
in IR reflectance after the phase transition caused by the transition of
VO2(M1) to VO2(R), compared with that of undoped VO2(M1) [25].
Similarly, Mo-doped [26] and P-doped [27] VO2(M1) also exhibited a
smaller increase in IR reflectance after the phase transition. On the
other hand, Al-doped VO2(M1) [18,27,28] and B-doped VO2(M1) [28]
exhibited a larger increase in IR reflectance after the phase transition.
Furthermore, doping rare earth cations such as Ce [29], Gd [30], and
Eu [31] for V sites in VO2 decreases the phase transition temperature.

Therefore, it is expected that the co-doping of smaller trivalent ca-
tions and tungsten ions for V sites in VO2(M1) will be effective for in-
creasing the IR reflectance with lower MI-phase-transition temperature.
However, the thermochromic properties of co-doped VO2(M1) have
rarely been reported, except for Mo/W co-doped VO2 [32] and W/F co-
doped VO2 [33]. Considering that doping of Al increases the IR re-
flectance and doping of W decreases the phase-transition temperature
of VO2(M1), co-doping of Al and W is of much interest from the two
viewpoints of increasing the IR reflectance after the phase transition
and decreasing the transition temperature of VO2(M1). In this study,
Al/W-doped VO2(M1) powders were synthesized via a hydrothermal
method for the first time, and the influence of the co-doping of Al and
Won the phase-transition temperature and the thermal change in the IR
reflectance were investigated.

2. Experimental procedure

First, a V2O5 powder was prepared by heating a commercially
available V2O3 powder (Wako Chemical, 99%) at 400 °C for 10 h in air.
Then, the synthesized V2O5 powder, commercially available
(NH4)10W12O41·5H2O (Wako Chemical, 99%), and AlCl3·H2O (Wako
Chemical, 99%) powders were dispersed into 40mL of a citric acid
solution to attain a molar ratio of V:W:Al= 1-x-y:x:y (x+ y=0 to
0.02). Here, the total amount of the above powders was 0.4 g. The
mixed solution was transferred into a 100-mL stainless steel autoclave
with a thermocouple, which was sealed and maintained at 170 °C for
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24 h with stirring, then allowed to cool to room temperature (RT)
naturally. The products were filtered, washed with a citric acid solution
several times, and dried at RT for 24 h. Finally, the dried products were
heated at temperatures of 600 and 1000 °C for 2 h under an Ar gas flow.

The crystalline phase of the products was investigated by X-ray
powder diffraction (XRD; D8 ADVANCE with CuKα radiation). The
phase transition of products was investigated by high-temperature XRD
in the 2θ range of 10–80° with a heating rate of 5 °C/min. The mor-
phology of the products was observed by field-emission scanning
electron microscopy (FESEM; S4100, Hitachi). The elements in the
products were investigated by energy dispersive X-ray (EDX; XFlash
Detector 4010, Bruker AXS). The phase-transition temperature of the
products during heating and cooling cycles was measured by differ-
ential scanning calorimetry (DSC; EXSTAR 6000, Seiko Instrument).
The vis-NIR reflectance properties and band gaps of the products in the
range of 20–90 °C were examined by diffuse reflectance ultra violet-
visual-near infrared spectroscopy (UV–vis–NIR; V-670, JASCO).

3. Results and discussion

3.1. Synthesis of Al and W-doped VO2 powder

Fig. 1 shows the XRD patterns of the precursor and the products
obtained by heating the precursor at 600–900 °C for 2 h under an Ar gas
flow. The precursor VO2(B) with a brookite structure (JCPDS No. 81-
2392) was obtained by reducing V2O5 with citric acid (C6H8O7) in an
autoclave [34,35]. Citric acid reduces vanadium species such as V2O5

via the formation of vanadium complexes [36,37,38]. Therefore, VO2

(B) powders were synthesized in an autoclave in this study. The two
crystalline phases, V6O13 [17] (JCPDS No. 75-1140) and VO2 (M1),
were produced at 600 °C, and a single phase of VO2 (M1) (JCPDS No.
82-0661) was synthesized at temperatures of 700–900 °C.

Fig. 2 shows the XRD patterns of the products obtained by heating
the precursor with a chemical composition of V1-x-yWxAlyO2 (M1,
x=0.01, y= 0.01) at temperatures of 700–1000 °C for 2 h under an Ar
gas flow. Although the V3O7 crystalline phase was primarily produced
at 700 °C, a single phase of Al/W-doped VO2 (M1) was produced at
800 °C and 900 °C, while that of Al/W-doped VO2 (R) (JCPDS No. 76-
0675) was produced at 1000 °C. Thus, It was found that the single phase
of Al/W-doped VO2 (M1) was synthesized at higher temperatures than
pure VO2 (M1).

Fig. 3 shows the XRD patterns of the V1-x-yWxAlyO2 powders with

various chemical compositions synthesized at 800 °C. For V1-x-yWxAlyO2

with (x, y)= (0, 0.01) and (0.003, 0.007), a monoclinic phase with a
space group of C2/m (hereafter, M2) was produced. In contrast, the
product V1-x-yWxAlyO2 (M1) had a monoclinic structure, space group
P21/c, in the cases of (x, y)= (0.005, 0.005) and (0.01, 0.01). The re-
sult suggests that doping Al with a smaller ionic size than V was not
effective for maintaining a M1 phase. Therefore, a single phase of V1-x-

yWxAlyO2 (M1) was produced in the cases of (x, y)= (0, 0.01), (0.01,
0.005), and (0.01, 0), including W with a larger ionic radius than Al, as
shown in Fig. 4. Thus, it was determined that Al/W-doped VO2 had a
monoclinic structure, space group of P21/c, similarly to W-doped VO2.

SEM images of the V1-xWxO2 (M1; x=0.01) and V1-x-yWxAlyO2 (M1;
x=0.01, y= 0.01) powders are shown in Fig. 5. The particle size of V1-

x-yWxAlyO2 (M1; x=0.01, y= 0.01) was smaller than that of V1-xWxO2
Fig. 1. XRD patterns of products obtained by heating the precursor for VO2 at tempera-
tures of 600–900 °C under an Ar gas flow. ●: VO2(M1), ▼: V6O13, ○: VO2(B).

Fig. 2. XRD patterns of products obtained by heating the precursor for V1-x-yWxAlyO2

with x= 0.01 and y=0.01 at temperatures of 700–1000 °C under an Ar gas flow. ●:
VO2(M1), ▲: V3O7, ○: VO2(B), □: VO2(R).

Fig. 3. XRD patterns of products obtained by heating the precursor for V1-x-yWxAlyO2 at
800 °C under an Ar gas flow; (a) x=0, y= 0.01, (b) x= 0.003, y= 0.007, (c) x= 0.01,
y= 0.005, (d) x= 0.01, y= 0.01. ●: VO2(M1), ○:VO2(M2).
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