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Monoclinic VO2 nanopowders were synthesized using a malic acid-assisted hydrothermal method. The

derived VO2 nanopowders were characterized by X-ray diffraction, Fourier transform infrared

spectroscopy, Raman spectroscopy and scanning electron microscopy. The phase transition properties

of the monoclinic VO2 nanopowders were studied using differential scanning calorimetry, which

displayed an obvious phase transition at 67.2 �C with a narrow thermal hysteresis width of 4.9 �C. Also,
the resistance–temperature relationship and the thermal infrared images in the waveband 7.5–13 mm

were analyzed. The results showed that the VO2 samples have excellent electrical properties with

resistance changes as large as two orders of magnitude. The VO2 nanopowders obtained can control

their infrared radiation intensity actively and lower their radiation temperature. Furthermore, the stability

of the VO2 nanopowders was investigated. The results showed that the VO2 nanopowders have good

thermal stability, oxidation resistance below 375 �C in an air atmosphere and humidity resistance, which

has great application prospects in adaptive infrared camouflage technology.
1 Introduction

With the rapid development of modern technology, military
reconnaissance and precision guided technology is widely used.
Target survivability on the battleeld is also facing a great
threat, so it is important to develop camouage and stealth
technology for modern warfare.1 Traditional camouage is
achieved by wearing a camouage coat with similar colors or
textures to the surroundings, which is only used to camouage
military objectives in a xed background.2 However, as the
location changes, these may be discovered by enemies because
of the differences between the camouage coat and the new
background. Adaptive camouage technologies are being
developed. The target is to make military armed forces more
mobile and better protected. Ideally, adaptive camouage could
exhibit active changes to the object's surroundings by varying its
color and infrared characteristics, acting as perfect conceal-
ment from visual and infrared detection.3

Vanadium dioxide (VO2) has intrigued researchers for almost
six decades since Morin rst discovered its temperature-driven
metal-insulator transition (Tc z 68 �C).4 Accompanied with the
phase transition, VO2 shows a reversible abrupt change in resis-
tivity and infrared emissivity.5–7 These promising properties make
VO2 an ideal key material in adaptive infrared camouage.
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So far, the study on adaptive infrared camouage of VO2

mainly focuses on thin lms.8–12 Among them, Mikhail A. Kats
et al.10 reported that VO2 lms showed large broadband negative
differential thermal emittance property and could be used in
infrared camouage. Based on this, Xiao Lin et al.11 also re-
ported a VO2/graphene/CNT (VGC) sandwich-like structure
adaptive thermal camouage articial system, which can blend
into the surrounding background by electric heating to cheat
thermal imaging cameras. Recently, our group has also
prepared VO2 thin lms andW doped VO2 thin lms, which can
control its emissivity and infrared radiation intensity actively
and lower its radiation temperature.8,12 Compared with thin
lms, VO2 nanopowders are better suitable for the surface of
substrates with a large surface area and/or complex morphology
due to both technical and cost problems.13,14 And VO2 nano-
powders can remarkably lessen the stress for the phase changes
and have broader application.14 Therefore, it is urgent to study
the infrared camouage properties of the VO2 nanopowders.

In this paper, monoclinic VO2 (VO2 (M)) nanopowders were
synthesized via a novel one-step hydrothermal method with an
ideal environmental friendly reducing agent malic acid.
Thermal infrared images of VO2 (M) nanopowders were tested
under different temperature based on thermal imaging camera
working in the waveband 7.5–13 mm. And it was found that the
VO2 (M) nanopowders obtained can control its infrared radia-
tion intensity and lower its radiation temperature. Finally, the
stability of VO2 (M) nanopowders was studied for further
development of the application.
RSC Adv., 2017, 7, 5189–5194 | 5189
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2 Experimental

All reagents were purchased from Aladdin chemical reagent
corporation and used without further purication. VO2 (M)
nanopowders were prepared by a novel one-step hydrothermal
method using a vanadium source of ammonium meta-
vanadate (NH4VO3) and a reducing agent of malic acid
(C4H6O5) without additional surfactant. In a typical synthesis,
2.34 g NH4VO3 and 4.02 g C4H6O5 were dispersed in 60 mL
deionized water. The mixture was stirred for 30 min and then
transferred to a 100 mL Teon-lined stainless-steel autoclave.
The hydrothermal reaction was carried out at 260 �C for 24 h
and then air-cooled to room temperature. The nal products
were collected via centrifugation, washed with deionized water
and ethanol three times and dried in a vacuum drying oven at
80 �C for 12 h.

The crystalline structure of VO2 (M) nanopowders was
characterized by a Bruker D8 advance diffractometer equipped
with monochromatic Cu Ka radiation (l ¼ 0.15406 nm). The
composition of the nanopowders were characterized via
a Bruker Vertex 70 Fourier transform infrared spectroscopy
(FTIR) instrument using KBr pellet method and a Horiba JY HR
Evolution Raman Spectroscopy with excitation wavelength
532 nm. The morphology was obtained using a NOVA NanoSEM
230 eld-emission scanning electron microscope (FESEM). The
phase transition behaviors of the nanopowders were measured
by METTLER TOLEDO differential scanning calorimetry (DSC)
over the temperature range from 0 to 100 �C using a liquid
nitrogen cooling unit. The heating and cooling rates were set at
10 �C min�1. The thermal stability of the nanopowders was
studied with thermal gravimetric analysis (TGA) by TA instru-
ments Q600 system. The temperature was increased from room
temperature to 800 �C in a ramp of 5 �Cmin�1 and an air ow of
60 mL min�1. The effect of humidity on the performance of the
nanopowders was studied in a climate chamber which allows
experiments at xed values of temperature and humidity (RH).
The treatments were performed at an ambient temperature of
25 �C and RH ¼ 95%. The duration for the treatment was 0 h,
24 h, 48 h, 96 h, and 168 h, respectively. The samples treated
were dried in a vacuum drying oven at 60 �C for 10 h in order to
carry out XRD and DSC tests. The resistance measurements
were performed by standard four-terminal method using
a Quantum Design Physics Property Measurement System
(PPMS).

In order to investigate infrared camouage properties,
thermal infrared images were tested under different tempera-
ture based on FLIR T420 thermal imaging camera operating in
the waveband 7.5–13 mm. Firstly, the VO2 (M) nanopowders
need to be pressed into small rectangle pellets. Vanadium
pentoxide (V2O5) pellets, considered as a reference, and vana-
dium dioxide pellets were prepared by automatic tablet press
using the same operating conditions: all rectangle pellets were
realized in a rectangle die kit, involving the same uniaxial
pressure, and all powder samples were prepared with the same
quantity. Therefore, the thickness and the surface roughness of
the samples are approximately the same.
5190 | RSC Adv., 2017, 7, 5189–5194
3 Results and discussion

The crystalline structure of as-prepared nanopowders were
characterized by XRD. Fig. 1a showed the XRD patterns of
nanopowders obtained at 260 �C for 24 h. All peaks can be
indexed as a single monoclinic phase VO2 (M) (JCPDS card. no.
43-1051). It can also be seen that all of the peaks were sharp and
strong with relatively narrow peak widths, indicating the good
crystallinity of VO2 (M). The results indicated that phase-pure
and well-crystallized VO2 (M) nanopowders can be synthesized
by such a novel one-step hydrothermal method. The method is
very nice compared to the present ones. Firstly, for the hydro-
thermal synthesis, most of previously reported studies used
V2O5 as a vanadium source,15–17 which exhibited a toxic prop-
erty, thus limited the usage and development of this method.
Secondly, the preparation of VO2 nanopowders mainly took
higher-cost hydrazine as reducing agent,18–20 which increased
the cost of VO2 nanopowders. Compared with the present
method, the method with NH4VO3 and C4H6O5 as starting
materials has some advantages such as easy obtained raw
materials, lower cost and no environmental pollution.21,22

Especially malic acid, the reducing agent for the reaction, which
can be directly obtained from apples, is an ideal environmental
friendly reducing agent. This approach will aid in the large scale
synthesis of pure vanadium dioxide nanopowders.

The size and morphology of typical products were illustrated
using SEM images. The SEM image (Fig. 1b) and particle size
distributions (Fig. 1c) of nanopowders obtained from SEM
image revealed that nanopowders were sphere-like with average
particle size of 91.5 nm.

To investigate the chemical bonding between vanadium and
oxygen ions and to conrm the phase purity, we performed FTIR
and Raman spectrum measurement. Fig. 2a showed the FTIR
spectrum of VO2 (M) samples prepared. The main vibrational
bands observed from the FTIR spectrum are at 996 cm�1, 715
cm�1, 530 cm�1, 422 cm�1 and can be considered as intrinsic to
vanadium dioxide, which matches well with earlier reports: the
initial broad vibrational band at 530 cm�1 and 422 cm�1 are
assigned to the V–O–V octahedral bending modes; the band at
996 cm�1 and 715 cm�1 is attributed to the coupled vibration of
V]O.23,24 These FTIR observations conrmed that the nano-
powders correspond to the VO2 phase. Fig. 2b illustrated Raman
spectrum of VO2 (M) samples prepared. The peaks in the Raman
spectrum were all identied as 141 cm�1, 188 cm�1, 221 cm�1,
257 cm�1, 304 cm�1, 385 cm�1, 494 cm�1, and 611 cm�1

respectively, and these Raman-active modes were the clear
evidence of the existing of VO2 (M), which were consistent with
the previous results.25–27

The fully reversible phase transition of the as-synthesized
VO2 (M) nanopowders are clearly revealed by DSC curves.
Fig. 3(a) illustrated that the VO2 (M) nanopowders revealed
a thermal hysteresis phenomenon with a width of 4.9 �C, which
was narrower than the results reported in the literature.28,29 This
may be caused by the interface effects.30 The heating of the VO2

(M) nanopowders was accompanied by endothermal effects at
67.2 �C in the DSC curves, corresponding to the transition
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns (a), SEM images (b) and particle size distribution (c) of as-synthesized VO2 nanopowders.

Fig. 2 FTIR spectrum (a) and Raman spectrum (b) of as-synthesized VO2 nanopowders.

Fig. 3 (a) DSC curves of as-synthesized VO2 nanopowder, (b) schematic of phase evolution between monoclinic VO2 (M) and tetragonal rutile
VO2 (R).

Fig. 4 Resistance versus temperature curve of as-synthesized VO2

nanopowders.
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View Article Online
temperature of VO2 from the monoclinic phase VO2 (M) to the
tetragonal phase VO2 (R) (see schematic in Fig. 3b). Accordingly,
the thermal analysis results provided the direct evidence for the
occurrence of temperature driven rst-order phase transition in
VO2 (M) nanopowders.

As mentioned above, phase transition is one of the most
critical intrinsic characteristics of VO2 (M) which oen reected
in the variation of resistance and infrared radiation. Then, to
examine the thermochromic properties of VO2 (M) nano-
powders, the electrical and infrared properties were researched.

Fig. 4 showed the temperature-dependent resistance of the
VO2 (M) nanopowders in temperature range of 0–100 �C,
measured in the process of both cooling and heating. It can be
seen that the transition temperature of VO2 (M) nanopowders was
about 67 �C which was close to DSC results. At low temperature,
VO2 (M) exhibited an insulating state with higher resistance; but
This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 5189–5194 | 5191
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Fig. 5 The thermal infrared images of VO2 pellets at 40 �C (a) and 75 �C (b).
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they transited into metallic state when the temperature increased
above the phase transition point characterized by abrupt jump of
resistance. It should be noted that the resistance decreased by 2
order of magnitude as the temperature increased. The above
results showed that VO2 (M) had excellent electrical properties.
The obtained VO2 nanopowders have larger resistance jump than
others' work based on thin lm that resistance decreased 1.0–1.5
order of magnitude.5,31 The abrupt and large change of the resis-
tance indicates that the VO2 nanopowders is stoichiometric and
highly crystalline.

Thermal infrared images were characterized by thermal
imaging camera to display the infrared radiation performance of
VO2 pellets. Fig. 5 showed the thermal infrared images of refer-
ence samples (V2O5) and VO2 samples at different real tempera-
ture 40.0 �C and 75.0 �C. The emissivity of reference samples keep
constant at the temperature 40.0 �C and 75.0 �C. During the
measurement, we assured that reference samples and VO2
Fig. 6 TGA analyses of the as-synthesized VO2 nanopowders in the N2

Fig. 7 XRD spectra (a) and DSC curves (b) for VO2 nanopowders after diffe
95%.

5192 | RSC Adv., 2017, 7, 5189–5194
samples had the same real temperature, so the difference of the
radiation temperature was due to the different emissivity.

As can be seen in Fig. 5(a), when real temperature was 40 �C,
radiation temperature of reference samples and VO2 sampleswere
33.9 �C and 33.4 �C, respectively. There was almost no difference
between the two radiation temperatures. As can be seen in
Fig. 5(b), when real temperature was 75 �C, radiation temperature
of reference samples and VO2 samples were 63.6 �C and 44.8 �C,
respectively, radiation temperature difference reached to 18.8 �C.
The results implied that at 40 �C, VO2 exhibited an insulating state
with high emissivity and radiation intensity; but when the
temperature increased to 75 �C, they transited into metallic state
with low emissivity and radiation intensity. That is, thermal
infrared radiation intensity of VO2 change adaptively with outside
environment change and objects will keep consistent with the
outside environment persistently. Therefore, VO2 nanopowders
atmosphere (a) and in the air atmosphere (b).

rent treatment durations at an ambient temperature of 25 �C and RH¼

This journal is © The Royal Society of Chemistry 2017
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have great application prospects in the eld of adaptive infrared
camouage technology.

For further development of the application, the stability
study of the material is also very important. To understand the
stability of the VO2 (M) nanopowders, the thermal gravimetric
analysis was conducted in owing N2 atmosphere and air
atmosphere respectively, as shown in Fig. 6. As can be seen from
Fig. 6a, when the powder samples were heated in the N2

atmosphere from room temperature up to 800 �C, the quality
was almost constant, indicating that it can be stable in the N2

atmosphere. However, when the powder samples were heated in
the owing air atmosphere from room temperature up to
800 �C, the quality of powder samples increased due to oxida-
tion by air. Fig. 6b revealed that VO2 (M) begun to be oxidized by
O2 at 375 �C and nished at 656 �C. The weight gain is ca. 9.65%
in its oxidative process. The weight gain values of VO2 (M) are
well corresponding to the oxidation of the bulk VO2 to V2O5

(9.64%), as represented in equation: 4VO2 þ O2 !D 2V2O5.
Furthermore, the effect of humidity on the performance of

the nanopowders was studied. Fig. 7 showed XRD and DSC data
for VO2 nanopowders aer different treatment durations at an
ambient temperature of 25 �C and RH ¼ 95%. It is clear from
Fig. 7a that the crystal structure of VO2 nanopowders did not
change. And as can be seen from Fig. 7b, the positions of the
exothermic peak and the endothermic peak and the enthalpy
change almost did not change, which indicated that phase
transition properties still retained aer 168 h treatment. Based
on the above results, VO2 (M) nanopowders have good thermal
stability, oxidation resistance below 375 �C in air and humidity
resistance, which can be applied to adaptive infrared camou-
age in air atmosphere.

4 Conclusion

In conclusion, VO2 (M) nanopowders were successfully synthe-
sized by a novel one-step hydrothermal method with an ideal
environmental friendly reducing agent. VO2 (M) nanopowders
obtained exhibit a reversible phase transition properties with
a critical temperature at 67.2 �C and a narrow hysteresis width
of 4.9 �C. VO2 (M) nanopowders obtained have excellent elec-
trical properties with resistance changes as large as two orders
of magnitude. And VO2 (M) nanopowders obtained can control
its infrared radiation intensity actively and lower its radiation
temperature. Besides, VO2 (M) nanopowders have good thermal
stability, oxidation resistance below 375 �C in air atmosphere
and humidity resistance, which has great application prospects
in the adaptive infrared camouage technology.
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