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VO, powders with sizes of <30 nm were successfully syn-
thesized by pyrolysis of the precursor, [NH,]s[(VO)s
(CO3)4(OH)o] - 10H,O. The effects of various pyrolysis condi-
tions on VO, stoichiometries and crystal states were investigated
in detail. The results of IR measurements show that for the
stoichiometric VO,, from micro- to nanocrystals and to amorph-
ous state, the absorptions shifted to lower wavenumbers, the
numbers of bands decreased gradually, and the widths of the
bands broadened. Moreover, the IR spectra of nanocrystals were
obviously different from those of microcrystals and amorphism.
In comparison with stoichiometric VO, crystals, the IR absorp-
tions of oxygen-rich VO, crystals clearly were blue shift, and
those of oxygen-deficient VO, crystals lightly red shift. The heats
and temperatures of phase transition from VO, s to VO,,; were
determined. The results indicate that the phase transition tem-
perature of VO,y, is 70.1°C and has the maximum phase
transition heat.  © 2001 Academic Press
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1. INTRODUCTION

Since Morin (1) first reported a semiconductor-metallic
transition in VO, in 1959, VO, has been experimentally and
theoretically studied by many material scientists. VO, ex-
hibits a semiconductor-to-metal transition at about 68°C
accompanied by a crystallographic transition from a
low-temperature monoclinic form to a high-temperature
tetragonal phase. This phase transition is associated with
abrupt changes in optical and electrical properties; there-
fore, VO, has potential applications, for example, in prepar-
ing thermal and optical switches (2, 3). Although various
technologies have been developed for producing VO, films
(4, 5), few convenient ones have been found for making VO,
powders. The typical method of preparing VO, powders is
to heat a mixture of V,O3 (or V) and V,05 corresponding
to VO, composition in an evacuated silica tube at 700°C for
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2 days (6), or to reduce V,Os powder in a platinum crucible
under an inert atmosphere at 1200-1350°C for 3 days (7, 8).
These methods only obtained bulk VO, powders. Fine VO,
powders have attracted much attention in recent years be-
cause they can decrease stress to rupture in the material at
phase transition. Several methods of preparing fine VO,
powders have been reported in the literature. Lawton and
Theby, (9) synthesized VO, powders less than 1 um by
evaporative decomposition of solution, using dilute solution
of vanadyl sulfate hydrate at > 740°C in a mixed flow of
hydrogen-nitrogen with a conventional spray-pyrolysis re-
actor, but the products resided sulfur about atomically 1%.
Tsang and Manthiram (10) produced B phase VO, powders
about 0.2 pum by reducing K3VOy4 solution using KBH4 as
a reductant. Toshiyuki et al. (11) synthesized VO, powders
about 10 nm by laser-induced vapor-phase reaction. How-
ever, the preparation of various stoichiometry VO, pow-
ders, which exert a tremendous influence on the material
properties, has not been investigated in detail, and this is the
key point for its preparation.

In this paper, we report a novel method for synthesizing
VO, nanopowders with various stoichiometries and crystal-
line states by pyrolysis of the precursor, [NH4]s[(VO)s(CO3)4
(OH)o ] 10H,O. The choise of this precursor is based on the
following considerations: (1) it is easily synthesized (12); (2)
VO, nonapowders are expected to be obtained easily due to
the release of large amount of gases during pyrolysis; (3) the
composition of pyrolysis products (powders) can be control-
led more easily; and (4) the products will not contain any
impurity.

2. EXPERIMENTAL
2.1. Precursor Preparation

The route of precursor preparation was reported in an
earlier work of ours (12):

V,0s5 + HCl + N,H4-2HCI - VOCl, + NH4HCO;

— (NH4)s[(VO)s(CO3)4(OH)s] - 10H,O.

274



PREPARATION AND CHARACTERIZATION OF VO, NANOPOWDERS

The crystals obtained were laid aside to allow them to grow
for about 1h, followed by washing with a saturated
NHHCOj3 solution until no Cl~ ion was detected. The
crystals were washed again by alcohol, then pulverized to
< 2 um with a supersonic pulverizer.

2.2. Precursor Pyrolysis

The precursor was spread in a 210-mm long, 27-mm-
diameter quartz boat. The pyrolysis was performed in ¢ 35-
mm silica tube. A flow of nitrogen (99.99%) or a mixed flow
of nitrogen and air was introduced into the system for
15 min to replace the air in the tube, then the tube was
heated to a desired temperature, which was maintained for
a preset time.

2.3. Characterization Starting Material and Products

The purities of the starting material V,O5 and the prod-
uct VO, were determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES). The impurity
content of V,0Os5 (C.P.) was about 1000 at. ppm, with Cr, Sb,
and Ga as the main sources of impurity, and that of VO,
products was 60-400 at. ppm, showing that the materials
used in this study were purified in a precursor synthesis
process. The content of V3* or V" ions in VO, products
was determined volumetrically using ferroin as an indicator
(13). The VO, samples were dissolved in a mixed solution of
phosphoric-sulfuric acid under CO, atmosphere. The re-
sults of this method were in agreement with those of ther-
mogravimetric analysis. The errors involved in this method
were estimated to be within the range 0.001 through 0.002 in
x of VO, ; .. The vanadium content of stoichiometric VO,
was determined volumetrically, and the observed and cal-
culated data were respectively 61.48 and 61.45%.

XRD experiments were carried out on a D/max-3A dif-
fractometer. The feature micrographs were obtained using
a JEM100-CX-1I TEM, in which the samples were dispersed
in a 731 DP supper-dispersing agent solution. The infrared
spectra were recorded on a Nicolet SDX FT-IR spectro-
meter, here the samples were laid in a desiccator with argon
gas and pressed in to KBr pellets quickly. DSC experiments
were performed using a NETZSCH DSC-204, from — 30 to
120°C with a heating rate of 10°C min~!; the powders used
here were laid in a desiccator with argon gas and P,Os to
prevent them from being oxidized and adsorbing moisture.

3. RESULTS AND DISCUSSION

3.1. Effects of Pyrolysis Conditions on Composition
of Products

The effects of various pyrolysis conditions on the com-
position of the VO, products are shown in Figs. 1-4. It can
be seen from Fig. 1a that under the same pyrolysis condi-
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FIG. 1. Effects of precursor sizes and heating rates on product com-
positions: (a) precursor 3g, N, 3Lmin"?!, air 8 mImin~!, 600°C for
10 min, heating rate 26°C min~'; (b) precursor 3 g, size <2 um,
N, 3 L min~ %, air 0 ml min~*, 450°C for 10 min.

tions the oxidation numbers of the products decreased with
increasing precursor sizes. Observations by microscope re-
vealed that the greater the size of precursor, the greater the
size of its product. It was found that the product particles
with greater size were porous. This particle structure is
favorable to the reduction of the product by the released
ammonia from precursor. It should be noted that the pre-
cursor sizes were roughly estimated because the precursor
particles with greater size were not homogeneous and exist
in monoclinic form.In Fig. 1a the point corresponding to the
precursor with 11 pm in size deviated from the curve. This
may be related to the poor crystallinity of the precursor
used, which was not laid aside to allow it to grow during
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FIG. 2. Effects of nitrogen and air flow rates on product compositions:
(a) precursor 5g, air 4 mlmin~!, 450°C for 5min; (b) precursor 5g,
N, 4 Lmin~!, 550°C for 5 min.
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FIG. 3. Effects of precursor amounts and temperatures on product
compositions: (a) N, 3L min~?!, air 7mlmin~?, 550°C for 10 min; (b)
precursor 3 g, N, 3 L min~ %, air 10 ml min~?, pyrolysis for 10 min.

preparation. Since the precursor crystals are in defect, the
decomposition of the precursor may occur more quickly,
and the ammonia concentration in the gas flow may in-
crease at a certain moment; therefore, a deeply reduced
product is produced. Figure 1b indicates that the oxidation
numbers of the products lightly decreased with increasing
heating rate. This phenomenon was similar to that men-
tioned above, due to the acceleration of the decomposition
of the precursor at a higher heating rate. Considering the
effects of the size of the precursor and the heating rate on the
composition of the products, they were fixed at < 2 pm and
26°C min~ ! respectively, in the following researches.
Figure 2a shows the effects of nitrogen flow rate on the
composition of the products. First, with increasing flow rate,
the oxidation numbers of the powders decreased because
reduction was more violent than oxidation during pyrolysis.
However, as the flow rate increased up to 4 Lmin~!, the
oxidation number increased. The reason is that under
higher flow rate the ammonia released during pyrolysis was
driven away more quckly from the system so that the

203 ¢
O 2.02¢
>
e
O 201
x

2.00 -/

5 10 15 20 25 39
time ( min )

FIG. 4. Effect of pyrolysis times on product compositions: precursor
3¢, N, 3L min"", air 5ml min~"!, at 450°C.
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powder adsorption to ammonia was weakened. The effects
of the air flow rate in nitrogen on the composition is shown
in Fig. 2b. It indicates that the oxidation number increased
with increasing air flow rate.

As displayed in Fig. 3a, the precursor amount has a great
influence on the composition of the products, which may be
attributed to the more amount of released ammonia in this
case. Figure 3b shows the effects of temperature on the
composition. Within the range 425 through 550°C, the oxi-
dation number lowered as the temperature increased. Ac-
cording to the thermodynamic data calculated, the
reduction power of ammonia on VO, is increased as tem-
perature rises. However, it was found that as temperature
went below 425°C, the composition did not vary wholly.
This could be due to the presence of V(V) oxide in the
products, which prevented VO, from being further oxidized.
To observe the reduction of ammonia on the product, the
following experiments were conducted. The precursor was
pyrolyzed at 380°C under preset conditions and a VOi 961
powder was obtained. Then, two other experiments were
carried out as above, but was followed by cancelling the air
flow in nitrogen and the temperature was elevated to 460
and 550°C, respectively, for 15 min. The compositions of the
two powders obtained were VO; 900 and VOj ges. These
results supported once again that the ammonia was not
driven away from the system in time during pyrolysis but
was strongly adsorbed by the powder, leading to the VO,
being deeply reduced at high temperature. In fact, ammonia
was detected in the product obtained at 550°C.

Figure 4 displays the effects of pyrolysis time on the
composition. As the time was prolonged, the product was
gradually oxidized and the oxidation numbers increased
slowly.

It should be pointed out that the compositions of the
products in the research have a good reproducibility and the
experimental deviations are within the range of + 0.004 in
x of VO3, 4 . Therefore, it can be concluded from the above
results that the stoichiometry and various nonstoichiomet-
ries of VO, powders can be successfully synthesized by
pyrolyzing the precursor under the selecting and controlling
conditions.

3.2. Crystallization of VO, Powder

The crystallization process of VO, powder has been re-
ported by some authors (14, 15) in the past, but the data
were not wholly identical. The dependences of crystalline
state on pyrolysis temperature and time determined by the
XRD are shown in Fig. 5. The corresponding XRD patterns
of the three various states in Fig. 5 are shown in Fig. 6. It can
be seen from Fig. 5 that although the crystallization process
was accelerated at higher temperature, pyrolyzing for
a shorter time was unfavorable to the crystallization of VO,
as the temperature was higher than 600°C owing to the
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FIG. 5. Dependence of pyrolysis temperature and time on crystalline
state of VO, powders.

violent reduction—oxidation in this case. Figure 6a shows
that the powder obtained at 450°C for 20 min had very
small peaks, indicating that it contained a few amount of
crystals. In fact, as shown in Fig. 7 monocrystals have been
found in the sample of Fig. 6a by electron diffraction.
Therefore, the powder actually was a mixture of monocrys-
tals and amorphism. The TEM micrographs of three vari-
ous state powders are shown in Fig. 8. The sizes of
amorphous state, incomplete crystal state, and crystalline
state powders were about 10, 20, and 30 nm respectively. In
addition, the particles of amorphism and incomplete crys-
tals were looser and had rough surfaces, while the crystalline
particle surfaces were smooth. These results demonstrate
that the crystals growing slowly in the crystallization pro-
cess formed larger particles. This was a result of the releas-
ing of large amount of gases during pyrolysis of the
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FIG. 6. Typical XRD patterns of various crystalline state VO, pow-
ders:(a) 450°C for 20 min, (b) 550°C for 20 min, (c¢) 600°C for 30 min
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FIG.7. Electron diffraction pattern from the sample obtained at 450°C
for 20 min (x 10°).

precursor, which caused the particles to split and atomize
strongly. Moreover, the powder adsorption to gases also
inhibited the particles from growing. According to the re-
sults of seven crystalline samples calculated by the Scherrer
equation, the powder sizes were 23.8-38.2 nm, which corre-
sponded to those of TEM.

3.3. Infraed Spectra of VO, Products

The IR spectra of bulk crystal VO, has been studied
(16-18) in recent years. Botto et al. (18) showed the IR
spectra of a VO, sample obtained from temperature-
programmed reduction. Figures 9a and 9b show respective-
ly the IR spectra of VO, microcrystals about 5 pm in size
reported by Botto and VO, nanocrystals about 30 nm in
size obtained at 600°C for 20 min in our work. It can be
found that the absorption at 995c¢cm™! for the microm-
aterial shifted to 990 cm ! for the nanomaterial. The ab-
sorptions at 714, 677, 660, 640, 620, and 599 cm ™! of the
former were replaced by one broad, strong, and rather
symmetric band of the latter. The absorptions at 521 and
508 cm ' were degenerated into one symmetric band at
526 cm ™! . Finally, the shoulder band at 443 cm~! became
one separated band at 442 cm . These results indicate that
the IR behavior of nano-VO, is different from that of
micro-VO, .

Figures 9¢ and 9d show respectively the IR spectra of the
incomplete crystal VO, about 20 nm obtained at 500°C for
25 min and the amorphous state VO, with < 10 nm ob-
tained at 380°C for 20 min. The absorption at 990 cm ™! of
nanocrystals further shifted to 981 cm ™! for both materials.
The absorptions at 917 and 901 cm ™! of the incomplete
crystals and that at 880 cm ! of the amorphous state were
attributed to the vibration mode of V-OH because they had
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FIG. 8. TEM micrographs of the VO, powders: (a) amorphous state,
450°C for 10 min; (b) incomplete crystals, 550°C for 15 min; (c) crystals,
600°C for 30 min.

strong hygroscopicity. Moreover, the hygroscopic ability of
the latter was greater far more than that of the former, so
that the band at 880 cm ~ ! was very strong. The other bands
also shifted to lower wavenumbers from crystals to incom-
plete crystals. However, the absorptions at 680 and
526 cm ! for the crystals and those at 669 and 525 cm ™! for
the incomplete crystals were replaced by one very broad and
also symmetric absorption for the amorphous state. Also

ZHENG ET AL.

the bands close to 440cm™! were red shifted for the
amorphous state.

The results above show that in the IR spectra from micro
crystals to amorphous state, three main changes occurred;
i.e., the wavenumbers of the absorptions lowered gradually,
the band numbers decreased gradually, and the band widths
broadened gradually. These phenomena were also observed
in the IR spectra of microcrystals and amorphous state for
some metal oxides (19). These characters can be used to
distinguish various state VO, . Monoclinic VO, with chains
of edge-shared VO¢ octahedra has various rigid V-O dis-
tances and uniformity in bond angles, which cause more IR
absorptions as showed in Fig. 9a. The amorphous state has
no unit cell and no correlated vibrations; therefore, its bands
decrease. Since the V-O bond in amorphous state is not
limited by crystal lattice, the V-O distance gets longer and
the bond angles and the V-O distances are nonuniform,
thus causing the wavenumbers to lower and the bands to
broaden. Nanocrystals are in the middle state between
microcrystals and amorphism and have numerous bound-
aries of crystals and a huge specific surface area; thus its IR
spectra were obviously different from those of microcrystals.
However, they exist in a crystalline state after all, so that
their spectral characters were much different from those of
amorphism.

Figures 9¢ and 9f show the IR spectra of the VO .97 about
30 nm and VO, o3 with < 35 nm crystals obtained at 600°C
for 20 min. Compared with those of stoichiometric VO,
nanocrystals, the IR absorptions of VO o7 shifted to lower
wavenumbers lightly, and those of VO, o3 shifted to higher
wavenumbers clearly. These characteristics were also
favorable to distinguishing various stoichiometry VO,
crystals . As the ionic radius is increased gradually from
V(V) to V(III), the V-O bond length increases with the
consequent softening of the vibration; thus appreciable
shifts of V-O bands in the front region of the spectra toward
smaller wavenumbers were observed from V0,3 to

3.4. Transition Behavior of Various Stoichiometry VO>

The effects of various stoichiometry VO, on the electrical
resistivity and temperature at phase transition in monocrys-
tals are different throughout the literature. For example,
Kimizuka et al. (20) reported that from VO, g0 to VO3 07
the changes of resistivity were from 1.3 x 10 to 2 x 10* ac-
companied with the variances of transition temperatures
from 63 to 71°C. However, Briickner et al. (21) observed that
from VOji.994 to VO,.000 the changes of resistivity were
from 6.3x10 to 1.3 x 10* with the variances from 58 to
69°C. Phase transition resistivity for polycrystalline VO,
has not been reported so far, and the effects of various
stoichiometry VO, in both monocrystals and polycrystals
on phase transition heat also have not been reported. In this
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FIG. 9. IR spectra of various powders: (a) micro crystal VO,, (b) nano
crystal VO,, (c) incomplete crystal VO,, (d) amorphous state VO,, (¢) nano
crystal VO{ o+, (f) nano crystal VO, 3.

paper, the heats and the temperatures at transitions from
VOi.96 to VO, o7 were measured, the results are listed in
Table 1. The typical DSC scans of the products are shown in
Fig. 10. The results indicate that the transition heats of the
oxygen-deficient VO, were less than those of the oxygen-
rich VO,, and the VO, o, had the maximum transition heat.
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FIG. 10. DSC scans of VO, crystals: (a) — VO 95, (b) —==VO3 02,
(¢) === VOg.0s.

The transition temperatures were increased about 10°C
from VOj.96 to VO;.07. Unfortunately, the VO, phase
transition behavior has not been analyzed quantitatively so
far.

4. CONCLUSION

VO, nanopowders with various stoichiometries and cry-
stalline states were synthesized by pyrolyzing the precursor,
[NH4]5[(VO)6(CO3)4(OH)o] - 10H,O, at low temperature
under appropriate conditions. The IR spectra show that,
from microcrystals to amorphism, the absorptions shift to
lower wavenumbers with degenerating and broadening due
to size and crystal effects. Moreover, from oxygen-rich to
oxygen-deficient VO, crystals, the bands shift to lower
wavenumbers due to the increasing V-O distance. DSC
results indicate that the phase transition temperature of
VO,.02 is 70.1°C and possesses the maximum phase
transition heat, which is different from those reported in the
literature.

TABLE 1
Heats and Temperatures of Phase Transition

x in VO, 1.96 1.98 2.00 2.01 2.02 2.03 2.04 2.05 2.07
AH (J/g) 24.17 3792 45.64 49.12 56.75 52.53 46.36 37.77 34.03
T, (°C) 60.7 68.0 68.8 68.7 70.1 69.6 69.7 70.9 69.0
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