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Fine particles of metal oxides have been widely investi-
gated not only because of their technological applications
as pigments and catalysts but also because of their potential
uses as raw materials for advanced ceramics.! ™ They have
also attracted attention recently in opal-based photonic
crystals (i.e., three-dimensionally ordered arrays of spherical
particles),* ¢ but only a few such crystals have been reported
because it has not been easy to prepare spherical metal-oxide
fine particles with a sufficiently narrow size distribution.”” !4
Developing a new method of preparing monodisperse and
spherical metal-oxide fine particles is thus a challenging issue
and a key to success for the opal-based photonic crystal
applications.

Vanadium dioxide with a rutile structure (VO,(R)) shows
a reversible metal—insulator transition at about 70 °C.!5~1°

*To whom correspondence should be addressed. E-mail: shinpeiyama@
s06.mbox.media.kyoto-u.ac.jp.

(1) Matijevié, E. Acc. Chem. Res. 1981, 14, 22.

(2) Sugimoto, T. Adv. Colloid Interface Sci. 1987, 28, 65.

(3) Overbeek, J. T. G. Adv. Colloid Interface Sci. 1982, 15, 251.

(4) Wang, W.; Gu, B.; Liang, L.; Hamilton, W. A. J. Phys. Chem. B 2003,
107, 12113.

(5) Colvin, V. L. MRS Bull. 2001, 26, 637.

(6) Lopez, C. Adv. Mater. 2003, 15, 1679.

(7) (a) Osseo-Asare, K.; Arriagada, F. J. Colloids Surf. 1990, 50, 321.
(b) Ogihara, T.; Wada, Y.; Yoshida, T.; Yanagawa, T.; Ogata, N.;
Yoshida, K. Ceram. Int. 1993, 19, 159. (c) Minehan, W. T.; Messing,
G. L. J. Non-Cryst. Solids 1990, 121, 375. (d) Hardy, A. B.; Rhine,
W. E.; Bowen, H. K. J. Am. Ceram. Soc. 1993, 76, 97.

(8) Matijevi¢, E. Chem. Mater. 1993, 5, 412.

(9) Ishizawa, H.; Sakurai, O.; Mizutani, N.; Kato, M. Am. Ceram. Soc.
Bull. 1986, 65, 1399.

(10) (a) Stober, W.; Fink, A.; Bohn, E. J. Colloid Interface Sci. 1968, 26,
62. (b) Philipse, A. P.; Vrij, A. J. Colloid Interface Sci. 1989, 128,
121. (c) van Blaaderen, A.; Vrij, A. Langmuir 1992, 8, 2921.

(11) (a) Barringer, E. A.; Bowen, H. K. J. Am. Ceram. Soc. 1982, 65, C199.
(b) Jean, J. H.; Ring, T. A. Langmuir 1986, 2, 414. (c) Jiang, X.;
Herricks, T.; Xia, Y. Adv. Mater. 2003, 15, 1205.

(12) Ogihara, T.; Mizutani, M.; Kato, M. J. Am. Ceram. Soc. 1989, 72,
421.

(13) Ogihara, T.; Ikemoto, T.; Mizutani, N.; Kato, M.; Mitarai, Y. J. Mater.
Sci. 1986, 21, 2771.

(14) (a) Ogihara, T.; Kaneko, H.; Mizutani, N.; Kato, M. J. Mater. Sci.
Lett. 1988, 7, 867. (b) Hirashima, H.; Ohishi, E.; Nakagawa, M. J.
Non-Cryst. Solids 1990, 121, 404.

(15) Morin, J. Phys. Rev. Lett. 1959, 3, 34.

(16) Goodenough, J. B. J. Solid State Chem. 1971, 3, 490.

(17) Imada, M.; Fujimori, A.; Tokura, Y. Rev. Mod. Phys. 1998, 70, 1039.

(18) Cavalleri, A.; Té6th, C.; Siders, C. W.; Squier, J. A.; Raksi. ; Forget,
P.; Kieffer, J. C. Phys. Rev. Lett. 2001, 87, 237401.

(19) (a) Qazilbash, M. M.; Brehm, M.; Chae, G.-B.; Ho, P.-C.; Andreev,
G. O.; Kim, B.-J.; Yun, S. J.; Balatsky, A. V.; Maple, M. B.; Kielmann,
F.; Kim, H.-T.; Basov, D. N. Science 2007, 318, 1750. (b) Wentzco-
vitch, R. M.; Shultz, W. W.; Allen, P. B. Phys. Rev. Lett. 1994, 72,
3389. (c) Zylbersztejn, A.; Mott, N. F. Phys. Rev. B 1975, 11, 4383.
(d) Kosuge, K. J. Phys. Soc. Jpn. 1967, 18, 551.

10.1021/cm801570z CCC: $40.75

Figure 1. SEM images of VOPs (a) before and after annealing for 2 h in
flowing H, at (b) 300 °C, (c) 400 °C, and (d) 500 °C.

This transition, associated with a structural transition from
monoclinic to tetragonal and also causing abrupt changes in
infrared transmission and electrical resistivity'>7 will be
useful in various applications.??"?2 VO,(R) has been prepared
in several forms such as sintered powders, single crystals,
and thin films, but few works have focused on preparation
of fine particles.”> 2 VO,(R) has been formed into rods>*?>
and wires,?* but it has not been possbile to obtain fine
spherical VO,(R) particles with a narrow size distribution.

We recently succeeded in preparing V,0s°xPy-yH,O (x
~ 0.8, y & 0.9) particles (VOPs) by a hydrolysis of vanadium
isopropoxide (VO(OiPr);) in acetone/pyridine/H,O mixture
solutions.”” The fine particles we obtain had a narrow
distribution of sizes, were almost perfectly spherical, and
were not agglomerated. More important, their size could be
easily adjusted anywhere between 200 and 800 nm by
changing the pyridine concentration. Here we report that
monodisperse and spherical VO,(R) fine particles can be
obtained by reducing these VOPs and that the fine particles
obtained this way show a reversible metal—insulator transi-
tion at about 70 °C.

Figure 1 shows SEM images of VOPs 469 £ 52 nm in
diameter (mean =+ standard deviation) before and after 2 h
of annealing at various temperatures in flowing H,. We can
clearly see that although particle size decreases with increas-
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Figure 2. XRD patterns of VOPs (a) before and after annealing for 2 h in
flowing H, at (b) 300 °C, (c) 400 °C, and (d) 500 °C.

ing annealing temperature, VOPs annealed at temperatures
up to 500 °C remain monodisperse and spherical. The
decrease in the particle size can be largely attributed to
deintercalation of H,O and pyridine molecules, which was
confirmed by infrared measurements of VOPs annealed at
various temperatures (Figure S1, Supporting Information).

The XRD patterns of the samples obtained by the same
annealing conditions used for the SEM measurements (Figure
1) are shown in Figure 2. The XRD pattern of the VOPs
before annealing shows a diffraction peak at about 20 =
8.4°, which corresponds to the characteristic d-spacing of
the layered structure of VOP.?° A metastable VO,(B) phase
was formed at 300 °C, and a VO,(R) phase was formed at
500 °C. This annealing condition thus produced VO,(R) but
did not cause sintering nor cause losing their original
spherical morphology as clearly shown in Figure 1d. An-
nealing VOPs in flowing Hy(5%)/Ar(95%) gas at 500 °C for
2 h, on the other hand, yielded mixed phases and did not
produce single-phase VO,(R): weak diffraction peaks from
VO,(R) and intense diffraction peaks from VO3 with high-
oxidation-state V> ions were observed (Figure S2, Support-
ing Information). The result implied that reduction of V,0s
to VO, did not complete within 2 h in flowing H,(5%)/
Ar(95%) gas at 500 °C, and annealing at a higher temperature
or longer time should be necessary for preparing the single-
phase VO,(R). However, extensive annealing caused sinter-
ing of the particles, resulting in the losses of their narrow
size distribution and the spherical shape, because the
annealing at 500 °C for 2 h already caused sintering (Figure
S3, Supporting Information).

Unlike the sample annealed in the pure H, gas, the sample
annealed in flowing H,(5%)/Ar(95%) gas showed no sign
of the metastable VO,(B). This result strongly suggests that
metastable VO,(B) plays an important role to form VO,(R)
structure without losing spherical morphology of VOPs. This
is consistent with previous reports that annealing VO,(B)
particles is an effective route to produce VO,(R) fine particles
with less sintering.?6~2® Appropriate reducing conditions
enable single-phase VO,(B) to be produced, which could be
a key to maintain the spherical morphology of the precursory
VOPs while forming VO,(R) phase.
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Figure 3. Variable-temperature XRD patterns of VO,(R) fine particles.
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Figure 4. Diffraction angle of the main peak of VO,(R) fine particles plotted
as a function of temperature.

All the above results indicated that the reducing condition
range in temperature, atomsphere, and time was very limited
for forming monodisperse and spherical VO,(R) particles
because the reduction of VOPs took place simultaneously
with the deintercalation of H,O and pyridine molecules. It
should be noted here that we obtained monodisperse and
spherical VO,(R) fine particles &~ 200 nm in diameter by
annealing VOPs 270 nm in diameter at 500 °C for 2 h in
flowing H, and obtained monodisperse and spherical VO,(R)
fine particles ~ 400 nm in diameter by annealing VOPs 652
nm in diameter at 500 °C for 2 h in flowing H, (see Figures
S4 (Supporting Information) and 5b).

An important feature of VO,(R) is a metal—insulator
transition associated with the structural phase transition.
Figure 3 shows variable-temperature XRD patterns of
VO,(R) fine particles prepared by the annealing at 500 °C
for 2 h in flowing H,. From the reversible change of the
diffraction peak it is clear that the low-temperature mono-
clinic VO, phase changes to the high-temperature tetragonal
phase. The diffraction angles of (110) tetragonal and (011)
monoclinic reflections are plotted in Figure 4 as a function
of temperature. The structural transitions took place between
70 and 80 °C upon heating and between 60 and 70 °C upon
cooling, and the changes are very sharp with little hysteresis.
These transition temperatures are similar to those reported
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Figure 5. SEM images of colloid crystals of (a) VOPs and (b) VO,(R) fine
particles. Inset in part b is an enlarged image showing three-dimensional
structure.

for bulk samples.'>~!7 Since the metal—insulator transition
of VO,(R) is associated with the structural phase transition,
the observed changes in the variable-temperature XRD
measurements clearly indicate that our VO,(R) fine particles
show the metal —insulator transition at the same temperature
that the bulk material does.

Having prepared VO,(R) fine particles without losing the
fairly narrow size distribution and almost perfectly spherical
shape of the VOPs, we thought it would be interesting to
fabricate a colloid crystal of VO,(R). As shown in Figure
5a, spherical VOPs with a sufficiently narrow size distribu-
tion (652 &+ 34 nm) can be self-assembled by a sedimentation
method to form a three-dimensionally ordered colloid crystal.
Annealing the VOP colloid crystal at 500 °C for 2 h in
flowing H,, we obtain a three-dimensionally ordered colloid
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crystal of VO,(R) shown in the SEM image of Figure 5b.
Although the annealing decreased the size of the fine
particles, their three-dimensionally ordered structure was
intact after the annealing. XRD study confirmed that the
colloid crystal consisted of the VO,(R) phase (Figure S6,
Supporting Information). Our present result clearly demon-
strates that we can fabricate a colloid crystal of spherical
VO,(R) particles.

In conclusion, we have developed a method for preparing
spherical VO,(R) fine particles with a narrow size distribution
by annealing VOPs at 500 °C for 2 h in flowing H,. At about
70 °C these particles showed a reversible monoclinic-to-
tetragonal structural transition thought to be accompanied
by a metal—insulator transition. We also demonstrated that
colloid crystals of VO,(R) fine particles can be fabricated
by reducing colloid crystals of VOPs. We think that these
monodisperse and almost perfectly spherical fine particles
will allow us to explore new applications of VO,(R), though
discussion on optical properties of our VO,(R) is beyond
the scope of the present work.
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