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Highly crystalline and monodisperse In,O3; nanoparticles were successfully prepared by thermal
decomposition of In(dipy);Cl;:2H,0 in oleylamine and oleic acid under inert atmosphere. The size
of In,O3 nanoparticles could be readily tuned from 10-15 nm to 40-50 nm, depending on the molar
ratio of precursor to combined solvent in the reaction system. As-synthesized In,O3; nanoparticles
have a center-body cubic structure as characterized by powder X-ray diffraction and selected-area
electron diffraction. Transmission electron microscopy images showed that In,O3 nanoparticles have
a narrow size distribution. A relatively strongly PL peak centered at 378 nm could be clearly seen
when 10-15 nm In,O3 nanoparticles redispersed in cyclohexane were excited at 275 nm at room
temperature. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Metal oxide nanocrystals have a wide range of applications
in magnetic data storage, battery materials, catalysts and
sensors.! In particular, indium oxide nanocrystals are
potentially important in microelectronic device materials
in solar cells,? flat-panel displays, sensors* transparent
conductors® and architectural glasses.

The thermolysis of molecular precursors in hot surfac-
tant solutions is one of the most effective methods for
preparing highly crystalline and size-controlled metal oxide
nanocrystals. A lot of metal oxide nanocrystals have been
prepared by the thermal decomposition of metal acetylace-
tonates in oleylamine.®~® Other available molecular pre-
cursors developed for metal or metal oxide nanoparticles
include metal acetates,'®!! metal formates,'> metal oleates"
and organometallic precursors.'*!> Few molecular precur-
sors have been reported for In,O; nanocrystals synthesis
by thermal decomposition in oleylamine.>!%1® Therefore
developing new, simple, cheap, air-stable and low-toxicity
precursors to nano-indium oxide with good size control is of
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considerable interest. Herein we report the synthesis of quasi-
monodisperse size-controlled In,O; nanocrystals (NCs) from
thermal decomposition of In(dipy),Cl3-2H,O (dipy = «, a-
dipyridyl) precursor in the presence of stabilizing surfactants
oleylamine and oleic acid.

EXPERIMENTAL

Materials

All reagents are analytically pure. InCl;-4H,0, o,a-dipyridyl,
dichloromethane, ethanol and cyclohexane were purchased
from Shanghai Chemical Company. oleylamine (70%) and
oleic acid (90%) were obtained from Alfa.

Preparation of precursor In(dipy);Cl;-2H,O

A 0.3 g (1.02mmol) aliquot of InCl;-4H,O was dissolved
in 10ml distilled water in a 50 ml beaker. Then 15ml
ethanol solution containing 0.5 g (3.20 mmol) «,a-dipyridyl
was added drop-wise with constant stirring for 2 h. The white
precipitate formed was centrifuged, rinsed with ethanol, then
rinsed with distilled water repeatedly. Finally it was dried at
60°C for 4 h.

Preparation of 10-15 nm In, O3 nanoparticles

A0.18 g (0.25 mmol) aliquot of In(dipy),Cl3-2H, O, with 5.5 ml
(12 mmol) oleylamine (70%) and 4 ml (12.3 mmol) oleic acid
(90%), was added to a three-necked flask equipped with a
condenser at room temperature. Ar was bubbled through the
solution for 20 min and then the solvents were repeatedly
evacuated to remove oxygen and water at about 100°C for
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5 min. Then the flask was then heated to 290°C at a heating
rate of 15°C min™! for 7 h under an Ar atmosphere. When
the temperature of this reaction system was increased to
100°C, the color was light yellow. When the temperature was
further increased to 240°C, the mixture gradually changed
to a brown turbid slurry. Finally, when the temperature
was 290°C, the color became dark brown. After cooling
the resulting solution to room temperature, a dark-brown
viscous 0il formed. Dichloromethane (10 ml) was added to
enhance the fluidity of the reaction mixture. To the resulting
brown solution was added excess ethanol (40 ml) to form
a pale yellow precipitate. After centrifugation and repeated
washing with ethanol, a pale yellow powder of 10-15nm
In,O3 nanocrystals [Fig. 2(b)] was obtained, which could
be easily redispersed in various organic solvents such as
cyclohexane and toluene.

Preparation of 40-50 nm In,O3; nanoparticles

A similar procedure was used to obtain 40-50 nm In,Oj
nanoparticles [Fig. 2(a)]: 0.18 g (0.25 mmol) In(dipy),Cl;-2H,O,
2.9 ml (6 mmol) oleylamine (70%) and 2 ml (6 mmol) oleic acid
(90%).

Characterization of In,O3; nanocrystals

The synthesized products were characterized by X-ray
powder diffraction (Shimadzu XRD-6000) with graphite
monochromatized Cu-Ka radiation (A = 0.15406 nm),
employing a scanning rate of 0.02° s7! in the 20 range from
10 to 80°. Figure 1 presents XRD patterns of two samples, a
and b, indicating a cubic phase from these NCs because all
of the detectable diffraction peaks can be indexed to center-
body cubic In,O3 (ICDD PDF card no. 71-2195). Figure 1(c)
presents the XRD patterns of 40-50 nm In,O; nanoparticles
annealed at 400°C for 2 h.

Transmission electron microscopy (TEM) images and
selected-area electronic diffraction (SAED) patterns were
taken on a Hitachi Model H-800 instrument with a tungsten
filament, using an accelerating voltage of 200kV. The
specimen of TEM and high-resolution TEM (HRTEM)
measurements were prepared by spreading a droplet of
cyclohexane suspension of In,O3; nanoparticles onto a copper
grid and allowing it to dry in air. Nearly monodisperse
spherical nanoparticles around 40-50 nm in diameter were
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Figure 1. X-ray diffraction of (a) 40-50 nm, (b) 10-15 nm
center-body In,O3 nanoparticles (ICDD PDF card NO.71-2195)
and (c) 40-50 nm center-body In,O3 nanoparticles annealed at
400°C for 2 h.

shown in Fig.2(a). Smaller nanoparticles 10-15nm in
diameter were shown in Fig. 2(b). Figure 2(c) presented the
TEM micrograph of 40-50 nm In,O; nanoparticles annealed
at 400 °C for 2 h. The size of the nanoparticles was calculated
from TEM images.

The HRTEM images were taken on a Jeol-2010 high-
resolution TEM performed at 200 kV. An interplanar distance
of 0.296 nm close to the {222} lattice spacing of the cubic phase
In,O5; was obtained.

The photoluminescence spectrum was recorded on a
Hitachi F-4500 fluorescence spectrometer. To explore the PL
emissions property, 10-15 nm In,O; nanoparticles dispersed
in cyclohexane were excited at 275 nm at room temperature.
Figure 4 shows arelatively strong PL peak centered at 378 nm.

RESULTS AND DISCUSSION

TEM image of the powder obtained using a 1:24 molar ratio
of precursor/combined solvent is shown in Fig. 2(a). Nearly

Figure 2. TEM micrograph of (a) 40—-50 nm, (b) 10—15 nm In,O3 nanoparticles and (c) 40-50 nm In,O3 nanoparticles annealed at

400°C for 2 h.

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 3. SAED pattern (a) and HRTEM (b) image of the 10 nm
In,O3 nanoparticles.
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Figure 4. Photoluminescence spectra of 10—15 nm In,O3
nanoparticles.

monodisperse spherical nanoparticles around 40-50 nm in
diameter were observed. The size of In,O3; nanoparticles can
easily be tuned by changing the ratio of precursor to combined
solvent. Smaller nanoparticles around 10-15 nm in diameter
were obtained as shown in Fig. 2(b) when a 1:48 molar
ratio of precursor/combined solvent was used. The SAED
pattern of the 10-15 nm nanoparticles shown in Fig. 3(a) is
consistent with the (222), (400), (440) and (622) planes of
body-cubic In,0;. This is also consistent with the XRD data
given in Fig. 1. The HRTEM image shown in Fig. 3(b) reveals
an interplanar distance of 0.296 nm close to the {222} lattice
spacing of the cubic phase In,Os;. HRTEM proved our product
highly crystalline nanoparticles.

In this experiment, combined solvent in a molar ratio of
oleylamine to oleic acid of 1:1 was adopted owing to the fact
that the presence of an appropriate amount of oleic acid could
further narrow the polydispersity of the product compared
with the use of oleylamine alone.?

To investigate how the synthetic conditions influence
product nanoparticles, it is be helpful if the particle size

Copyright © 2007 John Wiley & Sons, Ltd.
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distribution can be found to vary closely with changes in
variables adopted in the reaction. For particles prepared by
our present approach, it is simple to find such effects from
TEM images, from changes in the molar ratio adopted in the
reaction.

The mechanism of shape-controlled synthesis of nanocrys-
tals is being investigated intensively.”=? During the ther-
molysis of the precursor complexes, the capping ligands have
distinct effects on the shape of the products formed during
the crystal-growth process.!”=?> The thermolysis of precursor
complexes releases a large number of indium oxide nuclei.
The oxygen coming from crystal water of the precursor acts
as the oxidant during the nucleation course of In,O; nanopar-
ticles. The amount of surfactants adsorbing on the surface of
nuclei will determine the size of the products. When more
surfactants are added, the indium oxide nuclei face with a
higher density of surface atoms is blocked by the adsorp-
tion of plentiful surfactants during the growth of colloidal
nanocrystals, and the growth along the surface is therefore
considerably restricted. Therefore smaller nanoparticles are
obtained when more surfactants are used.

To investigate how the solvent influences the product, we
designed another two experiments. We found that using oleic
acid without oleylamine did not result in any NCs, whereas
a high content of oleylamine without oleic acid led to rapid
growth and aggregation of NCs, which can be seen from the
TEM image. In our case, experiments show that oleic acid
binds more strongly then oleylamine to the surface atoms of
the nanocrystals due to its higher oxophilicity. Therefore, the
combined solvent is a key factor in forming In,O3 NCs in this
experiment.

It is well known that the bulk In,O; cannot emit light
at room temperature.> However, PL emissions of the
nanostructured In,O; due to the effect of the oxygen vacancies
have been widely reported.?*?The oxygen-deficiency can act
as donors and would induce the formation of new energy
levels in the band gap, which results in photoluminescence
(PL) under the photoexcitation process.!® Although the
PL emission mechanism of In,O; is still ambiguous, it is
believed that the blue PL peaks found in previous works
are mainly attributed to deeper energy level emission
at room temperature. In Fig.4, a relatively strong PL
peak centered at 378 nm can be clearly seen when 15 nm
In,O5; nanoparticles dispersed in cyclohexane are excited at
275 nm at room temperature. The In,O; nanoparticle samples
described in this paper do not show PL emission at lower
energies (~ 400-520 nm) due to amorphous In,O; or oxygen
vacancies, as observed for other previously reported In,O;
nanoparticles? and nanowires.?> %

CONCLUSIONS

In conclusion, we have prepared In,O; nanocrystals by ther-
mal decomposition of a single precursor In(dipy),Cls-2H,0O in
oleylamine and oleic acid under inert atmosphere. The sizes
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of the In,O; nanoparticles were well controlled by chang-
ing the ratio of precursor to combined solvent. PL spectra
showed that the as-obtained In,Oj3 are highly crystalline and
defect-free, which is beneficial for its application in optic and
electronic devices.
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