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Highly crystalline cubic indium tin oxide (ITO) nanoparti-
cles with narrow size distribution were successfully prepared di-
rectly in one step from a mixed solution of indium and tin salts
by a solvothermal method with ethylene glycol as solvent. Also,
size was easily manipulated by changing conditions, such as
aging period and sodium hydroxide concentration.

Tin-doped indium oxide (ITO), an n-type transparent con-
ducting oxide (TCO), has been extensively investigated owing
to many ITO applications as typified by flat panel display tech-
nology and electrical paper, which utilize the unique properties
of high optical transparency of ITO in the visible region and con-
trollable low resistivity.' The direct preparation of ITO nanopar-
ticles with high crystallinity, homogeneous composition, and
well-defined particle morphologies with narrow size distribu-
tions is of particular technological interest. Preparation methods
of In, O3 or ITO particles have been reported based on the com-
bination of coprecipitation of metal precursors and successive
thermal treatment,? laser-induced fragmentation,3 solvothermal
synthesis,4 microwave-assisted synthesis,5 emulsion tech-
niques,® chemical vapor deposition,” and one-pot preparation
of colloids.® However, the precise control of ITO fine particles
in size, shape, and structure simultaneously has never been re-
ported, mainly because of the difficulty in the strict separation
of nucleation and growth, and crystallization at rather low tem-
perature, below 300 °C. Removal of water from the reaction sys-
tems also brings complication of the preparation procedures.’

In the present study, we will report herein the investigation
of morphology and size control of ITO nanoparticles. In partic-
ular, we have succeeded in one-step preparation of cubic ITO
nanoparticles with high crystallinity by a solvothermal method
using ethylene glycol (EG) as solvent. The particle preparation
was carried out by the addition of a nonaqueous EG solution
of NaOH (1.0-2.0 M) to the same volume of an EG solution of
InCl3+-4H,0 and SnCly+5H,0 at 0°C under agitation. Concen-
tration of the InCls and SnCly mixed precursor solution in EG
was adjusted to 0.50 and 0.050 M, respectively. After stirring
for 15 min, 10 mL of the suspension was transferred into a 23-
mL Teflon-lined autoclave and aged at 250 °C for 4 days. Ob-
tained particles were collected by centrifugation (18000 rpm,
10 min) and washed three times with ethanol. The product phase
and morphology were characterized by X-ray diffraction analy-
sis (XRD), and transmission electron microscopy (TEM).

First, the effect of NaOH concentration on the particle mor-
phology and size in this system was investigated. Figure 1 shows
the TEM images of the ITO nanoparticles obtained with different
concentration of NaOH ((a): 2.0 M; (b): 1.5M; and (c): 1.0 M).
Cubic-shaped ITO nanoparticles were obtained as dark blue
powders under all the conditions. As shown in Figure 1, the par-
ticle size was successfully controlled by decreasing the initial

Figure 1. TEM images of ITO nanoparticles obtained with
changing of the NaOH concentration. (a): 2.0M; (b): 1.5M;
and (c): 1.0 M. The scale bar in (c) is common for all images.
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Figure 2. Selected-area electron diffraction (a), respective
TEM images (b), and HRTEM (c) of ITO nanoparticles shown
in Figure 1c and the XRD pattern (d).

NaOH concentrations. The particle mean sizes and the size dis-
tributions are 15.1 £2.9, 20.3 & 3.5, and 43.5 &+ 10.3 nm, re-
spectively. The decrease in size with increasing NaOH concen-
tration was due to the increase in number of nuclei formed. Gen-
erally speaking, the rather higher alkaline condition is advanta-
geous to the formation of the monomer, precursor complex, of
metal oxide.’

ITO nanoparticles with various Sn concentrations were also
prepared with different initial molar ratios of Sn/In from 0 to
0.15. In all cases, In,O3 and ITO nanoparticles with cubic crystal
structures were obtained; however the formation of trace SnO,
was also found in the case of Sn/In = 0.15 by XRD meas-
urement. On the other hand, it was confirmed that Sn/In molar
ratio in one ITO particle prepared at Sn/In = 0.10 was the
same as the initial feed ratio by energy dispersive X-ray (EDX)
analysis.

Figure 2 shows the TEM, high-resolution TEM (HRTEM)
images, the electron diffraction (ED) spots of ITO nanoparticles,
and XRD pattern of the ITO nanoparticles shown in Figure 1c.
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The ED spots as well as HRTEM analyses of the one particle
shown in Figure 2a revealed that the crystal structure of the
cubic-shaped ITO nanoparticles is basically single-crystalline,
and the lattice parameter of the a axis of the resulting particle
can be assigned as 1.014 nm. The length is quite similar to the
a axis of In,O3 with a cubic crystal structure (JCPDS No 06-
0416) of 1.012nm. Thus the incorporation of Sn ions into the
crystal structure of InyO3 does not influence the lattice parame-
ter. However, streaks in the direction towards the a and b axes
are observed as shown in Figure 2a. The streaks might be derived
from incorporation of Sn ions and existence of oxygen vacancy
in the crystal.

The effect of solvents on the ITO synthesis was also inves-
tigated. Figures 3 and 4 show the TEM images and XRD patterns
of the particles obtained in (a): EG; (b): diethylene glycol
(DEG); (¢): 80% aqueous EG solution; and (d): butanol (BuOH),
respectively. Here, the molar ratios of In**/OH~ and Sn/In
were fixed as 1/3 and 0.10, respectively, with other things in
the standard conditions, but aging time was 12h. As shown in
Figure 3a, irregularly shaped ITO nanoparticles are obtained in
EG aged for 12h, and the particle size is ca. 10 nm. In the case
of DEG, ITO nanoparticles are also formed as a single phase,
and the particle shape is basically cubic and the size is about
20nm. In contrast, the diffraction peaks of colorless powder
obtained in an 80 wt % aqueous EG solution system (Figure 4c)
are indexed to be an indium oxyhydrate (InOOH).

As a result of the comparison of EG-water and EG alone
systems, the addition of water seems inhibitory to the formation
of ITO crystals. In the aqueous solution system of inddium

d

Figure 3. TEM images of particles obtained in (a): EG; (b):
DEG:; (c): 80wt % aqueous EG solution; and (d): BuOH. The
scale bar in (d) is common for all images.

. *:In,0; m: INOOH
N L PR S o)
kS " . (0)
z L} L}
g [ ) .
g L .‘l .ﬂ ® & o gpe o o, 00 (b)
A U S SO )
P 2_SNe s a0 ]
) | 1 | 1 | | | 1 | L
20 30 40 50 60 70 80

20 /degree

Figure 4. XRD patterns of particles obtained in (a): EG; (b):
DEG; (c): 80 wt % aqueous EG solution; and (d): BuOH.
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salts, the formation of InOOH was strongly enhanced. One
might consider that InOOH once formed during the reaction is
hardly converted into In,O3; phase, because of extremely low
solubility. In other words, InOOH cannot play a role as an inter-
mediate for In,O3; formation. The solid particles obtained by
using BuOH as a solvent consist of In,O3 and InOOH. It shows
stepwise phase transition from metal hydroxides to oxides
through oxyhydroxides by the dissolution—precipitation in the
case of the BuOH system. This behavior is commonly observed
in aqueous systems to form metal oxides.!” In contrast, in the
solvothermal system as shown here, direct formation of ITO
solid particles is observed starting from amorphous indium hy-
droxides, In(OH); and InOOH phases are not detected as
intermediates.

In conclusion, highly crystalline cubic-shaped ITO nanopar-
ticles were successfully prepared in one step via solvothermal
reaction with EG and DEG as solvents. Furthermore, we have
succeeded in the stepwise size control of ITO nanocubes with
changing In/OH molar ratio. In this case, formation of ITO
phase was inhibited by the contained water in the solvent owing
to formation of InOOH. Further study concerning the formation
mechanism of the cubic single-crystalline ITO nanoparticles is
now in progress, and it would lead to the development of the
preparation of monodispersed single-crystalline ITO nanopar-
ticles with high conductivity, which is applicable to TCO.

This work was financially supported by METI & NEDO
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