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Powders were obtained using an indium chloride solution and were characterized as a function of precipitation pH, aging time,
and concentration of the liquid synthetic medium. Indium hydroxide (In(OH);) and indium oxide hydroxide (InOOH) co-
existed in the pH range of S to 8, but only indium hydroxide was present at pH 9 and 10. The crystallite size of In(OH); had
a stronger dependence on pH than on the concentration of the reaction medium compared to InOOH. Hence, the relative
crystallite size of In(OH); increased significantly with increasing pH compared to that of InNOOH, which barely changed with
increasing concentration and pH. Although the crystallite size of In(OH); increased slightly with increasing precipitate aging
time, the specific surface area decreased significantly. These results can help control the synthesis of indium oxide particles
used to make indium tin oxide targets.
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Introduction indium hydroxide powder. Hence, the characteristics of indium
oxide powders are largely influenced by those of the precursor
Indium tin oxide (ITO) is the most widely used transparent indium hydroxide powder. Indium oxide powder is the most
conductive oxide (TCO) owing to its high optical transparency in important starting material for the production of ITO targets and
the visible light region, electrical conductivity similar to that of is a key factor that determines the sintering density. In order to
metals, and high reflectance in the infrared region [1]. Indium tin produce an ITO target having a high density, it is necessary to
oxide is a representative TCO material with a bandgap >3.5 eV minimize the particle size of indium oxide, and it is also
and high electrical conductivity. One of its most important necessary to use a monodispersed powder having a uniform
properties is its high light transmission (>85%) within the visible particle size to increase the density [22].
spectrum [2-4]. In addition, ITO exhibits high electrical conductivity In this study, a high-purity (>99.99%) indium hydroxide
and optical transparency in the visible light region [4]. As such, powder was synthesized by a precipitation method that can easily
ITO is not only used in pixel electrodes or common electrodes in be implemented in mass production. The purpose of this study is
flat displays including organic light emitting diodes and liquid to determine the characteristics of the precipitates obtained by
crystal displays, but also in other areas such as liquid crystal changing precipitation processing variables including pH,
cells, gas sensors, and solar cells [5-8]. concentration, and aging time, and to investigate the formation
Indium oxide (In,O;) nanopowders are essential starting behavior of indium hydroxide powders.
materials for preparing ITOs; they have excellent electrical
mobility with high intrinsic electron concentration and consist of Experimental Procedure
very small particles that show the possibility of quantum
confinement effects. Indeed, In,O; has attracted much attention Synthetic process
among researchers for its widespread application in solar cells Indium chloride solutions with concentrations of 0.1, 0.25,
[9], field-emission displays [10], lithium-ion batteries [11], 0.75, and 1 M were prepared by dissolving indium metal (In,
nanoscale biosensors [12], non-volatile nanofloating gate memory 99.99%, Top Material, Korea) in hydrochloric acid (HCI,
devices [13], gas sensors [14], optoelectronics[15], photocatalysis SAMCHUN Chemical, 35-37%, extra pure grade, Korea). To
[16], and field effect transistors [17]. Nanosized indium oxide each indium chloride solution, a sodium hydroxide solution
particles can be synthesized by various methods such as (NaOH, 2 mol) was added at a rate of 3 mL/min to obtain
sonochemical synthesis [18], chemical vapor deposition [19], solutions with pH values of 5, 6, 7, 8, 9, and 10, and the obtained
hydrothermal synthesis [20], and precipitation [21]. Among precipitates appeared as a white solid. To observe the aging effect
these, the precipitation method is relatively simple and offers an on the precipitates, the aging time was varied from 0 to 40 h. A
economical advantage due to its high production efficiency. centrifuge was used to process the gel-type precipitate, which
In this method, indium metal is first dissolved in hydrochloric was dried in an oven for 24 h. The powder cohered during drying
acid (HCI) and then neutralized with sodium hydroxide to form and was pulverized using agate induction.
*Corresponding author: Characterization
Tel : +82 054-470-7710 X-ray diffraction (XRD, Rigaku, D/2500VL/PC, Japan) was
Fax: +82 054-470-7599 used to confirm the crystal type and crystallite size of the
E-mail: baramzzoa@naver.com processed precipitates (Cu Ka; A = 1.5402 nm). In addition, the
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Scherrer equation (equation (1)) was used to calculate the
crystallite size:

_ KA
T_ﬂcosﬁ M

where f is the full width at half maximum (FWHM), K is the
shape factor, / is the wavelength (Cu Ko, = 1.54056 A), and 7 is
the crystallite size. We also investigated the influence of XRD
equipment factor using standard samples in advance to calculate
the exact crystallite size. a-quartz powder with a size of 25um or
more without lattice strain was used as a standard sample. The
sample was annealed at 800°C to remove the residual stress of
the sample. We calculated the influence of XRD equipment
factor, which depends on X-Ray diffraction angle. Transmission
electron microscopy (TEM, JEOL, 200 kV, JEM-2100F, Japan)
was used to confirm the shape, size, and lattice characteristics of
the particles. The Brunauer-Emmett-Teller (BET) specific surface
area of the produced powders was also measured (Micromeritics
Tristar ?, Instrument Co., Norcross, GA, USA).

Results and Discussion

The XRD patterns of the precipitates obtained from indium
chloride solutions with concentrations of 0.1 to 1 M at different

pHs are shown in Fig. 1. Indium hydroxide (In(OH);) (JCPDS
No. 71-2194) and indium oxide hydroxide (InOOH) (JCPDS
No.71-2276) co-existed under all conditions [23]. In(OH); and
InOOH have a cubic and orthorhombic crystal structure,
respectively. The FWHM of the XRD peaks corresponding to the
In(OH); phase was smaller than the FWHM of the XRD peaks
corresponding to indium oxide hydroxide. The crystallite size of
each phase was calculated using equation (1) at 26 = 22.2° for
the main peak of In(OH); and 26 = 25.1° for that of InOOH. Fig.
2 shows the calculated sizes as a function of concentration at
different pH values. The crystallite size of In(OH); increased
from 9 to 36 nm with the increasing pH of the indium chloride
solution, but there was almost no difference in crystallite size
with different concentrations, as shown in Fig. 2(a). The crystallite
size of INOOH was almost independent of the concentration and
pH, with only small changes of 4-7 nm. At pH 9-10, a slight
decrease was observed at 0.1 M. InOOH was not observed at pH
9 and 10, as shown in Fig. 2(b). These results thus indicate that
the increase in the crystallite size of In(OH); depends on the pH,
whereas neither the pH nor the concentration affect the crystallite
size of InOOH.

Fig. 3 shows the derived ratio of the integrated areas of the
XRD peaks corresponding to In(OH); and InOOH with
increasing concentration for different pH values. As both the
concentration and pH increased, the ratio of In(OH); to InOOH
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Fig. 1. XRD patterns of powders obtained at pH (a) 5, (b) 6, (¢) 7, (d) 8, (e) 9, and (f) 10 in 0.1, 0.25, 0.5, 0.75, and 1 M solutions.
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Fig. 2. Crystallite size calculated using equation (1) as a function of concentration of (a) indium hydroxide and (b) indium oxide hydroxide.
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Fig. 3. Ratio of the integrated areas of the In(OH);/InOOH peaks
in the XRD patterns of samples obtained at pH 5 to 9.

In{OL) /In{OH) +InOOH arca ratio(%a)
=]

varied between 1 and 2, and at pH 9, only the In(OH); phase was
present. The above results can be correlated to a pH solubility
curve; as the pH increases, the In(OH); concentration increases

as more OH™ is generated as In*, In(OH)*', In(OH),", In(OH);,
and In(OH); in the solution [24]. In(OH)," ions react with O, to
form an InOOH precipitate. The increase in pH implies an
increase in the OH™. The reason for the presence of InOOH
between pH 5 and 8 is most likely related to the In(OH)," ions
reacting with O, to form an InOOH precipitate. It is assumed that
In(OH); is present due to the complete disappearance of InOOH
at pH 9 with sufficient OH™ ions.

Fig. 4 shows the TEM images of powders synthesized from
two different solutions having a concentration of 1 M and a pH
of 10 and a concentration of 0.1 M and a pH of 5, respectively. In
both solutions, spherical particles with a diameter of 3—5 nm and
rectangular particles with dimensions of ~40 nm x 100 nm were
observed. The size of the spherical particles corresponded to the
crystallite size of InOOH. However, the size of the rectangular
particles did not match the crystallite size of InNOOH or In(OH);.
A high-resolution image of the rectangular and spherical particles
is shown in Fig. 5. The rectangles did not appear as a single
crystal but rather consisted of single crystals and a noncrystalline
species. The size of the single crystal was approximately 10-15
nm and was almost the same as the crystallite size of In(OH);.
The lattice distance shown in Fig. 5(a) is 0.392 nm, which is
equal to the d200 value of In(OH);, indicating that the rectangular
particles were polycrystals of In(OH);. The lattice distances of

Fig. 4. Low-magnification TEM images of (a) indium hydroxide (1 M, pH 10) and (b) indium oxide hydroxide (0.1 M, pH 5).
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(b)

Fig. 5. High-magnification TEM images of (a) indium hydroxide (1 M, pH 10) and (b) indium oxide hydroxide (0.1 M, pH 5).
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Fig. 6. XRD patterns of indium hydroxide obtained after different
aging times.

24+ W - Crystallite size of In{OH)3 from 200 peak
® - Crystallite size of InOOH from 110 peak
20 -
E.. 184 ~m
]
|
5 124
E
2 5]
E,
=
b o o ¢ o o o
u T T T T T U T T

] 2 4 [ & 10 15 40
Aging time(h)

Fig. 7. Crystallite size and D values of samples with different
aging times (0.25 M, pH 7).

the spherical particles with a diameter of 5 nm were also
investigated. As shown in Fig. 5(b), the lattice distance of 0.262
nm agrees with the dl10 value of InOOH, indicating that the
spherical particles were monocrystalline InOOH.

Fig. 6 shows the XRD patterns of powders obtained after
different aging times. The precipitates were obtained by titrating
the liquid indium chloride solution (0.25 M) to pH=7 with
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Fig. 8. BET specific surface areas of indium hydroxide at different
aging times.

ammonium hydroxide solution. The two types of particles
mentioned above were present in all samples. The crystallite
sizes of both particles did not change with the aging times (Fig.
7). The crystallite sizes of In(OH); and InOOH were within a
16.3-18.1 nm and 2.5-3.6 nm range, respectively. These results
are consistent with other observations in our study.

Fig. 8 shows the specific surface areas of the powders obtained
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after different aging times. The specific surface area of the
powder obtained without solution aging was 106.7 m? g!, but
was reduced to 99.34 m? g”' after aging for 4 h and decreased to
99.34 m? g! after further aging. Thus, the specific surface area
significantly decreased as the aging time increased. For the
specific surface area to decrease without the crystallite size
increasing, the particle size should increase to a polycrystalline
size. These results show the significance of controlling the size of
the indium oxide powder obtained by heat treatment of a powder
optained by drying a precipitate.

To determine the effect of aging time on particle size, the
powders aged from 0 to 40 h were observed by TEM. The un-
aged powder had weaker cohesion and a smaller particle size
than the powders aged for 40 h (Fig. 9). The initial deposited
materials consisted of very fine nanoscale particles, which are
assumed to cause the unstable, high-surface-energy state. This
indicates that the particles cohere more strongly to reduce the
surface energy and increase the particle size as the aging time
increases. Once these particles reach a certain size, cohesion
stops, and the particle size remains almost constant. Therefore,
the aging time influences both the cohesion of In(OH); and
InOOH particles and the size of the resulting indium oxide
particles.

Conclusions

The properties of powders synthesized using indium chloride
were investigated as a function of pH, concentration, and
precipitation aging time. In(OH); and InOOH coexisted in the

s004 Mean particle size : 35.36 nm

40h

400 <4

N ""\"\W

T
o 20 40 &0 8o 100 130

i T T

140 160 180 00

Pariicle size(nm)

Fig. 9. TEM images and particle size distributions at 0 h and 40 h aging time.
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powders synthesized at pH 5-8, but only In(OH); was present at
pH levels of 9-10. The crystallite size of In(OH); increased from
9 to 36 nm as the pH of the indium chloride solution increased
from 5 to 10. However, the crystallite size of InOOH barely
changed (average size of 2 to 4 nm) and had little dependence on
solution concentration or pH. Although the crystallite size of
In(OH); did not change much with precipitate aging time, the
specific surface area significantly decreased as the aging time
increased. Such results can improve the size control of indium
oxide particles that are used in ITO targets.
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