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Spherical indium (In) oxide in submicrometer size is considered
as a practical material in photonic bandgap applications. To
obtain narrow size distribution, systematic studies of different
conditions such as precursor concentration, reaction tempera-
ture, and other parameters have been carried out and are re-
ported here. Tri- or dicarboxylic acid of citric acid (CA), malic
acid, and tartaric acid were introduced into the reaction system
and In-precipitates of spherical shape were produced. The
particle size and internal morphology were observed by scan-
ning electron microscopy and transmission electron microscopy.
X-ray diffraction and thermal analysis were performed. The re-
action kinetics analysis shows that the reaction rate depends on
the reaction temperature, urea, and In concentration rather than
on CA.

I. Introduction

TO fabricate a three-dimensional photonic bandgap (PBG)
crystal, mono-dispersed particles with spherical shape and

narrow size distribution are necessary. The term ‘‘mono-
dispersed’’ is used to describe particles in systems with identical
dispersive conditions.1 Mono-dispersed particles can be found in
nature, such as haze, opal, and some other minerals.2,3 Based on
different physical and chemical assembly routes, several
techniques have been developed to produce ‘‘mono-dispersed’’
colloids. However, it is still difficult to synthesize the mono-
dispersed particles or polydispersity by o5% with spherical
shape and submicrometer size. Further, agglomeration should
be prevented for assembling the PBG crystal.

The Stöber4 method is most famous for the synthesis of
mono-dispersed SiO2 spherical particles. Several experimental
parameters, such as reaction temperature (51–801C)5 and ratios
between the precursors, have used tried to control and explain
the mechanisms.

Besides SiO2, Y2O3 spherical phosphor doped with Tb31,6

CeO2 spheres,2 ZnS spheres,2 CdSe spheres,2 CdCO3 spheres,2

Al-hydrous oxide spheres,3 Cr-hydrous oxide spheres,3 MnPO4

spheres,3 ZrO2 spheres,7 ZnO colloidal spheres,8 and TiO2

spheres9,10 have been synthesized.
Indium oxide (In2O3) and its compound, especially for indium

tin oxide, have recently received great attention from material
scientists. In2O3, an n-type semiconductor with a wide bandgap
of about 3.6 eV,11 has been used for optoelectronic devices
because of its photoluminescence properties.11 Along with
its optical properties, In2O3 has also been used as a gas sensor,
for NO2,

12 O3,
13 CO,13 NH3,

14 or H2.
15

Different shapes of In2O3 or In(OH)3 can be produced
by different synthesis processes such as nanofibers or

nanowires,13,16–19 needle-like particles,20 cubes,13,16,21 rod-like
particles,16,22 oval-shaped particles,23 or spherical particles.16,24

To assemble an ideal PBG crystal, the particles should be
spherical, mono-sized in submicrometer scale, and in controlled
dielectric constant. Although Yura et al.16 and Hamada et al.24

claimed that spherical particles could be synthesized by using the
processes reported by them, the particles were not spherical and
some fine feature (or subunits) can be observed in the reported
micrographs.

In this study, we tried to synthesize spherical, mono-sized
In2O3 by the sol-precipitation method for the applications of
PBG crystal and study its formation kinetics. Adding
a-hydroxyl acids (AHAs) such as citric acid (CA), tartaric acid
(TA), and malic acid (MA) was found to change the shape of the
In-precipitates from anisotropic to spherical in this study. CA,
TA, and MA are carboxylic acids, and their acidity comes from
the carboxyl groups (COOH). Each acid can sequentially release
protons into the solution.

II. Experimental Procedure

Indium nitrate (In(NO3)3) (99.9%, Titanex Corp., Taoyuan,
Taiwan, MW5 318.83 (g/mol)) was the starting material in
this study. Urea (CH4N2O, 99.5%, Acros, Morris Plains, NJ)
was used to adjust the pH when the diluted nitrate solution was
heated to temperatures higher than 651C. CA (C6H8O4, reagent
grade, Acros), MA (C4H6O5, reagent grade, Acros), and TA
(C4H6O6, reagent grade, Acros) were used. Specific ratios of
In(NO3)3 solution, CA, and urea were mixed as precursors and
reacted at 751–901C for 3–24 h to form a white spherical pre-
cipitate. MA and TA were used as the comparison cases. From
several preliminary tests, it was found that the concentration of
[In31]:[CA]:[urea]5 2:1:15 can be taken as the basic condition
for generating a well-dispersed sphere.

Before further analysis, the precipitates after washing were
dried at 1051C for at least 30 min. The particle size and mor-
phology were studied by field emission scanning electron
microscopy (FESEM-1530, LEO Instrument, Cambridge,
U.K.). The particles were dispersed in deionized water, and
then dropped on a carbon film or silicon wafer. After drying the
solution, the sample was coated with carbon or Pt to improve
the electric conductivity of the sample. The particle size was
statistically measured from at least 150 particles. For indepth
study, a transmission electron microscope (TEM 100 CXII,
JEOL Co., Tokyo, Japan) was used. The powder sample was
placed in a Pt crucible and tested using thermogravimetric anal-
ysis (TGA) and differential thermal analysis (DTA) (Thermal
Gravity Analyst 2000, Dupont Co., Wilmington, DE) systems.
The crystalline phase was identified by an X-ray diffractometer
(XRD, Philips PW 1972, Philips Instrument, Eindhoven, the
Netherlands) using CuKa radiation. The applied voltage and
current of the XRD were set at 30 kV and 20 mA, respectively.
The scan speed was 3o/min. The pH value of the solution was
measured by a pH meter (SP-7, Digital pH Meter, Suntex,
Taipei, Taiwan). Reaction kinetics with different CA additions
were determined by monitoring the residual In31 in solution by
ICP-OES (JOBIN YVON Ultima2000, Longjumeau, France).
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III. Results

(1) Effect of CA Addition and Reaction Temperature

The concentration of CA was adjusted from 0.1� 10�2m (mol/
kg) to 2.0� 10�2m to study the effect of CA concentration as
listed in Table I. For A-1 formulation, no precipitation occurred
until 24 h at 901C. Once the concentration of CA increased
to 0.5� 10�2m (i.e., A-2), spherical particles were generated in
o3 h. However, slight agglomeration was noted when the con-
centration of CA was 41.0� 10�2m (i.e., A-4 and A-5), as
shown in Fig. 1. The size distribution became wider as more CA
was used. The mean particle size of the precipitates versus the
concentration of CA is plotted in Fig. 2. A linear relationship
between the mean particle size and the concentration of CA is
noted. The average particles size of In-precipitates can be
manipulated by modifying the concentration of CA.

To investigate the internal structure of the particles, one of
the samples (A-3) was calcined at 8001C for 1 h and then milled
by ion milling. Typical images of bright field (BF) and center
dark field (CDF) with diffraction pattern (DP) by TEM are
shown in Fig. 3. Before calcination, In-precipitates displayed an
amorphous phase (the XRD patterns would be shown later) and
transformed to crystalline phase after heat treatment higher
than about 4001C. The BF cross-section image (Fig. 3 (a))
shows that the structure of the particles has a hollow core af-
ter calcination. The DP shown in Fig. 3(b) reveals that the

structure is polycrystalline In2O3 phase. Twenty to 50 nm crystal
size can be observed from CDF, as shown in Fig. 3(c).

From the results of the reaction at 901C, two disadvantages,
large size distribution and agglomeration, should be prevented
for the applications. Therefore, the reaction temperature was
decreased to 801 and 751C to decrease the reaction rate and to
manipulate the precipitation condition.

Fig. 1. Scanning electron microscopic and transmission electron microscopic micrographs of precipitates with different citric acid (CA) additions
(901C). (a) CA5 0.1� 10�2m (24 h), (b) CA5 0.5� 10�2m (3 h), (c) CA5 1.0� 10�2m (3 h), and (d) CA5 2.0� 10�2m (3 h).

Table I. Formulation and Synthesis Conditions of the Particle
Synthesized with Different Citric Acid Addition

Sample name In31 Citric acid Urea Temperature (1C) Time (h)

A-1 2 0.1 15 90 24
A-2 2 0.5 15 90 3
A-3 2 1.0 15 90 3
A-4 2 1.5 15 90 3
A-5 2 2.0 15 90 3
B-0 2 0 15 80 7
B-1 2 0.1 15 80 7, 24
B-2 2 0.3 15 80 7
B-3 2 0.5 15 80 7
B-4 2 1.0 15 80 7
B-5 2 1.5 15 80 7

The unit of the concentration is 10 �2 mol/kg.
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B-0 sample (without CA addition) shows stick-like precipi-
tates, which is similar to our previous results.22 Besides, when
the ratio of [CA]/[In31] in B-series samples was equal to or
higher than 0.5, some agglomeration or dumbbell structure was
seen. At 801C, the solution produced precipitates in o7 h.
However, if a little CA, i.e., B-1 with 0.1� 10�2m CA, was add-
ed, no precipitates could be obtained until more than 10 h.

The SEM results show that the more the CA used, the larger
the particle size. The TEM result of the B-1 case revealed that
the precipitates are amorphous and form a cluster, as sample
A-1. Each cluster was o50 nm. A linear relationship between
particle size and concentration of CA can be obtained, which
exhibits results similar to the cases aged at 901C (Fig. 4). Besides,
the size distribution and dispersive conditions at 801C were
obviously improved.

(2) Reaction Kinetics for Different Concentrations

For further examination, reaction kinetics were analyzed by
ICP. Here, we set the ratio of [In31]:[CA]:[urea]5 2:1:15 as the
standard (STD) condition. Then, the concentration of STD was
decreased proportionally as listed in Table II. For the C-series,
the linear relationship was characteristic of a zero-order reaction
and the reaction rates for C-1(A-3)–C-4 decreased from 9.2 to 2
ppm/min, as shown in Fig. 5(a). This means that a lower initial
concentration would result in a slower reaction rate. It may be
caused by the lower concentration of [In31] or [CA] or [urea], or
all of them. At 901C, almost all the [In31] was used up for all the

cases before being aged for 6 h. Similar results could be seen in
the D-series, as shown in Fig. 5(b). The reaction rates decreased
from 1.38 to 0.31 ppm/min. Thirty hours are necessary to use up
the contents of [In31] for the D-series aged at 751C.

To examine the effect of CA on reaction rate, the residual
[In31] during reaction for B-0, B-2, and B-4 was monitored by
ICP. As shown in Fig. 6, the fitting curve revealed the reaction
rates for those three cases as equal, about 2.0 ppm/min, which
means the reaction rate was not influenced by the addition
of CA.

The activation energyQ of the reaction in cases with different
initial concentration, revealing the dependence on temperature,
was calculated by the Arrhenius equation. The reaction
rate R(T) varied as a function of the reciprocal absolute
temperature, i.e.,

RðTÞ ¼ R0expð�Q=RgasTÞ (1)

where R0 is the frequency factor or preexponential factor, Rgas is
the gas constant, which is equal to 8.314 J � (mol �K)�1, and T is
in absolute or Kelvin units.

An Arrhenius plot of reaction rates versus reciprocal absolute
temperature for three cases (STD, 50% STD, and 25% STD
condition) is shown in Fig. 7. The activation energies for the
three cases are �139.7, �123.9, and �130 kJ/mol, respectively.

(3) Synthesis and Analysis of Mono-dispersive In-Precipitate
Particles

The SEM image was shown for sample D-3; particles in
well-dispersed and narrow size distribution were obtained
when aged at 751C for 5 h (Fig. 8(a)). When aged for a longer
period, i.e., 16 h, better size distribution can be observed as
shown in Fig. 8(b). The average size increased from 390 to
420 nm, and the standard deviation decreased from about 60 to
50 when aged from 5 to 16 h.

Fig. 2. Effect of citric acid concentration on the particle size of A-series
samples aging at 901C for 3 h.

(222)

(512)

(622)

(a) (b) (c)

In O (#06-0416)

Fig. 3. Transmission electron microscopy cross-sectional micrographs
of the sample (A-3) after calcination at 8001C/h (101C/min). (a) Bright
field image of the sample and (b) diffraction pattern being indexed ac-
cording to the In2O3 phase (JCPD file #06–0416). (c) Center dark field
negative image (the same position with (a)). The hollow core and solid
shell can be observed.

Fig. 4. Average particle size plotted against citric acid concentration.
Aging temperature was 801C for 7 h.

Table II. Formulation and Synthesis Conditions of the
Particle Synthesized with Different STD Ratios

Sample

name In31

Citric

acid Urea

Temperature

(1C)

Time

(h)

C-1 (A-3) 2 1 15 90 1–12
C-2 1.5 0.75 15 90 1–12
C-3 1 0.50 15 90 1–12
C-4 0.5 1.5 15 90 1–12
D-1 2 1 15 75 1–36
D-2 1 0.5 7.5 75 1–36
D-3 0.5 0.25 3.75 75 1–36

The unit of the concentration is 10�2 mol/kg.
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TGA and DTA results of D-3 aged for 16 h are shown in
Fig. 9. Major mass loss started from about 3001C and ended at
3601C. No obvious exothermic or endothermic peak was noted
below 3001C. However, a large exothermic peak started at about
3501C. Compared with sample B-0, which is the crystalline In
(OH)3 phase, the DTA result (Fig. 9, dotted line) reveals
an endothermic peak before 3001C because of the dehydration
reaction.

XRD patterns (Fig. 10) for sample D-3 are amorphous. For
sample B-0 (without adding CA), the crystalline phase is
In(OH)3. After calcination at 5001C/h, sample D-3 transforms
into In2O3 phase.

Figure 11 shows the result of the Fourier transform infrared
(FTIR) analysis of sample D-3 (aged for 16 h). The sample was
dried at 801C for 3 days. As shown by Taguchi et al.’s report25

(synthesis of LaMnO31d with CA), the carboxylate anion
resulted in absorption peaks at 1550–1650 and 1400 cm�1 for
strong asymmetric stretching and weak symmetric stretching,
respectively. The other peaks resulting from the In–O and
In–OH bands were observed in the spectrum.26

(4) Effect of TA and MA

Besides CA, TA andMA are also a part of AHAs and are a sort
of carboxylic acid with the carboxyl group COOH in their
structure. CA is a tri-carboxylic acid, and TA and MA are di-
carboxylic acids. Thus, they should perform similar functions.
Table III listed the experimental conditions for the comparison
of CA, TA, and MA with different concentrations. Figure 12
shows the SEM images of precipitates for the cases listed in Ta-
ble III. All the samples were aged at 801C for 6 h. As anticipat-
ed, the cases with added TA and MA resulted in spherical
precipitates, with size increasing with increasing amounts of the
acids.

IV. Discussion

From the results of the A-series as shown in Fig. 1, the sizes of
particles were noticeably influenced by the amount of CA.

Fig. 5. Residual [In31] in solutions for different percentages of standard aged at (a) 901C and (b) 751C.

Fig. 6. Residual [In31] in solutions for different amounts of citric acid
(CA) addition aged at 801C. The reaction rates for the three different
cases are nearly equal to �2 ppm/min, even for the case with CA
addition.

Fig. 7. Arrhenius plots of reaction rates versus the reciprocal absolute
temperature for three cases. The activation energies for these three cases
are �139.7, �123.9, and �130 kJ/mol, respectively.
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Especially for sample A-1, the amount of CA is too small to
result in individual spherical particles. A similar result can also
be observed in sample B-1 aged at 801C. Further, the linear re-
lationship between particle size and concentration of CA can be
obtained for A- and B-series (Figs. 2 and 4), meaning the reac-
tion mechanism for both series are analogous. ICP results for
the B-series, i.e., B-0, B-2, and B-4 (Fig. 6), can prove that add-
ing CA would not speed up the reaction rate with or without CA
addition. Therefore, the correlation of size and amount of CA
can be explained with respect to nucleation. For cases B-2 and
B-4 (801C/7 h), the particle size is about 100 and 420 nm, re-
spectively. After 7 h of reaction, the residual [In31] is about 1200
and 1500 ppm for cases B-2 and B-4, respectively. The volume of
a sphere is proportional to r3. Therefore, the volume ratio for
cases B-2 and B-4 is 1:4.235 1:74. It is assumed that all the par-
ticles have the same density, as a result of which the nuclei
number ratio between cases B-2 and B-4 can be calculated as
100:1. Therefore, adding CA could reduce the formation of
nuclei in the solution.

In our previous study,22 we proved that the consumption rates
of [In31] revealed the precipitation kinetics of In-precipitate

Fig. 8. Scanning electron microscopic micrographs revealing the size distributions of D-3 with different aging periods, (a) 5 h and (b) 16 h, and their size
distributions.

Fig. 9. Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) analysis for sample D-3 aged for 16 h. DA analysis
for B-0 (without citric acid addition) was also done for comparison. The
mass of In-precipitate (In-ppt) for TA was about 8 mg. Analysis range is
from room temperature to 5001C with a heating rate of 51C/min.
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to be a zero-order reaction with time at 651–851C without CA
addition. In other words, the precipitation reaction was urea
decomposition controlled. The same result can be obtained in
the system with CA addition, as shown in Fig. 5. By generalizing
the results from Fig. 5, the reaction rate constant k for C- and
D-series can be plotted. Figure 13 shows the relationship be-
tween the reaction rates and the concentration percentage of
STD for C- and D-series. k90 (5 96� 10�3) is the rate constant
for C-series aged at 901C and k75 (5 14� 10�3) is for D-series

aged at 751C. For both cases, the linear relationship behavior
related to the concentration. From this figure, the effect of
temperature for reaction rate could be fully expressed.

Several studies serve as comparison cases corresponding to
the synthesis processes with urea reacted at different tempera-
tures. Figure 14 shows the Arrhenius plots of reaction rates for
several cases. The activation energies for Q1, Q2, and Q3 are the
decomposition of pure urea,27 the precipitation of Tb31-doped
Y(OH)CO3 �H2O with the addition of urea,6 and the precipita-
tion of In(OH)3 with urea, respectively. Q4 is the result calcu-
lated from Fig. 13 in this work. The activation energies for Q2,
Q3, andQ4 are 137, 128, and 137 kJ/mol, respectively. The result
ofQ4 agrees with the references, implying that the mechanism of
reaction in this study is the decomposition of urea.

DTA results (Fig. 9) show an endothermic peak of sample
B-0 (without CA addition), indicating the phase transformation
of In(OH)3 to In2O3. However, an exothermic peak (at about
3501C) of the sample by CA addition can be observed in sample
D-3. It is commonly understood that if the precipitate of D-3 is
hydrous, the decomposition of OH bonds would result in an
endothermic peak rather than an exothermic peak. As a result,
we are sure the spherical In-precipitate is a kind of In complex
compound, and the combustion of the compound undergoes
heat release and transforms to the In2O3 phase. TA-mass result
shows a gas with an atomic number of 44, i.e., CO2 would re-
lease from the sample when heated higher than 3501C. The
FTIR result (Fig. 11) shows that carboxylate anion can be de-
tected in the powder. The combustion of the carboxylate anion
would result in an exothermic reaction releasing CO2 gas. The
violent carboxylate anion burnout would result in the porous
structure or hollow core of powder, as shown in TEM cross-
section images (Fig. 3).

From the results described above, there are two parameters
that need to be monitored. First, adding CA could affect the
nucleation and growth behavior of the In-precipitate. Without
CA addition, single crystalline particles of oval or stick-like
structures were formed. The longitudinal direction of the pre-
cipitate was /110S.22 However, in the presence of CA, the
growth rates in all directions are the same; thus, the reaction
results in spherical precipitates with an amorphous state.

Second, when the addition of CA is inadequate, no In-
precipitate could be obtained or the In-precipitate would be
too small to be observed unless aged for longer than 24 h at
temperatures 4801C. Additionally, instead of spherical parti-
cles, clustering In-precipitates would be obtained. Again, with
an increase in the CA concentration, the particle size increases
accordingly.

When assembling the PBG crystal, it is necessary to examine
the size distribution of the particles used. The coefficient of

Fig. 10. X-ray diffraction patterns for sample D-3 aged for 16 h (as-
calcined In-ppt with citric acid (CA)) and B-0 (without adding CA), and
sample D-3 after 5001C/h of calcination.

Fig. 11. Fourier transform infrared analysis of sample D-3 (aged for
16 h). The sample was dried at 801C for 3 days. The carboxylate anion
resulted in absorption peaks at 1550–1650 and 1400 cm�1 for strong
asymmetric stretching and weak symmetric stretching, respectively.25

Some In–OH or In–O bands can also be seen in the literature.26

Table III. Experimental Conditions for the Addition of
Different a-Hydroxyl Acids (AHAs)

Number

Concentration (M)

Aging

period

(h) NotesIn31

Citric

acid

C6H8O7

Tartaric

acid

C4H6O5

Malic

acid

C4H6O6

Urea

CH4N2O

E-1 0.8 0.1 X X 1.2 6–24 No
precipitate

E-2 0.8 0.5 X X 1.2 6–24
E-3 0.8 1.0 X X 1.2 6–24 Agglomera-

tion
F-1 0.8 X 0.1 X 1.2 6–24
F-2 0.8 X 0.5 X 1.2 6–24
F-3 0.8 X 1.0 X 1.2 6–24
G-1 0.8 X X 0.1 1.2 6–24
G-2 0.8 X X 0.5 1.2 6–24
G-3 0.8 X X 1.0 1.2 6–24 Agglomera-

tion

The unit of the concentration is 10�2 mol/kg.
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variation or polydispersity, Cv, is usually adopted to represent
the degree of size distribution.28

dave ¼
P

nidiP
ni

(2)

Cv ¼
P

di � daveð Þ2=
P

ni

n o1=2

dave
(3)

Cv values of E-2, F-2, and G-2 are close to 20%. As a result,
two criteria of particle synthesis should be followed to obtain
mono-dispersive particles. First, the precipitation should take a
longer aging period and allow particles to undergo the ripening
step, so that particles can grow uniformly. This is one method to
reduce the polydispersity. The results of D-3 samples represent
evidence showing the polydispersity decreasing from 15% to
11% when the aged time increased from 5 to 16 h. The second
point is about the pH value for the whole precipitation proce-
dure, including nucleation, growth, and ripening. The acidity
should be lower than the IEP. Otherwise, particle agglomeration
would occur and possibly form dumbbell-like particles. Once the
initial urea concentration is too high, the decomposition of urea
releases too much OH� ion and increases the pH value of the
solution. This explains why the longer the aging time, the harder
the agglomeration state, as seen in many cases with higher urea
concentration.

Fig. 13. Relationship between reaction rates and the concentration
percentage of standard. k90 is the rate constant for C-series aged at
901C (96� 10�3) and k75 is the rate constant for D-series aged at 751C
(14� 10�3).

Fig. 12. Morphologies of In-precipitate with different a-hydroxyl acid additions, and concentrations aged at 801C for 6 h. The unit of the
concentration is 10�2m.
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V. Conclusions

In this study we have demonstrated how to synthesize spherical
particles using the homogeneous precipitation method with the
addition of CA, TA, or MA. The chemicals are all carboxyl
acids and possess similar functions. The reaction rate in this
study is controlled by the amount of urea, while the nucleation
mechanism is affected by the quantity of CA. A similar trend
can also be found in the MA and TA system. To obtain particles
with a low polydispersity, good control of the concentration of
urea and keeping the pH value of the solution always far from
the IEP point are two important factors that can prevent ag-
glomeration. A longer aging time results in a uniform particle
size because of the final stage of particle growth by ripening, and
the resulting mono-dispersed state.
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