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Nano- or submicron In(OH); and In,O3 particles of different
morphologies were synthesized from a nitrate solution by a ho-
mogeneous precipitation process. By using X-ray diffractome-
ter, thermogravimetric analysis, transmission and scanning
electron microscopes, and inductively coupled plasma-optical
emission spectrometry, the properties of particle growth were
analyzed. The results indicated that the kinetics of the hydrol-
ysis reaction of In>" was a zero-order reaction with an activa-
tion energy of 128 kJ/mol, which implied that the reaction was
controlled by the decomposition kinetic of urea additive. The
growth anisotropic of particles, pH value of reaction solutions,
residual In®" concentration relative to aging time with different
temperatures and starting concentrations were reported in this
study. Calcination of the hydrate to form In,O3 particles be-
tween 300° and 900°C did not greatly change the morphologies
of the particles.

1. Introduction

IND[UM oxIDE (InyO3), an n-type semiconductor with a wide
bandgag of about 3.6 eV, has been used as a luminescent
material,’? microelectronic material for the devices of solar
cells, and flat panel displays. The oxide with an appropriate do-
pant can also be used as architectural glasses,® gas sensors,*
photocatalysts® for the oxidation of organic and inorganic com-
pounds, or an electrically conductive pigment.°®

Many powder synthesis methods using urea decomposition
have been reported. Basically, the chemical reaction is based on
controling the acidity of a solution and can be described as below.

(NH,),CO + 3H,0 — CO, + 2NH + 20H" 1)

Previous studies” ' have demonstrated that urea could play
an essential role in the formation of uniform particles. Boschini
et al.” prepared nano-sized barium zirconate powder by thermal
decomposition of urea in an aqueous solution containing Ba>*
and Zr**. Another case was reported by Wang et a/.® on uni-
form needle-like aragonite particles obtained by aging the solu-
tions of Ca salts in the presence of urea at 90°C. Song and Kang °
demonstrated that high-surface area and monodispersive tin ox-
ide powder has been synthesized with the help of urea decom-
position. They found that the formation of different polymorphs
of ceramic particles was affected greatly by the concentration of
reactants, as well as by the mixing procedure. Similar homoge-
neous precipitation methods have also been used to synthesize
ZnS,'% Fex(SO4)5,'! Cd,05- and Sm,05-doped CeO, solid elec-
trolyte powder,'*"® and YBO;:Eu’" luminescent material.'*
However, only a few articles'>! have focused on the prepara-
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tion of In,O3 or In(OH); powders by using the homogeneous
precipitation method.

Monodispersive and uniform particles have many potential
and important applications, e.g., for the manufacture of pho-
tonic bandgap crystals, catalysts, or as model materials for fun-
damental studies in colloidal and surface sciences. In this paper,
we report our observation on the precipitation behavior of
In(OH); with different aging periods and urea additions. The
kinetics of the hydrolysis reaction of In** at the temperatures
65°-85°C is quantified and investigated in this work.

1L

(1) Materials and Sample Preparation

Two chemicals, indium nitrate (99.9% pure, Titanex Corp.
Monchaltorf, Switzerland), and urea (99.5% pure, Acros,
Geel, Belgium) were used for the preparation of In(OH); and
In,O; particles. In this study, the source of OH™ came from the
thermo-decomposition of urea in an aqueous solution.

The experiments used the solution concentration of In(NO3)3
at 0.02 mol/L, and the urea concentration adjusted from 0 to 3
mol/L. The urea was dissolved in the de-ionized water, and then
added in the diluted In(NOs3); solution. The mixture was sealed
in a glass jug and aged at either 85° or 65°+0.2°C, which was
named either “process A” or ““process B.”” The aging of the so-
lutions lasted normally up to 17 h.

Experimental Procedure

(2) Characterization
White precipitates were observed in the reaction mixture in less
than 30 min. The precipitation reaction could be terminated by
instant dilution of the suspension in de-ionized water on cooling
at room temperature. To separate the particles, dispersions were
centrifuged for 40 min at 6000 rpm and the supernatant solution
was discarded. This centrifugation process was repeated at least
three times. For each cycle, the centrifuged particles were re-dis-
persed in the de-ionized water. In the first cycle, the supernatant
solution was collected and diluted for inductively coupled plas-
ma (ICP)-optical emission spectrometry (OES) measurement.
Dry powder was collected from centrifugation of suspension
and washed by de-ionized water at least three times and then
dried at 105°C for more than 1 h. About 10 mg of the powder
sample was placed in a Pt crucible and tested in a thermogravi-
metric analysis (TGA) system (Thermal Gravity Analyst 2000,
Dupont Co., Wilmington, DE). The particle size and morphol-
ogy were examined by scanning and transmission electron mi-
croscopes (Field Emission SEM, LEO 1530, Cambridge, U.K.;
TEM 100 CXII (JEOL Co., Tokyo, Japan). The crystalline
phase was examined by X-Ray diffractometry (XRD, Philips
PW1710, Philips Co., Eindhoven, the Netherlands). The particle
size and the aspect ratio were statistically measured from the
SEM micrographs based on at least 50 particles.

1118

(1) Properties of Precipitates Prepared at 85°C

The monodispersed nature and oval shape of the precipitates
can be observed in Fig. 1. For process A, the size distribution is

Results
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Fig.1. Scanning electron microscope micrographs of sample A-2 with 0.5 mol/L of urea addition aged for (a) 6 h and (b) one precipitate at a higher
magnification, and (c) transmission electron microscope BF image and diffraction pattern (DP) of sample A-2. The DP shows that the oval-shaped
particle has an InO(OH) phase with an orthorhombic structure, and the zone axis is [001].

narrow. Detailed surface morphology can be observed in the
magnified image of Fig. 1(b). The particles seemed to be assem-
bled from thin rods having diameters of about 30 nm. Similar
morphologies could be found for the other cases of process A.
A difference in particle sizes, but similarity in oval shape and
thin rod assembly, are the characteristics of the precipitates. The
TEM BF image and the diffraction pattern (DP) of sample A-2
are shown in Fig. 1(c), which shows a single crystalline charac-
ter. The nano-rods of the oval particle showed a similar crys-
talline orientation. The longitudinal direction of the particle was
{110 of the InO(OH) phase. However, the pattern became
diffuse when the sample was exposed to a 100 keV electron beam
just for a few minutes.

The statistical results (measured from SEM micrographs) of
particle size (Ilength and width) as a function of aging periods are
shown in Fig. 2. In all cases, the particle sizes almost stopped
growing, when aged for 2 h. The pH value increased with in-
creasing urea addition. In the case of 1.0 mol/L of urea addition,
the precipitate grew to the largest particle size, both in terms of
length and width. The particle size increased with increasing
urea addition as the concentration of urea was < 1.0 mol/L, and
reached the largest value of about 1300 nm in length, and 300
nm in width, but decreased when more urea was added. The
possible reasons for this will be discussed later.

The pH values decreased with the aging period in the case of
no urea because of the hydrolysis process of the indium ion in
solution. The OH™ ion in solution participated in the hydrolysis
reaction, and then the concentration of OH™ ion in solution
decreased with aging. In the other four cases (Fig. 2), the pH
value first remained strong acidic, but increased dramatically on

aging for a period of time. The more the urea added, the faster
the pH increased. In order to interpret the phenomena, the I[CP—
OES test of In species in solution was performed to examine the
change of the In concentration in solution during the reaction.

The ICP-OES results of the residual concentration of In spe-
cies in the reaction solution plotted against the aging period are
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Fig.2. Particle size (length, width) of process A with the addition of
different urea concentrations plotted against the aging period.
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Fig.3. Residual concentration of In ions in the solutions of (a) process
A, aged at 85°C and (b) process B, aged at 65°C, plotted against the
aging time.

shown in Fig. 3. For process A, when 0.5 mol/L of urea was
added the residual In ion was almost used up on aging for longer
than 3 h. Similar situations were observed for other cases. In
ions reduced to a 3 ppm level on aging after 90, 30, and 25 min
when 1, 2, and 3 mol/L of urea was added, respectively, as
shown in Fig. 3(a). The pH value increased dramatically as the
In ions completely hydrolyzed.

The TEM micrographs of sample A-2 that was aged for 6 h
are shown in Fig. 1(c). The diffraction pattern of the oval-
shaped particle revealed a polycrystalline pattern with g; =110
and g, = 110 faces of the InO(OH) crystal. The longitudinal di-
rection is (110), and further study of the XRD and the crys-
talline index will be discussed later. This is the reason why the
precipitates grew to rod like or oval shape. A different result can
be found in the research reported by Avivi et al.'® who reported
on the nano-sized needle-shaped In(OH); particles prepared via
the sonication of an aqueous solution of InCl; at room temper-
ature and at 0°C. The TEM micrographs in their paper revealed
bundles of rod-like structures, and were indexed as one In(OH);
phase and one unknown phase by XRD. However, the un-
known phase can be indexed as an InO(OH). They did not
explain why the precipitates showed one type of precipitate
morphology, but two crystalline phases.

(2) Properties of Precipitates Prepared at 65°C

The average particle size of the In precipitate reported in this
section was measured by Zetasizer (3000 HSA, Malvern Instru-
ments, Malvern, U.K.). The average particle size plotted against
aging time with different urea concentrations is shown in Fig. 4.
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Fig.4. Geometric diameter of process B with different urea concentra-
tions plotted against aging time.

There is a great difference in particle size between the cases with
either a higher or a lower addition of urea. In lower urea content
cases, €.g., 0.5 and 1 mol/L of urea, the average particle size was
less than 100 nm on aging for 9 h. But when urea concentrations
of 2 and 3 mol/L were used, the measured size of the particles
reached about 200 nm on aging for only 1 h, and rapidly grew to

> 1000 nm in 6 h. The ICP study, the ICP result of this process
is shown in Fig. 3(b). A result similar to process A can be ob-
tained; as the In ion in solution decreased to a level of 30 ppm,
the pH value increased dramatically (Table I).

B-series samples were dried at 105°C for 1 h and then ob-
served by SEM. Only the case of B-4 is shown in Fig. 5. Stick-
like precipitates could be observed in SEM micrographs (Figs.
5(a) and (b)) on aging for 12 h or less. But on aging for a longer
time, e.g., 16 h, submicron cubic particles began to form and
grew to a larger size on aging for 23 h. The quantity or size of the
cubic particle did increase with the aging time, as shown in Figs.
5(c) and (d).

The TEM image and diffraction pattern of stick-like particles
in the B-4 case (aging for 12 h at 65°C) are shown in Fig. 6. The
detailed surface morphology and the surface condition of the
stick-like particles can be observed clearly. The stick-like parti-
cles seem to consist of very thin rods having a diameter of about

Tablel. Formulations and Experimental Conditions in this
Study

Concentration (mol/L)

3+

Sample In Urea to(min)
Process A: aging at 85°C
A-1 0.02 0
A-2 0.02 0.5 120
A-3 0.02 1 55
A-4 0.02 2 33
A-5 0.02 3 28
Process B: aging at 65°C
B-1 0.02 0
B-2 0.02 0.5
B-3 0.02 1
B-4 0.02 2
B-5 0.02 3
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Fig.5. Scanning electron microscope micrographs of B-4 sample aged for (a) 5 h, (b) 12 h, (c) 16 h, and (d) 23 h. Note that the fine cube-shaped particles
grew after aging for 12 h.

6-10 nm. A similar structure can be seen for process A as well. # 16-161). The stick-like particles are poorly crystalline and be-
The diffraction pattern in Fig. 6(b) reveals that the cubic-shaped come amorphous on exposure to a 100 keV electron beam for a
particle is a cubic (BCC) structure of an In(OH); phase (JCPDF few minutes. A similar situation can be seen in the oval-like

particle in process A.
The XRD results of the precipitate of the B-4 case with dif-

(a)
ferent aging periods are shown in Fig. 7. Note that the diffrac-
tion intensity in Fig. 7 is shown using a log scale. Two major
peaks for the case of 12 h aging can be identified, i.e. (200) and
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Fig.6. (a) Transmission electron microscope BF micrograph and (b) Fig.7. X-ray diffractometer results of the precipitates of B-4 samples
diffraction pattern of a cubic particle with a zone axis [001]. The sample aged for 12 or 23 h. The precipitates were dried at 105°C for 1 h before

was obtained on aging for 23 h at 65°C with 2 mol/L urea addition. the test.
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(400) of the In(OH); phase. In addition, a minor InO(OH)
phase can be identified. Compared with the diffraction infor-
mation of In(OH); in JCPDF # 16-161, the preferred orienta-
tion is apparently {200}. From the TEM diffraction pattern
result, the cubic particles of In(OH); phase contributed to the
major diffraction intensity in the spectrum. At the same
time, the poor crystallinity of the InO(OH) phase provided the
main diffraction intensity and induced boarder peaks as shown
in the spectrum.

The TGA test result (not shown in this paper) of the B-4
sample aged for 23 h at a heating rate of 2°C/min revealed that
the main mass loss occurred at about 200°C, indicating a dehy-
dration reaction of the In precipitate at about 200°C. In order to
assure that a reaction occurred at this temperature, the precip-
itate was calcined at different temperatures and examined by
XRD. After calcination at different temperatures for 1 h at a
heating rate of 10°C/min, the XRD results revealed that on cal-
cination at 200°C, the powder sample still displayed the In(OH);
phase, but disappeared and converted into an In,O3 phase at
300°C or a higher temperature. The XRD results of the samples
treated at high temperatures show that the main weight loss
occurred because of the decomposition of the InO(OH) and
In(OH); phases into the In,O; phase. However, a TGA test
could not distinguish the exact temperature region between the
dehydration of InO(OH) and In(OH); phases. This is because
the dehydration temperature of both phases is approximately
200°C and almost overlaps.

After high-temperature calcinations of the precipitate, the
particles almost retained their original morphology. In the case
of the treatment at 900°C, the particles still retained their shape,
but nano-domains appeared on the surface. The domain bound-
aries could be observed on the surface of the cubic particles.
Based on the results, monodispersive In,O5 particles can be ob-
tained by heating at a temperature higher than 300°C for 1 h.

It appeared that the InO(OH) phase was generated in the so-
lution first. With increasing aging time the cubic In(OH); phase
began to form. This change from mono-hydrate InO(OH) to
the tri-hydrate phase is not common for an ordinary hydrother-
mal process. This may be becuase of the high concentration of
urea addition. The decomposition of urea provides enough
(OH)™ in the solution, and cubic particles would be formed by
a particle-ripping phenomenon.

IV. Discussion

(1) Thermal-Activated Growth

After completion of best fitting of the curves of ICP-OES tests
as shown in Figs. 3(a) and (b), a linear relationship was observed
between the concentration of the residual In ions and the aging
time of the solution, in which the concentration of In was higher
than the lowest level e.g., 3 ppm. The slopes of all the cases can
be considered as the reaction rates of the precipitation.

The rate law for a zero-order reaction is'®

_ A e
R= ==k =k 5

where k is the reaction rate (ppm/min), R is the reaction rate,
and [C] is the concentration of In*" in solution. The reaction
rate (R) is constant and independent of the concentration [C] of
the reacting substance. To calculate the kinetic behavior of the
reaction, Eq. (1) is considered as a differential form, and inte-
grating over a time period. Assuming that the concentration of
In** at 1, =01is [C]y, and 75 is [C],,

d[C] = -k dt 3)
where ¢ is the aging time (min). Equation (3) can be rewritten as

(€], = [Cly =kt “)
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A plot of [C] versus time would yield a straight line with an in-
tercept [C]y and a slope k. In the case of no urea addition the In
ion was hydrolyzed and there was a decrease in the pH value of
the solution:

In** + 3H,0 — In(OH), + 3H* (5)

In the case of urea addition, the In ion would react with OH™
which was supplied by the decomposition of urea:

In*" + 3(OH)” — In(OH), (6)
The urea decomposition associated with the precipitation is
3(NH,),CO + 3H,0 — 3CO, + 3NH} + 30H~ (7

The relationship of urea decomposition with the precipitation of
In(OH); can be shown by combining Egs. (6) and (7).

In** +3(NH,),CO + JH,0
— In(OH) ) +3COy() + 3NH 8)

In the temperature range of 65°-85°C, the In ions would hy-
drolyze to form an In precipitate at a constant reaction rate, and
possess the characteristics of a zero-order reaction. However,
the reaction rate increased with increasing urea addition. In
other words, the decomposition of urea controls the hydrolysis
rate of In**.

The ICP-OES results (Fig. 3) provided the evidence that the
particle size in the case of higher urea additions did not increase
after aging for more than 30 min (Fig. 2). Consequently, the pH
value also remained constant.

The slopes of the reaction rates versus urea additions are de-
fined as the rate constant k. The values of the reaction rate con-
stant of processes A and B were 32.38 and 2.88, respectively. The
dissimilarity between these two processes is because of the different
decomposition rates of urea at 65° or 85°C. Shaw and Bordeaux'’
reported the decomposition of urea in aqueous media at elevated
temperatures. Their rate constant reported in the literature versus
the processing temperature were plotted in Fig. 8.

Temperature (°C)
90 85 80 75 70 65 60

Q4 =133 kJ/mol (William, 1955)

In(ko) = —15.5 * (1000/T)+ 46.8

Reaction rate constant, In(k)

- Q, = 128 kJ/mol

2.8 2.9 3
Reciprocal Temperature, (1/K)*1000

Fig.8. Arrhenius plot of the rate constant versus the reciprocal Kelvin
temperature. The activation energy (Q;) for the decomposition of urea
reported by Shaw and Bordeaux'” was about 133 kJ/mol. The activation
energy (Q,) for the precipitation of In(OH); is about 128 kJ/mol.
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The activation energy of the hydration reaction in Eq. (6) can
be considered as the amount of energy that must be supplied in
order to overcome an energy barrier for the reaction. The rate
constant k(7) varied as a function of the reciprocal absolute
temperature. That is,

k(T) = ko exp(—Q/Rgas T) ©
where kg is the frequency factor or the pre-exponential factor,
and Ry, is the gas constant (J - (mol - K)™"), T is in absolute or
Kelvin units.

An Arrhenius plot of the rate constant of processes A and B
is shown in Fig. 8. The activation energy for the precipitation of
In (Q,) was about 128 kJ/mol and that for the decomposition of
urea in aqueous media (Q;) reported by Shaw and Bordeaux'’
was about 133 kJ/mol. The two Q values are almost equal, im-
plying that the control mechanism of the two reactions is the
decomposition of urea in the aqueous solution.

(2) Grain Growth Kinetics

At a lower temperature of 65°C, uniform elongated particles
would form and grow into longer and wider stick-like particles.
With increasing aging time, some stick-like particles could grow
to cubic ones as shown in Fig. 5. At a higher aging temperature,
the smaller precipitates became larger and longer with stick-like
features but wider than at 65°C, at a short time. The precipita-
tion phenomenon then occurred at the waistline of the existing
particles. The growth rate of the particle along the long axis was
faster than the direction normal to the major axis. The changes
in the length and the width of the particle by process A, with the
aging time are plotted in Fig. 2. In all cases in process A, the
differences in length were larger in terms of width before the
residual In ions in solution reacted to a limiting value. This is the
reason why, with particles growth, the ladder-like contour fea-
ture on the surface of the particles can be observed by SEM and
TEM at a higher magnification because of different growth rates
in two different directions.
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In process A, the reaction at 85°C with different concentra-
tions of urea addition, the growth behavior of the particles, and
both the length and the width can be divided into two stages.
The dividing line between these two stages is relative to the con-
sumption of the concentration of In**. Once the concentration
of In*" decreased to a limit as described above, the growth be-
havior would change from the first stage to the second stage. But
among these two stages, the particle sizes, for length and width,
exhibited a natural logarithmic relationship with respect to the
reaction time, as shown in Figs. 9(a) and (b). The function of the
particle size with respect to the reaction time can be written as
follows'®:

y=m;ln t+n (10)
where y is the particle size (length or width), m; is the coefficient
of the growth constant with i mol/L of urea addition, ¢ is the
reaction time, and # is an experimental constant.

During the first stage, the growth rate of the length for each
case at any time is my/t, and m; =432, 821, 316, and 210 for
i=0.5 1.0, 2.0, and 3.0, respectively. At the same time,
m; =113, 166, 95, and 115 for the growth rate of the width. It
can be found that irrespective of the length or width, m; always
shows the largest value during the first growth stage.

During the second stage of growth, the function of the par-
ticle size with respect to the reaction time can also be represented
asin Eq. (10). For the growth rate of length, m; = 47, 89, 88, and
17, at the same time, for the growth rate of width, m; = 19, 10,
26, and 10.

Besides m;, the ratio of [m;]g.s; tO [M]second 1S @approximately
10, which means that when the concentration of In’" in the so-
lution is as low as the critical limit, the growth rate constant
would decrease ten times. The similar condition can be observed
in the cases of width.

In process B, the particle size (measured by a Particle Sizer)
still exhibited a natural logarithmic relationship with respect to
the reaction time, but only one stage could be observed. This is

Urea addition (mole)
- m05e10
+ 2.0« 30
350

300

250

200

150

100

0 T

1000

1 10
Time (min)

100

(a) Particle size (length) aging at 85°C plotted against logarithmic aging period with the addition of different urea concentrations. The rates in

the various stages and the urea additions can be noted beside the data-fitting lines. (b) Particle size (width) aging at 85°C plotted against logarithmic
aging period with the addition of different urea concentrations. The rates in various stages and urea additions can be noted beside the data-fitting lines.
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Fig.10. Growth of the particle (at 85°C) during the second stage on
additions of various urea concentrations can be noted beside the data-
fitting lines, where a is the geometric mean of length and width, a is the
geometric mean of length and width at the initial point of the second
stage. At this point, the reaction time was set as .

because the residual In®" in this process becomes as low as the
critical limit.

At a reaction temperature of 85°C , the growth of the particle
during the second stage at various concentrations of urea addi-
tion can be noted beside the data-fitting lines as shown in
Fig. 10, where « is a geometric mean of the length and width,
ayp 1s the geometric mean of length and width at the initial point
of the second stage which can be seen in Fig. 9. At this point, the
reaction time is set as fo. When 1.0 and 3.0 mol of urea are added
the slopes of the fitting line are approximated to one, which
means that the reaction is diffusion controlled in the second
stage.

V. Conclusions

Oval-, stick-, and cubic-shaped particles were synthesized
through the processes of solution aging at 65° and 85°C. The
particles were assembled from thin rods of about 30 nm or less
in diameters. The consumption rates of In ion revealed the pre-
cipitation kinetics of the In-hydrate particles to be zero-order
reactions with time. Two types of precipitate particles were
formed. On aging at 65°C, poor crystalline, stick-like InO(OH)

Monodispersive Indium Hydrate Particles 533

particles precipitated, and single crystalline cubic-shaped
In(OH); particles could be generated because of the ripening
effect owing to the surface energy and the strong basic condi-
tion. The amorphotization phenomenon of the green or 300°C-
calcined stick-like particles was induced by a TEM electron
beam. The preferred orientation of the {200} phases of In(OH);
was identified. The shape of these particles can be maintained
even on heating up to 900°C. The reaction constants of In**
aged at 65° and 85°C were 2.9 and 32.4, respectively. After cal-
culation by the Arrhenius equation, the activation energy of
In** precipitation was 128 kJ/mol, and controlled by the de-
composition of urea.
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