International Journal of Minerals, Metallurgy and Materials
Volume 19, Number 12, Dec 2012, Page 1154
DOI: 10.1007/s12613-012-0685-0

Template-free synthesis of morphology- and size-controlled nano indium
hydroxide
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Abstract: Morphology- and size-controlled In(OH); nanocrystals were synthesized via a novel, low-cost and low-temperature (70°C) route
in the absence of any template and surfactant. The as-prepared products were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and high-resolution transmission electron microscopy (HRTEM) with selected area electron diffraction (SAED). The
morphology and size of In(OH); nanostructures can be controlled by adjusting the reaction conditions such as the reaction time, the concen-
tration of the alkali, and the alkaline source. A possible mechanism for the evolution of the morphology- and size-controlled In(OH); was
proposed. In addition, the optical properties of the In(OH); prepared by this method were studied by diffuse reflection spectra (DRS) and
photoluminescence (PL) spectroscopy, and the results exhibit an obvious change of adsorption edges. The thermal behaviors of the
as-prepared products were also explored by thermo-gravimetric (TG) and differential scanning calorimetry (DSC) measurements. According
to the results of TG-DSC, the pure phase and uniformity of the In,O3; nanocube and nanorod can be obtained by annealing In(OH); precur-
sors directly at 300°C.
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been attempted to prepare In(OH); nanostructures with dif-
ferent morphologies, such as nanocubes [8, 17-22], na-
nosheets [22], nanorods [22-24], nanospheres [19, 25], and
nanoflowers [19, 26]. However, some of the above-men-
tioned methods need higher temperatures, and the others
need templates, which complicate the synthetic processes. A
facile and feasible method to prepare the morphology- and

1. Introduction

In recent years, micro- and nano-crystals have received
the increased interest because of their novel properties and
potential applications [1-4]. Morphology- and size-controll-
ed materials have been a research hotspot because the per-

formances of materials depend on their morphology and size ] o )
size-controlled In(OH); is still a great challenge for materi-

als scientists. Therefore, exploring new synthesis methods
for controllable the morphologies and sizes of In(OH);
nanostructures will be significant to find new applications or

[5-7]. Therefore, the work on morphology- and size-con-
trolled synthesis needs to be developed for more novel
properties and applications of micro- and nano-materials. As
an n-type wide-bandgap semiconductor, In(OH); is a very

promising material and has attracted increasing attention
because of its extensive important applications such as cata-
lysts [8-10], electrode materials [11], solar energy fields
[12-13], and the precursors for In,O;, which is an important
semiconductor material [14-16]. To date, much effort has

Corresponding author: Shou-xin Liu E-mail: liushouxin@126.com

© University of Science and Technology Beijing and Springer-Verlag Berlin Heidelberg 2012

to improve the existing performances.

Our previous work found that the nanorods of In(OH),
can be prepared via a one-step one-pot method [24]; how-
ever, in the further research, we could also obtain various
In(OH); nanostructures (single flake, rod, and cube) which
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we wanted, without any template or surfactant, and only ad-
justing the reaction parameters, such as the reaction time,
the concentration of the alkali, and the alkaline source. A
reasonable mechanism for the evolution of the morphology
and size of In(OH); nanocrystals was proposed. Through
diffuse reflection spectra (DRS) and photoluminescence
spectroscopy characterization, we can see that the as-pre-
pared samples show excellent optical properties. In addition,
we found that the pure phase and uniformity of the In,O;
nanocube and nanorod can be obtained by thermal decom-
position of the In(OH); precursors directly at 300°C

2. Experimental

2.1. Synthesis of In(OH); samples

All chemicals used were analytic grade reagents and were
used without further purification. In(NO3);-4.5H,0 and urea
were used as the starting materials. Deionized water was
used as the solvent in all experiments.

In a typical synthesis (e.g., In(OH);-2), In(NOs);-4.5H,0
(2 mmol) and urea (30 mmol) were dissolved in 140 mL of
deionized water. Then the resulting mixture was transferred
into a flask (250 mL capacity), heated at 70°C for 24 h and
cooled to room temperature naturally. The obtained white
precipitates were separated by centrifugation and washed
several times with deionized water to remove residues and
finally dried in air at 60°C. Other samples were prepared by
a similar procedure to that for In(OH);-2 under different
conditions in Table 1.

Table 1.
ferent conditions *

Preparation of In(OH); nanostructures under dif-

Sample In(NO3);4.5H,0O/ Urea/ NaOH/ Ammonia/ Time/
name mmol mmol mmol mmol h
In(OH);-1 2 15 0 0 24
In(OH);-2 2 30 0 0 24
In(OH)5-3 2 120 0 0 24
In(OH);-4 1 30 0 0 24
In(OH)5-5 2 0 30 0 24
In(OH);-6 2 0 0 30 24
In(OH);-7 2 30 0 0 6
In(OH);-8 2 30 0 0 12

Note: * all starting materials were dissolved in 140 mL of deionized
water and the reaction temperature is 70°C.

2.2. Characterizations

X-ray diffraction (XRD) patterns of the prepared samples
were recorded on a D/max-rB X-ray diffractometer with
graphite-monochromatized Cu K, radiation (1=0.15418 nm),
employing a scanning rate of 4°/min in the range from 15°

to 90°. X-ray photoelectron spectroscopy (XPS) analysis
was performed by a PHIS700 spectrometer and Al K, radia-
tion (hv= 1486.6 eV); the binding energies were referenced
to the C 1s line at 284.6 eV. The morphology and size of the
as-prepared products were characterized by an environ-
mental scanning electron microscope (ESEM, QUATA200).
The high-resolution transmission electron microscope
(HRTEM, Tecnai F30) with selected area electron diffrac-
tion (SAED) was employed to investigate the detailed
nanostructures. Diffuse reflection spectra (DRS) of these
samples were recorded on a TU-1900 UV-vis spectrometer
equipped with an integral sphere using BaSO, as the refer-
ence. Photoluminescence (PL) emission spectra were meas-
ured using a Hitachi F-4500 fluorescence spectrophotometer.
TG-DSC (a Pyris Diamond thermogravimetric/DSC appa-
ratus) was used to analyze the thermal behavior of the
as-synthesized samples with a heating rate of 10°C/min
from room temperature to 600°C in air.

3. Results and discussion

3.1. XRD and XPS analysis

XRD patterns of the obtained nanocrystals are shown in
Fig. 1, in which all the peaks can be indexed to a pure body
centered cubic phase (bcc) (space group Pn3m (224)) of
In(OH); with the lattice constants of a (0.7980 nm for
In(OH);-1, 0.7994 nm for In(OH);-2, 0.8040 nm for In(OH);-3,
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Fig. 1. XRD patterns of the as-prepared In(OH); samples
under different reaction conditions: (a) In(OH);-1, prepared in
the solution of In(NO;);4.5H,0 (2 mmol) and urea (15 mmol)
by reacting for 24 h at 70°C; (b) In(OH);-2 , prepared under
the same conditions as In(OH);-1 except that urea is 30 mmol;
(¢) In(OH);-3, prepared under the same conditions as
In(OH);-1 except that urea is 120 mmol; (d) In(OH);-4, pre-
pared in the solution of In(NOs);:4.5H,0 (1 mmol) and urea (30
mmol) by reacting for 24 h at 70°C.
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and 0.7992 nm for In(OH);-4), which are very consistent
with the literature value of a (0.7979 nm from JCPDS
85-1338); and it is also found from Fig. 1 that the relative
intensity of the (220) face of the sample has been dramati-
cally improved, indicating that the obtained In(OH); nano-
crystals might have a preferential growth direction [110].

The chemical composition of the In(OH);-2 was further
characterized by X-ray photoelectron spectroscopy (XPS),
and the obtained spectra are shown in Fig. 2. Peaks in Fig.
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3.2. Morphology analysis

SEM images of the as-prepared samples from In(OH);-1
to In(OH);-4 are shown in Figs. 3(a)-3(d). As seen in Fig. 3,
the morphologies of these obtained In(OH); nanostructures
are different because of differences in reaction conditions. In
Fig. 3(a), we can see many In(OH); nanocubes with the
edge length ranging from 0.1 pm to 1.0 um. All particles in
In(OH);-2 shown in Fig. 3(b), obtained under the same con-
dition as In(OH);-1 except that urea was 30 mmol, take on
rod-like and cubic-like morphologies, the average edge
lengths of rods or cubes are about 500 nm and 600 nm re-
spectively, and many rod-like shape can be found in com-
parison to that in Fig. 3(a). Fig. 3(c) shows the morphologies
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2(a) show that the surface of In(OH);-2 mainly consists of
In and O. It is possible that the weak C 1s peak was caused
by ineluctable carbon contamination in air. Further investi-
gation based on the In 3ds;, peak with the binding energy of
444.6 eV and the In Auger peak indicates that the surface of
In(OH);-2 is composed of In(OH); (Fig. 3(b)). The well
symmetrical O 1s peak with the binding energy of 531.3 eV
shown in Fig. 2(c) suggests that the oxygen species on the
surface of In(OH);-2 is single, which also confirmed that
In(OH);-2 is composed of In(OH); only.

(b) In 3d5/z, 444.6 eV
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Fig. 2. XPS spectra of In(OH);-2 which was
prepared in the solution of In(NOs);-4.5H,0 (4
mmol) and urea (30 mmol) by reacting for 24
h at 70°C: (a) spectrum of total elements; (b)
In 3ds; peak with the binding energy of 444.6
eV; (c) well symmetrical O 1s peak with the
binding energy of 531.3 eV.

of the In(OH);-3 prepared under the same condition as
In(OH);-2 except that urea was 120 mmol. It is noted that
In(OH);-3 is mainly rod-like, and the average edge length of
rods is about 400 nm; moreover, In(OH); nanocubes cannot
be observed nearly. In Fig. 3(d) we can see the mixture of
rod-like and cubic In(OH); nanocrystals prepared under the
same condition as In(OH);-2 except that In(NOs);-4.5H,0
was 1 mmol, the nanorods is 200-400 nm in length and the
nanocubes are 200-400 nm in edge length, and it can also be
found that the size of particles decreases compared to the
others. According to the SEM images, we can draw a con-
clusion that the morphology and size of In(OH); can be
controlled by adjusting the concentration of urea and
In(NOs);4.5H,0.
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Fig. 3. SEM images of the as-synthesized In(OH); nanostructures under different reaction conditions: (a) In(OH);-1; (b) In(OH);-2;

(¢) In(OH);-3; (d) In(OH);-4.

The structures of In(OH); nanocrystals in In(OH);-2 were
further characterized by HRTEM with SAED. As shown in
Figs. 4(a) and 4(c), we clearly see that the nanorods and
nanocubes were composed of a large number of individual
nanoflakes. These In(OH); nanoflakes self-assembled to-
gether and formed a closely packed nanocrystal rod or cube.
The stacking structures of In(OH);-2 were further examined
by HRTEM and shown in the insets of Figs. 4(b) and 4(d).
The HRTEM images show the presence of perfectly crystal-
lized particles. The fringe spacing (~0.288 nm) matches well
with the separation between (220) lattice planes, implying
the growth of the subunit is along the [110] direction, which
is very consistent with the XRD results. The SAED pattern
of many nanoparticles on the nanorod and nanocube are
shown in the insets of Figs. 4(a) and 4(c). The clear diffrac-
tion spots can be observed in the SAED patterns, confirming
the single-crystal nature of these particles, which also im-
plies that all the particles on the rod and cube adopt high-
orientation alignment.

3.3. Influencing factors

The nature of the precipitating agent has a great influence
on the properties of the eventual products. In the control
experiments, NaOH and NH;H,O were used in place of
urea, while other conditions were kept the same as that for
preparing In(OH);-2. As shown in Fig. 5, when NaOH acts
as the alkaline source, the resulting products were not only
poor in crystallinity but also irregular in shape. When
NH;'H,O was chosen as the alkaline source, only a few
nanocubes can be seen in Fig. 5(b). From the above data, we
can make a conclusion that the precipitating agent and the
concentration of urea play important roles in the fabrication
of the In(OH); rod-like and cube-like morphologies. Be-
cause of the difficulty of releasing NH; from urea and the
forming indium-urea complexes for the coordination be-
tween urea and In*' [26], it is favorable for the subsequent
growth of 1D and 3D nanostructures along the determined
direction.
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Fig. 4. TEM images of the different shapes of In(OH);-2 in Table 1: (a) In(OH); rod and (c) In(OH); cube (insets of (a) and (c) show
the corresponding SAED patterns of sample 2); (b) and (d) the magnified TEM images of In(OH);-2 of (a) and (c) (insets of (b) and
(d) show the corresponding HRTEM images of the framed region in (b) and (d) patterns).

Fig. 5. SEM images of In(OH); samples prepared by different precipitating agents as shown in Table 1: (a) In(OH);-5, prepared in
the solution of In(NO;);4.5H,0 (2 mmol) and NaOH (30 mmol) by reacting for 24 h at 70°C; (b) In(OH);-6, prepared in the solution
of In(NO3)3:4.5H,0 (2 mmol) and ammonia (30 mmol) by reacting for 24 h at 70°C.

dent experiments were carried out, during which samples
were collected at different reaction times after the reaction

To further investigate the evolution process of the temperature reached 70°C. At 6 h In(OH);-7 was collected,
rod-like and cube-like In(OH); nanostructures, time-depen- and many thin flakes can be seen from the TEM image in

3.4. Discussion of the formation mechanism
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Fig. 6(a). As shown in Fig. 6(b) (In(OH);-8 obtained at 12
h), the flake-like shape gets thicker than that of In(OH);-7; it
is also found from Fig. 6(b) that there were some flakes
starting to self-assemble into a cube-like and rod-like mor-
phology. As the reaction proceeded for 24 h, a few single
flakes can be seen from TEM images (in Fig. 6(c) and 6(d))
and most of them have transformed into nanorods and
nanocubes. According to Figs. 3-5, we propose that the
nanorods and nanocubes are self-assembled by the flakes
and the concentration and ratio of reagents affect the nuclea-
tion and the self-assembly of thin flakes, as shown in Fig. 6.
Many factors affect the evolution process of the flakes
self-assembling into the rod-like and cube-like morpholo-
gies, such as electrostatic, dipolar fields associated with the
aggregate, hydrophobic interactions, hydrogen bonds, crys-
tal-face attraction and van der Waals forces. In this case,
hydroxyl defects in the In(OH); layer result in a positive
charge of the layer, which can be confirmed by XPS results.
The atom ratio of In to O is 1:2.72 (less than 1:3) according
to the XPS result. Because of the existence of OH  groups,
electrostatic and hydrogen bonds might be the main driving
forces for self-assembly, which followed Ostwald ripening
kinetics. Such a process is similar to that in previous reports
[27-28].

3.5. Optical properties analysis

The optical properties of In(OH); nanocubes and nano-
rods were investigated by DRS spectra (Fig. 7(a)) and pho-
toluminescence (PL) spectra (Fig. 7(b)). It can be observed
from Fig. 7(a) that the adsorption edges of the samples
change, indicating that the energy band changes.

0E=K(E,;~E,)" 1)

According to Eq. (1) for the semiconductor [14, 29], the
values of band gap energy of these samples (from In(OH);-1
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to In(OH)3-4) can been be acquired and are 5, 5.06, 4.89 and
5.13 eV, respectively. These values are lower than those re-
ported in Ref. [8], which is supposed that the oxygen vacan-
cies (confirmed by the XPS result) of the In(OH); prepared
by this method decreased the band gap energy. The PL
spectra of the as-prepared In(OH); nanostructures are shown
in Fig. 7(b). We find from Fig. 7(b) that all of the samples
(from In(OH);-1 to In(OH);-4) have three PL emission
peaks reported by previous studies [24, 30] from 470 to 750
nm locating at 491, 527.5 and 737.4 nm, respectively. Par-
ticularly, as shown in Fig. 7(b), it is noteworthy that the
samples except for In(OH);-2 have luminescent wave bands
with the emission peak centered at 610.5 nm (this emission
peak is never reported), indicating that the as-prepared
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Fig. 6. Schematic representation of the growth process of

rod-like and cube-like In(OH); nanostructures. TEM images of
(a), (b), (c), and (d) are corresponding to (A), (B), (C), and (D),
respectively.
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Fig. 7. Diffuse reflection spectra (a) and room temperature PL emission spectra (b) of the prepared In(OH); nanostructures under

the different conditions (excitation wavelength: 470 nm).
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In(OH); nanostructures possessed novel PL properties and

will be interesting in the fabrication of optical material areas.

Through the DRS and PL spectra we can see that the optical
properties of the In(OH); nanocrystals via this facile method
have been improved to the same extent.

3.6. TG-DSC analysis

The thermal behavior of In(OH);-2 was investigated via
TG-DSC measurement (Fig. 8). The TG curve (curve a)
shows that the weight loss proceeds in three steps. A smooth
loss (2%) in the range from 50 to 200°C is related to re-

moving physical water evaporation from the In(OH); sample.

A large weight loss is observed from 200 to 400°C; the total
weight loss of the process between 200 and 400°C is meas-
ured to be about 15.6%, which is close to the theoretical
value (16.28%) calculated from the reaction of
2In(OH); —s In,O3 +3H,0. The DSC curve (curve b) shows
one maximum endothermic peak located at 286°C. The
temperature range of the peak in the DSC curve fits well
with that of weight loss in the TG curve, corresponding to
endothermic behavior during the thermal decomposition-
oxidation of In(OH); to In,O5. A slight mass change from
400 to 600°C may be induced by disengaging of oxygen
from bulk In,O; crystal. We also explored the possibility of
using In(OH); as the precursor for synthesizing In,O3, which
is a kind of useful wide band gap semiconductor oxides.

100
98 F
9 |
o4 b 286°C
92F 15.6%

90 | a b
88}
86 |
84l
© %
80

2%

Weight / %
Heat flow

1 1 1 1 1
100 200 300 400 500
Temperature / °C

Fig. 8. TG-DSC curves of In(OH);-2, prepared in the solution
of In(NO3);4.5H,0 (2 mmol) and urea (30 mmol) by reacting
for 24 h at 70°C.

3.7. Phase and morphology analysis of In,O;

On the basis of TG and DSC results, we used 300°C to
ensure the composition of In,0;. Fig. 9 shows the XRD pat-
tern of the In,O; powder prepared by thermal decomposition
of the In(OH); sample (In(OH);-2) at 300°C for 2 h. The
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diffraction peaks of In,O; match well with cubic crystal
In,O; (JCPDS 06-0416), and no other characteristic peaks of
impurities are observed, indicating that the pure phase of
In,0O5 can be obtained by annealing the In(OH); precursors
directly. The morphology of the as-prepared In,O; was
characterized by SEM in the inset of Fig. 9 and is similar to
that of In(OH);-2.

Intensity / a.u.

0 60
20/ ()

Fig. 9. XRD pattern of the as-prepared In,O; powder by
thermal decomposition of In(OH); (In(OH);-2) at 300°C for 2 h.
The inset is a SEM image of the In,O; powder.

4. Conclusion

The morphology- and size-controlled In(OH); nanos-
tructures were successfully synthesized via a facile and
low-cost method at 70°C in the absence of any templates or
surfactants. Through adjusting the experimental conditions
such as the reaction time, the concentration of the alkali and
the alkaline source, the different sizes and morphologies of
In(OH); nanocrystals can be obtained. Among these ex-
perimental conditions, we found that the concentration of
urea played a key role in the formation of controlling mor-
phologies. The characterization results of DRS and PL indi-
cate that the as-prepared morphology- and size-controlled
In(OH); nanostructures by this method have excellent opti-
cal properties, which will be interesting in the fabrication of
novel optical material areas. Moreover, by thermal decom-
position of the In(OH); precursors directly at 300°C, the
pure phase and uniformity of the In,O; nanocube and nano-
rod can be obtained, which can enlarge the applications of
the In(OH); nanostructures.
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