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In(OH); microcubes have been successfully synthesised by a direct precipitation in solution at room temperature without using any surfactant
or template. Furthermore, the In,O; microcubes were obtained through calcining the In(OH); microcubes. The results show that the as-
prepared In(OH); and In,O3 products have a cube shape with a mean edge length of 190 and 155 nm, respectively. The self-assembly
process via orientation attachment is proposed in order to explain the growth mechanism for the microcubes. Upon ultraviolet excitation, a
broad blue photoluminescence emission with its maximum intensity centred at 466 nm is shown, which is due to the oxygen deficiencies
in the In,O3 microcubes. It endows these microcubes with potential application, such as liquid crystal devices, solar-energy conversion,

optical and electric devices.

1. Introduction: Nowadays, inorganic micro/nanomaterials with
well-defined morphologies and accurately tunable sizes have stimu-
lated great interest because the morphology, dimensionality, and
size of materials are closely correlated with the physicalcochemical
properties of materials [1-3]. Thus, extensive efforts have been
devoted to develop new methods for the synthesis of a range of
high-quality inorganic micro/nanomaterials, such as hydrothermal
method, sol-gel processes, chemical vapour technique, and so
forth [4, 5]. Among them, precipitation route has been proved to
be a convenient and an effective method for synthesis of various in-
organic micro/nanomaterials with well-defined morphology [6-8].
During the precipitation process, materials are not only synthesised
in large quantities with a desired morphology, composition, size,
but also are prepared by using green, environmentally responsible
methodologies.

In recent years, indium oxide (In,O3) which is a very important
wideband-gap (direct band gap around 3.6 eV), n-type transparent
semiconductor has been extensively studied due to its potential
applications such as solar cells, liquid-crystal display [9], photoca-
talyst [10, 11], and ultrasensitive gas sensor for detection of O;
[12], CO, [13], NO, [14], HCHO [15], acetone [16], and Cl,
[15]. To date, various morphologies of In,O3 have been fabricated
via different methods. For example, In,O; nanoparticles synthe-
sised by nanosecond laser ablation in water [17], In,O5; nanobelts
prepared by thermal evaporation [18], In,O3 nanowries manufac-
tured by using a laser ablation approach [19], In,O; whiskers pre-
pared by physical vapour deposition process [20], In,O; nanowire
and nanorods synthesised by template-assisted growth [21, 22].
Despite these endeavours, it is challenging to explore more facile,
efficient, and low-cost methods to fabricate large-scale and well-
crystallised In,O3 micro/nanomaterials to both scientific research
and industrial applications.

In the present work, we reported a simple method for the synthe-
sis of In(OH); microcubes from the mixture of aqueous solution of
InCl; and KOH at room temperature. A possible formation
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mechanism of the microcubes was proposed. Through calcinating
the In(OH); microcubes, the In,O; microcubes with the same
morphology have been obtained. Finally, the optical property of
the resulting In,O3; microcubes was investigated.

2. Experimental
2.1. Materials: All chemicals were analytical grade reagents and
used as purchased without further purification. The water used
in the experiments was ultra-purified water (18.25 MQ).
InCl3-4H,0 and KOH were purchased from Sinopharm Chemical
Reagent Co., Ltd.

2.2. Preparation of In,O; microcubes: In a typical synthesis,
2 mmol of InCl3-4H,0 and 5.0 g KOH were dissolved in 10 mL
of H,O0, respectively. Then, the KOH aqueous solution was added
into the InCl; solution, and it was stirred for 2 h in an open
system. The resulting suspension was placed at room temperature
for 5 days without further stirring or shaking. The product was
then separated by centrifugation, washed with ethanol and
distilled water for several times, and dried in atmosphere at 60°C
for 4h. The conversion of as-prepared In(OH); to In,O; was
carried out in an over at 900°C for 4 h in air.

2.3. Characterisation: The X-ray diffraction (XRD) patterns of the
samples were recorded on a D8 focus diffractometer (Bruker)
with Cu Ko radiation (4 =0.15405 nm). Thermogravimetric data
were recorded with thermal analysis instrument (SDT 2960,
TA Instruments, New Castle, DE) with the heating rate of
10°C min™" in an air flow of 100 mL min~'. The morphologies
of the as-prepared samples were inspected using a field emission
scanning electron microscope (FESEM, S4800, Hitachi) equipped
with energy-dispersive X-ray (EDX) spectrometer. The photolumi-
nescence (PL) spectra were recorded with a Hitachi F-7000 spectro-
photometer equipped with a 150 W xenon lamp as the excitation
source. All the measurements were performed at room temperature.
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3. Results and discussion: Fig. 14 shows the XRD pattern of the
as-prepared In(OH); sample which can be indexed to a cubic
lattice [space group: /m3(204) ] of pure indium hydroxide. The cal-
culated lattice constant, a=0.7977 nm, is in good agreement with
the standard JCPDS (Card No. 85-1338, a=0.7979 nm). Figs. 1B
and C show the SEM images of the as-formed In(OH); microcubes.
It can be seen that the In(OH); sample is composed of uniform and
monodisperse microcubes. It can be calculated that the mean edge
length is about 190 nm. The high-magnification SEM image
(Fig. 1C) shows the surfaces of sample are very rough, implying
that the microcubes consist of many small nanoparticles. The chem-
ical composition of the In(OH); microcubes indicates that the
microcubes are made of In and O and the molar ratio of In to O
is approximately equal to 1: 3 (Fig. 1D).

Well-dispersed and uniform In(OH); microcubes were used as
precursor to fabricate In,O; sample. We firstly investigated the
effect of calcination on the crystallisation and morphology of the
as-prepared In(OH); sample. On the basis of TGA data (Fig. 2),
In(OH); sample was calcined from room temperature to 900°C
with a total weight loss of 27.99% and maintained at this tempera-
ture for 4 h for ensuring their complete decomposition. The XRD
pattern (Fig. 34) of the resulting sample exhibits that all of peaks
can be perfectly indexed to the cubic phase [space group:
1a3(206) ] of In,O3. The calculated lattice parameter (a=1.0120
nm) for In, O3, is similar to the known lattice parameter for standard
In,O5 (a=1.0117 nm; JCPDS Card No. 71-2194). Furthermore, the
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Fig. 1 XRD pattern, SEM image, and EDX of the In(OH); sample

A XRD pattern of the as-formed In(OH); sample. The standard data for In
(OH); (JCPDS Card No. 85-1338) is also presented in the figures for
comparison

B and C SEM images of the as-formed In(OH); sample

D EDX of the as-formed In(OH); sample
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Fig. 2 TGA curve of the as-formed In(OH); sample
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Fig. 3 XRD pattern, SEM image, and EDX of the In,O3 sample

A XRD pattern of the as-formed In,O; sample. The standard data for In,O3
(JCPDS Card No. 71-2194) is also presented in the figures for comparison
B and C SEM images of the as-formed In,O3 sample

D EDX of the as-formed In,O5 sample

crystallite size of the In(OH); and In,O5 products can be estimated
from the Scherrer equation, D=0.9414/8 cos 6, where D is the
average grain size, A is the X-ray wavelength (0.15405 nm), and
6 and S are the diffraction angle and full-width at half-maximum
of an observed peak, respectively [23]. The estimated average crys-
tallite sizes are about 60 nm for In(OH); particles and 50 nm for
In,O5 particles, which were calculated by the strongest peaks
(200) at 26=22.33° and (222) at 26 =30.64°, respectively. In add-
ition, no peaks of impurities have been found in the XRD patterns
of the In(OH); and In,0O5 products, which indicates the high purity
of the products. Meanwhile, the strong and sharp peaks indicate that
the as-obtained products are highly crystallised. After calcination at
900°C, the SEM image shows that the obtained In,O5 sample retain
the morphology of the In(OH); precursor (Fig. 3B), and the product
consists of large-scale, monodisperse microcubes with a mean edge
length of 155 nm. Compared to In(OH); microcubes, the size of the
In,O3 sample is slightly shrunk since the density of the In,O;
sample is increased. Furthermore, careful observation reveals
(Fig. 3C) that the obtained In,O3 microcubes show that there are
many cracks on the surfaces of the In,O; microcubes, which may
be attributed to the removal of H,O molecule from the In(OH);
microcubes during the calcination process. The EDX spectrum
(Fig. 3D) shows the presence of In and O with an atomic ratio of
In to O is approximately equal to 2:3.

In principle, the degree of supersaturation, the diffusion of the re-
action, the species to the surface of the crystals, the surface and
interfacial energies, and the structure of the crystals govern the
growth and morphology of crystal [6]. Hence the effects of different
reaction factors on the microcubes have been discussed, such as the
amount of KOH and reaction times. Of particular interest is that
the molar ratio of InCl;/KOH played a significant role in adjusting
the final morphologies in this work. Fig. 4 shows the SEM images
of the In(OH); samples obtained when we introduced different
amounts of KOH (from 0.5 to 5 g) into the reaction. When the
amount of KOH was 0.5 g, the resultant morphology was entirely
composed of nanoparticles, as shown in Fig. 44. As the amount
of KOH increases to 1.5 g, some poorly developed microcubes as
well as a great many of tiny nanoparticles could be found
(Fig. 4B). Upon further increasing the amount of KOH to 3.0 g,
the product consisted of nearly monodispersed microcubes and
some irregular agglomeration (Fig. 4C). When 5.0 g of KOH was
added to the reaction solution, the morphology of the product
was composed of monodisperse microcubes, and the quality was
greatly improved (Fig. 4D). Based on the above results, we can
come to the conclusion that with the amount of KOH gradually
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Fig. 4 SEM images of the In(OH); samples obtained at different amount of
KOH
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increasing, the morphologies of the microcubes become uniform,
monodispersity, and the optimal amount of KOH for the formation
of In(OH); is 5 g.

Time-dependent morphological evolution experiments of In
(OH); were carried out, and the corresponding intermediate
samples were characterised by SEM technique to study their
growth behaviour. Fig. 5 provides the SEM images of the In
(OH)3 microcubes prepared at different reaction time with other-
wise the same synthetic conditions. As shown in Fig. 54, the
morphology of the sample is fully composed of irregular nanopar-
ticles when the reaction time is 5 h. Furthermore, some nanoparti-
cles aggregate together to form larger clusters, and other
morphologies cannot be detected. When the reaction is prolonged
to 24 h, the morphology of the corresponding sample is composed
of a few poor developed microcubes as well as many larger aggre-
gations (Fig. 5B). With the time increasing to 72 h, more micro-
cubes appear at the expense of the nanoparticles, and they are
poorly developed with rough surface (Fig. 5C). Upon further in-
creasing the time to 120 h, due to the continuous growth, the
poorly developed In(OH); microcubes gradually grow into
regular microcubes with a well-defined shape (Fig. 5D).

Fig. 5 SEM images of the In(OH); samples obtained at different reaction
time
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According to the time-dependent experiment results, the forma-
tion of In(OH); microcubes belongs to aggregation growing
process. The aggregation growing process reveals that the formation
of uniform micro/nanomaterials usually precede in several stages
[24]. In the initial stage, a supersaturated solution leads to the nucle-
ation. Then, the growth of the nuclei via a diffusive mechanism
forms crystalline subunits, which, in turn, aggregate to form the
larger assemblages. Hence, In(OH); nanoparticles are obtained
through the direct reaction between InCl; and KOH aqueous solu-
tion. Then, the In(OH); nanoparticles are rearranged to find a suit-
able place for minimising the surface energy of nanoparticles.
Those crystal nuclei aggregates in different direction (random ag-
gregation), rotated, and twisted simultaneously to form In(OH);
microcubes. The whole process of formation microcubes is illu-
strated in Fig. 6. Finally, In(OH); microcubes can be converted to
In,O5 microcubes via the subsequent calcination, while morph-
ology doesn’t change during the conversion. It must be pointed
out that such a transformation is common for In(OH); compound
decomposition [23, 25].

The photoluminescence properties of the as-prepared In(OH);
and In,O; samples were also investigated. First, the In(OH); micro-
cubes don’t show any photoluminescence under ultraviolet (UV)
light excitation. But, the In,O; microcubes exhibit a broad photolu-
minescence with its maximum intensity centred at 466 nm under
UV light irradiation (Fig. 7). It is well-known that bulk In,O5 crys-
tals cannot emit any photoluminescence at room temperature [25].
Yet, the In,O; nanostructures can emit UV and visible light, such as
In,03 nanoparticles with photoluminescence spectra peaking at 480
and 520 nm [26]. It is generally accepted that the oxygen vacancies
in oxide semiconductors result the PL emission. Thus, in our study,
the In,O3 microcubes emit the blue photoluminescence because of
the radiative recombination of an electron occupying oxygen vacan-
cies with a photoexcited hole.

4. Conclusion: In summary, we have developed a facile synthetic
route to synthesise In(OH); and In,O; microcubes. The shape
and size of In(OH); samples can be modulated by the amount of
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Fig. 6 Illustration for the formation process of the In(OH); microcubes
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Fig. 7 Photoluminescence emission spectrum of the In,O3 microcubes
under an excitation wavelength of 290 nm
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KOH and reaction time, respectively. The formation mechanism
for the In(OH); microcubes bases on a self-assembly process of
nanoparticles via oriented attachment. The as-formed In(OH);
microcubes do not show any photoluminescence, while the
as-synthesised In,O; microcubes exhibit a strong blue emission
because of the oxygen vacancies. It endows these microcubes
with potential application, such as solar cells, liquid crystal
devices, optical, and electric devices. Furthermore, this facile and
environmentally friendly method may be further expanded to the
large-scale synthesis of other oxide or non-oxide architectures for
the advanced applications.
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