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In the hydro/solvothermal system, morphologies and phases of the products can be controlled through
adjusting the hydrolysis reaction of indium salt. In ethanol solvothermal reaction system, In,O;
nanoparticles were produced directly, which can be proposed as a “dissolution-recrystallization”
mechanism, and the driving force is the lower solubility of the In,O3 compared to the In(OH)3 in the
system. In the hydrothermal system, In(OH)3; nanobelts were obtained. After heat-treatment at 300 °C,
In,O3 single crystals nanobelts were produced, which can keep the morphologies and sizes of
precursors. The room temperature PL spectra of as-prepared In,O3; nanoparticles and nanobelts are
clearly different, which is due to existence of different oxide-deficiency states from the different
synthesis routes.
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1. INTRODUCTION

Indium oxide (In,O3), an important n-type I11-VI semiconductor, has attracted considerable
attention because of the peculiar electronic and optical properties and increasingly extensive
applications in solar cells [1], sensors [2], electrocatalyst [3,4] and nanoscale transistors [5,6] etc. In
the past decade, many efforts have been made concerning the preparation of In,O3 nanostructures with
different morphologies [7] have been successfully prepared, and various methods such as chemical
vapor deposition, [8] hot-injection technique, [9] organic solution synthesis, [10] hydro/solvothermal
route, [11] sol-gel technique [12] and etc have been developed. Among so many solution synthesis
routes above, the calcination of corresponding hydrolysis precursors, such as In(OH)z and INOOH is
necessary, which can be concluded that H,O plays a crucial role and hydrolyzation of In®* is absolutely
necessary.
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So far, the influences of reactional precursors, temperature, time, surfactants on morphologies,
sizes, and phases of products have been deeply researched. However, the influence of H,O in solution
system is rarely reported. As a polar solvent, H,O plays sevaral roles in hydro/solvorhermal process,
which can be summarized: (i) As solvent: Reaction substances dissolved and temperature and pressure
transferred medium. (ii)As reaction substance: take part in the hydrolysis reaction to form oxide or
hydroxide. (iii) (3) Influence the number of hydroxyl on the surface of obtained nanocrystals, and
further affect the ir aggregation. Hence, How to use the adjustment of systemic H,O to control
solution-phase synthesis nanomaterials has an important research value. Herein, a simple
hydro/solvothermal route to the In,O3 nanocrystals with different morphologies by using In(NOgz); as
indium source was introduced. Through adjusting the systemic amount of water, the In** hydrolysis
reaction can be controlled. Of course, the phases and morphologies of products also can be controlled.

2. EXPERIMENTS

2.1. Synthesis

In a typical synthesis, 0.046 g (0.125 mmol) of In(NOj3);-4H,O and 0.114 g (0.375 mmol)
sodium oleate were added into a 15 mL Teflon-lined autoclave respectively. After putting mixed
solvent of H,O and ethanol 10 mL into the autoclave, the autoclave was sealed and put into an oven at
200 °C for 3 h. Then, the autoclave was allowed to cool to room temperature naturally. The product
was collected by centrifugization, washed with ethanol for several times and dried at 60 °C for 2 h in
air.

2.2. Transformation into In,O3

The as-prepared In(OH)3 nanocrystals were calcined in a boat crucible at a temperature of 300
°C and maintained for 2 h in air.

2.3. Characterization. Characterization

X-ray diffraction (XRD) patterns of the samples were recorded on an X-ray diffractometer
(Rigaku D/Max 2200PC) with a graphite monochromator and CuKa radiation (A=0.15148 nm) in the
range of 10-80° at room temperature while the voltage and electric current were held at 40 kV and 20
mA. The morphology and microstructure of the products were determined by transmission electron
microscopy (TEM, JEM-100CXII) with an accelerating voltage of 80 kV and high-resolution TEM
(HR-TEM, GEOL-2010) with an accelerating voltage of 200 kV. The PL spectrum of In,O3
nanostructures was measured on a Hitachi M-850 fluorescence spectrophotometer at room temperature
with the excitation wavelength of 243 nm. UV-vis absorption spectra technique (UVvis spectrometer,
Lambda-35, Perkin-Elmer) was used to characterize the absorbance of the products.
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3. RESULTS AND DISCUSSION

Tablel. Phases and Morphologies of Products obtained from different system

Volume of H,O (mL) Product Morphology
Mixed Solvent
0mL S1: C-In,0O3 Nanoparticles
0.5mL S2: Mixture of INOOH, Nanoparticles
In(OH)3 and C-In,03
10 mL 1.5 mL S3: In(OH)3, INOOH Nanoparticles and
nanorods
5.0mL In(OH)3 Nanoparticles, nanorods
and nanobelts
10.0 mL S4: In(OH)3 Nanobelts
200 © In(OH),
o [nOOH
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Figure 1. XRD patterns of Products obtained from different system. Amount of H,O in the system S1
(0 mL), S2 (0.5 mL), S3 (1.5 mL), S4 (10 mL)

Through adjusting the systemic amount of water, different kinds of products were obtained.
(See Table 1 and Figure 1) The XRD pattern of the sample obtained in ethanol solvothermal route,
which is denoted as S1, can be indexed to the cubic In,03 (JCPDS, No. 65-3170), no other peaks can
be observed, revealing its phase-pure cubic structures. The size of S1 is 5.5 nm calculated from the
Scherrer equation. Further calculation revealed that the cell parameters of the sample is 1.0142 nm,
which is in well agreement with the reported data of a=1.0140 nm (JCPDS, No. 65-3170). The data
was collected using KCI as standard graph and the scan speed was one degree per minute. TEM
images (Figure 2) of S1 indicate that the In,O3 nanocrystals show as regular nanoparticles with the size
ca.6 nm. (Figure 2a) The HR-TEM image shows clear continuous lattice fringes in one nanocrystal,
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indicating its single crystalline nature and high crystallinity. The interplanar distances of 0.293 nm can
be readily indexed to {222} planes of cubic In,O3. (Figure 2b) As known, the metal alkoxide easily
hydrolyzes to form metal hydroxide or oxide. In ethanol solvothermal reaction system, hydrolysis
reaction between In®* and H,O were occurred to form indium hydroxide. (Figure 3b) The generated
In(OH); from hydrolysis of indium salt further dehydrated to form In,O5; nancrystals which can be
proposed as a “dissolution-recrystallization” mechanism, and the driving force is the lower solubility
of the In,O3 compared to the In(OH)3 in the system.

20 30 40 50 60
2 Theta (degree)

Figure 3. XRD patterns of Products obtained from different time during ethanol solvothermal
procedure. (2)0.5 h, (b)1.0 h, (c) 3.0 h.

The XRD pattern of the sample obtained in hydrothermal route, which is denoted as S4, can be
indexed to the In(OH)3; (JCPDS, No. 76-1464), no other peaks can be observed, revealing its phase-
pure cubic structures. (See Figure 1 and Figure 4a) TEM images (Figure 5a,b) of S4 indicate that
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In(OH)3 nanocrystals show as regular nanobelts with the width ca.20 nm and more than 300 nm long.
These nanobelts were partially decomposed under electron beam irradiation. (Indicated by an arrow in
Figure 5b) In some undecomposed In(OH); area, the interplane distance of lattice fringes is about 0.29
nm, which corresponds to that of the (220) face of In(OH)3; and indicates these rods grow along the
[100] direction. In the hydrothermal system, the indium ions completely hydrolyzed. Due to the alkali
of sodium oleate in water can provide plenty of OH™ to promote the growth of nanocrystals, the
In(OH)3 belt-like structure obtained. Furthermore, In(OH)s is an ionic compound, and the surface-
electron and dipole-dipole interactions are important factors to the nanocrystal growth. In a higher
polar solvent, such as H,O, the dipole moments are larger, so they have stronger dipole-dipole
interactions between nanocrystals. The dipole-dipole interactions may cause the nanocrystals to favor
growth in a particular direction. An increase in solvent polarity will lead nanocrystals to grow faster
along a particular direction, resulting in beltlike nanocrystals. [13]

222

220
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Figure 4. XRD patterns of Product S4 (a) and its calcined product In,O3 (b)

Like other metal hydroxides, indium hydroxide can dehydrate to form indium oxides upon
heating. To keep the original morphologies from In(OH); possible, the heating temperatures were
selected at a little above of the phase-changing temperature ,300 °C for In(OH)3z. After heat-treatment
at 300 °C, In,03 single crystals nanobelts were produced. Figure 4b shows the XRD patterns of as-
prepared In,O3 nanocrystals, which indicate that all of these samples are purely cubic In,O3. They are
all in good agreement with the reports in the literature (cubic In,O3, JCPDS, No. 65-3170). The TEM
images (Figure 5c¢,d) indicate that all of these samples can keep the morphologies and sizes to a certain
extent after annealing. Products obtained from systems which amount of H,O are between 0.5 to 5 mL
are mixtures of In,Oz, INOOH and In(OH)3. (See Figure 1) Their morphologies are also in muddle.
(See Figure 6a-c)
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Figure 6. TEM images of products obtained from different system. Amount of H,O (a) 0.5 mL, (b) 1.5
mL, (c) 5 mL.
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Figure 7. UV-vis spectra (a) and PL spectra (b) of In,O3 nanocrystals.

The Uv-vis absorption spectra of In,O; nanocrystals with different morphologies show
absorption maxima at 273 nm and 323 nm (Figure 7a).Compared to the absorption at 330 nm (3.75 eV)
of bulk In,O3 [14], a blue-shift is observed due to the weak quantum confinement effect [15]. The PL
emissions of the In,O3 nanocrystals with different morphologies are obviously different. (Figure 7b, all
the samples excited at 243 nm, room temperature) PL peaks of In,O3; nanoparticles obtained from
solvothermal route were centered at 465 nm (blue), 560 nm, and 611 nm (orange). However, PL peaks
of In,O3 nanobelts mainly focused at 458 nm (blue). Cubic In,O3, as a typical n-type semiconductor,
has an oxygen-deficient fluorite structure with twice the unit-cell edge of the corresponding fluorite
cell and with 1/4 of the anions missing in an ordered way, which would induce the formation of new
energy levels in the band gap [16]. The room temperature PL spectra of as-prepared In,Os
nanoparticles and nanobelts are clearly different, which is due to existence of different oxide-
deficiency states from the different synthesis routes.

4. CONCLUSION

In summary, in the hydro/solvothermal system, In(NOs3)3+4H,0 was used as the indium source,
adjusting the hydrolysis reaction of indium salt in order to control morphologies of the products. In
ethanol solvothermal reaction system, the generated In(OH); from hydrolysis of indium salt further
dehydrated to form In,O3; nancrystals which can be proposed as a “dissolution-recrystallization”
mechanism, and the driving force is the lower solubility of the In,O; compared to the In(OH); in the
system. In the hydrothermal system, the indium ions completely hydrolyzed. Due to the alkali of
sodium oleate in water can provide plenty of OH" to promote the growth of nanocrystals, the In(OH)3
belt-like structure obtained. After heat-treatment at 300 °C, In O3 single crystals nanobelts were
produced. The room temperature PL spectra of as-prepared In,O3 nanoparticles and nanobelts are
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clearly different, which is due to existence of different oxide-deficiency states from the different
synthesis routes.
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