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Indium oxide (In2O3) nanorods (NRs) which can be expected to increase the device 
performance in various electronic and electrochemical applications were prepared on carbon 
fibers via an electrochemical deposition (ED) method. During the ED, the indium hydroxide 
(In(OH)3) NRs were well grown and firmly attached onto the carbon fibers. After that, they 
were changed into In2O3 by dehydration through a thermal annealing. The morphological 
and structural properties were investigated using field-emission scanning electron microscope 
images. The crystallinity of as-prepared sample was evaluated by X-ray diffraction. The 
Fourier transform infrared results confirm that the functional groups are present in the In2O3 
NRs. This facile process of metal oxide nanostructures on carbon fiber can be utilized for 
flexible electronic and energy related applications.
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I. Introduction

In recent years, indium oxide (In2O3) nanostructures 

have attracted much attention due to their unique 

physical and chemical properties in various electronic 

and optoelectronic devices [1]. As an important n-type 

semiconductor material with a wide-band gap (direct 

band gap of ∼3.6 eV and indirect band gap of 2.5 eV 

at room temperature), In2O3 nanostructures have re-

ceived a lot of research interest in solar cells, 

light-emitting diodes, photo electrochemical cells, gas 

sensors, and photodetectors [2-6]. Particularly, 

one-dimensional (1D) nanostructures of In2O3 includ-

ing nanowires, nanorods (NRs), and nanobelts have 

been widely used for an enhanced device performance 

[7-9]. Also, these nanostructures possess an excellent 

electrochemical property in energy storage devices 

[10]. Accordingly, many synthesis strategies have 

been developed for the preparation of such 1D In2O3 

nanostructures using hydrothermal method, chemical 

vapor deposition method, sol-gel process, spray py-

rolysis, and electrochemical deposition (ED) process 

[11-15]. Among these methods, the ED process has 

been considered to be a simple and facile approach for 

preparing various metal oxide nanostructures with 

controlled shape and size on conductive substrates. In 

addition, it has advantages of low growth temper-

ature, uniform deposition on substrates, and inex-

pensive growth process [16].

On the other side, a lot of effort has been con-

centrated on the fabrication of such metal oxide 

nanostructures on flexible substrates for portable and 
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Figure 1. Schematic diagram of the growth process for the fabrication of In2O3 NRs on the CF substrate: (a) bare
CF as the conductive substrate, (b) growth of In(OH)3 NRs via an ED process and (c) conversion of In2O3

NRs by dehydration via thermal annealing.

wearable devices owing to their flexibility, light 

weight, and environmental friendliness [17,18]. 

Among various flexible substrates including con-

ductive polymer films and metal foils, the carbon fi-

bers (CFs) are suitable for flexible substrate because 

they exhibit novel properties of thermal stability, re-

sistance to corrosion, and high conductivity [19-20]. 

Furthermore, these CFs are desirable for the fab-

rication of various nanostructures via ED process. In 

this work, we investigated the facile synthesis of 1D 

In2O3 NRs on CFs using a one-step ED method. By 

applying an external voltage between electrodes, the 

In(OH)3 NRs were densely adhered on the surface of 

CF substrate and they were converted to In2O3 NRs by 

a thermal annealing.

II. Experimental Details

All the chemicals, i.e., indium nitrate hydrous 

(In(NO3)3·xH2O, Sigma Aldrich chemicals, 99.99% pu-

rity), hexamethylenetetramine (C6H12N4, Sigma Aldrich 

chemicals, 99.99% purity) were used without further 

purification. To synthesize the In(OH)3 NRs, the ED 

process was used with CF substrate. Herein, the com-

mercially available CF substrate was employed. For 

cleaning, the CF substrate was ultrasonicated in ace-

tone, ethanol, and water, and dried at room tem-

perature. Then, the CF substrate with a size of 1.5 cm 

× 2.5 cm was used as a working electrode in the ED 

process. Meanwhile, the Pt mesh was used as a counter 

electrode. In order to prepare the growth solution, 12 

mM of In(NO3)3·xH2O and 12 mM of C6H12N4 were dis-

solved in 800 ml of de-ionized (DI) water at a temper-

ature of 80oC. After stirring the growth solution for 10 

min, the two electrodes were carefully immersed into 

the growth solution and an external voltage of -2 V 

was applied for 1 h. After pulling out the sample from 

the growth solution, it was rinsed with a flowing DI 

water and dried at room temperature. For converting 

the In(OH)3 into In2O3 NRs, the sample was annealed at 

400oC for 30 min in a muffle furnace. The structural 

and morphological properties were characterized by us-

ing a field-emission scanning electron microscope 

(FE-SEM, LEO SUPRA 55, Carl Zeiss). X-ray dif-

fraction (XRD, Mac Science, M18XHF-SRA) analysis 

was carried out to characterize the crystallinity of the 

samples. Also, the Fourier transform infrared (FT-IR, 
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Figure 2. (a) Perspective view and (b) high-magnifi-
cation view of FE-SEM images of the elec-
trochemically deposited In(OH)3 NRs on CF 
substrate before thermal annealing.

Spectrum One System, Perkin-Elmer) spectroscopy 

analysis confirmed the functional groups of the sample.

III.  Results and Discussion

Fig. 1 shows the schematic diagram of the growth 

process for the fabrication of In2O3 NRs on the CF 

substrate: (a) bare CF as the conductive substrate, 

(b) growth of In(OH)3 NRs via an ED process and (c) 

conversion of In2O3 NRs by dehydration via thermal 

annealing. As a flexible and highly conductive sub-

strate, the CF substrate was employed for the fab-

rication of In(OH)3 NRs. In the first step, the In(OH)3 

NRs were grown on CFs by applying an external volt-

age of -2 V for 1 h. In order to form In2O3 NRs onto 

CF substrate, the ED process was carried out with the 

external voltage of -2 V for 1 h. During the ED proc-

ess, the electrons were continuously supplied onto 

the surface of CF substrate and they assisted the 

formation of OH- ions by the electrochemical reduc-

tion of nitrate (NO3
-) ions and water (H2O) in the 

growth solution. Therefore, these OH- ions instantly 

reacted with previously dissolved indium ions (In3+) 

and precipitated as In(OH)3 NRs on the working 

electrode. Finally, the In2O3 NRs could be obtained 

and decorated on the CFs by dehydration through a 

thermal treatment at 400oC.

Fig. 2 shows the FE-SEM images of the electro-

chemically deposited In(OH)3 NRs on CF substrate 

before thermal annealing. In the low-magnification 

view of FE-SEM image of Fig. 2(a), the CF substrate 

comprised of disorderly arranged woven fibers was 

uniformly covered by In(OH)3 onto overall surface. 

The average diameter of each fiber was estimated to 

be ∼10-13 μm. Meanwhile, the coated In(OH)3 had 

good adhesion and was densely gathered on the sur-

face of CFs by ED process, which is mainly caused by 

a fact that the continuously supplied electrons in the 

growth solution enhance the absorption of both In3+ 

and OH- ions onto the surface of the CF substrate. As 

shown in Fig. 2(b) for the magnified FE-SEM image, 

it is clearly observed that the In(OH)3 coated on the 

CF substrate has a nanorod-like morphology, in-

dicating that they were well deposited with a good 

uniformity in the surface morphology.

The In2O3 NRs were obtained by the thermal an-

nealing of the decorated In(OH)3 NRs on CF 

substrate. Fig. 3(a) shows the FE-SEM image of sin-

gle CF with decorated In2O3 NRs. At the surface of 

CF, the small cracks were partially observed due to 

the elimination of −OH groups from the In(OH)3 

(dehydration). It would make such cracks during the 

annealing process. As can be seen in the magnified 

view of FE-SEM image (Fig. 3(b)), the In2O3 NRs 
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Figure 3. FE-SEM image of (a) single CF with deco-
rated In2O3 NRs and (b) magnified view of 
the same sample.

Figure 4. (a) 2θ scanned XRD pattern and (b) FT-IR 
spectra of CFs coated by In2O3 NRs.were covered by layers on the CFs surface with ap-

proximately 350 nm thickness. As shown in the inset, 

the In2O3 NRs were still the same as initial morphol-

ogy of the In(OH)3 NRs. It clearly suggests that the 

thermal annealing process for In2O3 NRs did not in-

fluence any structural change from as-prepared 

In(OH)3 NRs. The average size of each In2O3 NR was 

estimated to be about 30-35 nm.

The crystallinity and functional properties of 

as-prepared In2O3 NRs on CFs were characterized by 

XRD and FT-IR analyses. Fig. 4(a) shows the 2θ scan 

XRD pattern of CFs coated by In2O3 NRs. The dif-

fraction pattern of the In2O3 NRs on CFs was assigned 

to the cubic phase of In2O3 according to the reported 

JCPDS no. 71-2194. The XRD peak positions observed 

at 2θ values of 30.5, 35.4, 51.0 and 60.7o can be re-

lated to the (222), (400), (440), and (622) planes of 

In2O3 crystal structure, respectively. The broad XRD 

peaks of CF substrate also exhibited their peaks in the 

2θ range of 13.6, 27, and 44o. Meanwhile, no other 

XRD peaks of impurities were observed in the spec-

trum, confirming that the pure In2O3 NRs are grown 

on CFs. To investigate the functional groups of the 

prepared sample, the FT-IR result was shown in Fig. 

4(b). At a wavenumber of ∼3,500 cm-1, the broad 

peak was observed due to the O-H stretching vi-

brations [21]. The peaks at 1,350 and 1,630 cm-1 are 

accomplished by in-plane deformation vibrations due 

to the hydroxyl groups at the surface of the oxidic 

In2O3 NRs. Moreover, the vibrations around 420 and 

605-534 cm-1 were assigned to the In-O lattice vi-

brations of pure In2O3. Therefore, these results con-
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firm that the In2O3 NRs well integrated on the CFs by 

the ED process and dehydration process.

IV.  Conclusion

In summary, the In2O3 NRs were synthesized on CF 

substrate by a simple ED method. By applying an ex-

ternal voltage of -2 V for 1 h between two electrodes, 

the In(OH)3 NRs were uniformly assembled and 

densely formed on CFs. After thermal treatment, the 

well-decorated In2O3 NRs on CF substrate could be 

fabricated since the In(OH)3 was converted into In2O3 

due to the removal of -OH groups. From the FE-SEM 

observation, the size of the In2O3 NRs can be esti-

mated to be ∼30-35 nm. The XRD and FT-IR studies 

confirmed the crystal structure and functional groups 

of the grown In2O3 NRs on CFs. This facile fabrication 

process of In2O3 NRs on CFs can be useful for various 

electronic and energy storage device applications.
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