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Preparation, surface morphology, and optical properties of
indium(III) oxide nanoparticles by thermolysis of indium–

poly(vinyl alcohol) coordination polymer
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First report on the preparation of well-dispersed, indium(III) oxide (In2O3) nanoparticles with 22–35
nm size by polymer thermolysis is presented. Indium–poly(vinyl alcohol) (PVA) coordination poly-
mer films were prepared by ‘solution casting technique’ from the homogeneous aqueous solution of
coordination polymer prepared using PVA and indium(III) nitrate as starting materials; subsequently
the films were calcined at 550 °C to yield In2O3 nanoparticles. Both indium–PVA coordination
polymer that served as the precursor and the titled nanoparticles were characterized by Fourier trans-
form-infrared spectroscopy, photoluminescence (PL), powder X-ray diffraction (XRD), transmission
electron microscopy, and thermal analysis. Room temperature PL spectra of the prepared indium
oxide nanoparticles showed intense blue emissions around 360, 410 and 430 nm, characteristic of
indium oxide nanoparticles due to oxygen vacancies. The lower energy PL emission decreases with
an increase of indium(III) content in the precursor. The size of the nanoparticles calculated from line
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broadening of XRD pattern (cubic; JCPDS: 06-0416) was found to be around 24 nm. The average
particle size of the synthesized nanoparticles increased with metal ion content in the precursor coor-
dination polymer.

Keywords: Thermolysis; Indium oxide; Poly(vinyl alcohol); Nanoparticles; Photoluminescence

1. Introduction

Indium(III) oxide (In2O3) nanostructures have received attention for their applications in
optoelectronic devices, solar cells, liquid crystal displays, biosensors, and gas sensor with
high sensitivity to O3, NO2, and CO [1–10]. Nanostructured In2O3 thin films and powders
have been prepared from all three phases (solid phase, liquid phase, and vapor phase) using
a wide spectrum of physical and chemical methods [11]. Nanostructured In2O3 with
interesting morphologies such as nanowire, nanotree, and nanobouquets were prepared by
carbon-assisted method involving vapor–liquid–solid mechanism [12]. The size, shape, and
dispersion of nanocrystals depend on the method of synthesis. Among solution-based meth-
ods such as sol–gel, hydrothermal, co-precipitation, and emulsion routes, sol–gel-mediated
synthesis generally yielded highly homogenous nanopowders with good control on the
stoichiometric ratio of the final metal oxides [13, 14]. Recently, size-controlled In2O3 nano-
particles were prepared by calcinations of In(III) coordination complexes formed using ben-
zenedicarboxylate and benzophenone-4,4-dicarboxylate, respectively [15, 16]. Polyhydroxy
alcohol-assisted sol–gel method has been reported for the preparation of polycrystalline
YBa2Cu3O7−x superconductor nanopowders [17]. In this method, poly(vinyl alcohol) (PVA)
chain wraps the metal cations to form sols instead of being dissociated in water and prevents
their aggregation, and thus afforded nanomaterials with lower dimensions. Using this strat-
egy, Co3O4 nanoparticles with average size of 33 nm were prepared from PVA-coordinated
cobalt nitrate through combustion [18]. Polymer-assisted deposition has been demonstrated
to produce high quality, simple, as well as complex metal oxide thin films [19–22]. Several
metal oxide nanoparticles have been prepared by calcination of electro-spun inorganic–
organic composite fibers [23–28]. To the best of our knowledge, no work is reported on the
preparation of In2O3 nanoparticles using indium-containing coordination polymeric films as
a precursor. In this study, we report a convenient method to prepare In2O3 nanoparticles by
thermolysis of indium–PVA coordination polymer films. The advantages of the present
method are: PVA is a good film-forming polymer with multiple –OH groups available for
coordination with a range of metal ions to form homogeneous precursor solution; films of
coordination polymers are obtained by simple solution casting technique from the homoge-
neous reaction mixture of polymer-coordinated metal ion solution; the size and dispersity of
the final oxide can be varied by adjusting the concentration of reactants. Detailed discussion
on the nature of thermal decomposition of the different polymeric precursors (PVA/In) and
influence of polymer to metal ion ratio on the formation of In2O3 are provided.

2. Experimental

2.1. Materials and synthesis

PVA (Mw ~1,25,000, degree of hydrolysis: 98M%, SD Fine, India) and indium nitrate
(Alfa Acer, 99.99%) were used without purification. Transparent polymer films of
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PVA-coordinated indium(III) nitrate were prepared using solution casting technique. An
aqueous solution of PVA (10% w/w) was prepared by dissolving PVA in water at 80 °C
under continuous stirring for 30 min. To a given amount of PVA solution, appropriate
quantity of aqueous indium nitrate solution was added and stirred for 5 min using a
homogenizer (Miccra D-9, Germany) at 20,000 rpm. During this process, the multiple
hydroxyl groups of PVA complexed with indium(III) ions and afforded homogeneous
distribution, which in turn prevents precipitation of indium ion from solution [29]. In a
previous report, higher concentration of metal ion in the polymer solution resulted in the
precipitation of the metal ion without coordination by the polymer completely [17]. The
resulting transparent solution was poured into a Petri-plate and dried at 35 °C for 48 h
followed by drying in a vacuum oven at 80 °C for 5 h, during which the films turned
yellow due to the presence of nitrate. The thickness of the final films was about 200 μm.
The as-prepared films were transparent indicating homogeneous complexation of indium
ion coordinated by hydroxyl groups of PVA and were calcined in a muffle furnace up to
550 °C for 2 h with a heating rate of 2.5 °C min−1 under air to get yellow In2O3

nanopowders. The PVA/In coordination polymers prepared with a ratio (wt/wt) of 1 : 0.5,
1 : 1, and 1 : 2 were referred as PVA/In 0.5, PVA/In 1.0 and PVA/In 2.0, respectively, and
the corresponding samples of In2O3 nanoparticles obtained from the calcination of
coordination polymer films were abbreviated as In2O3-A, In2O3-B, and In2O3-C.

2.2. Characterization methods

Thermal decomposition behavior of precursor films was studied by thermogravimetry
(TGA) using universal V2.5H TA instruments under flow of air (50 mLmin−1) at a heating
rate of 10 °C min−1. The polymer precursor films were characterized by Fourier
transform-Infrared (FT-IR) instrument (Bruker Tensor 27 with ATR accessory) and the
obtained spectra were collected and were analyzed using OPUS software. FT-IR spectra of
the nanoparticles were obtained as KBr pellets from 4000 to 400 cm−1 using a Perkin-Elmer
FT-IR 1000 spectrophotometer. Powder X-ray diffraction (XRD) patterns of the samples
were recorded using Panalytical X-ray diffractometer (Cu-Kα radiation, λ = 1.54 Å) employ-
ing a scan rate of 0.02° s−1 in 2θ range from 10° to 70° and the crystallite size was esti-
mated by the line broadening method. SEM images of the samples were recorded on a
JEOL JSM-6490L scanning electron microscope. Transmission electron microscopy (TEM)
images were taken using a JEOL JEN 2010 operated at 200 kV accelerating voltage using a
copper grid dipped in ethanol-containing dispersed nanoparticles. UV–visible absorption
spectra of the samples dispersed in ethanol were recorded with a JASCO-UV–VIS spectro-
photometer applying quartz cell of optical length 1 cm at room temperature. The photolumi-
nescence (PL) spectra of the samples were recorded on a JASCO spectrofluorometer with
325 nm excitation line (λex: 325 nm) using a 450W Xenon lamp as the excitation source.

3. Results and discussion

3.1. Structure and thermolysis of coordination polymers

Figure 1 shows the FT-IR spectra of pristine PVA and the polymeric precursors with varied
concentrations of trivalent indium ion. Generally, PVA contains a trace of polyvinyl acetate
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(PVAc) due to incomplete hydrolysis during its production from PVAc and hence,
absorption bands due to acetate were found in addition to alcohol groups. FT-IR spectrum
of pristine PVA showed a broad and intense band due to O–H group at 3275 cm−1, which
underwent a gradual decrease in its intensity with increasing concentration of indium
nitrate, confirming the coordination of alcohol group of PVA with indium. The absorption
bands at 2913 and 2851 cm−1 are assigned to the asymmetric and symmetric stretches of
methylene group of PVA and another band at 1437 cm−1 is due to the bending mode of
O–H bond [30]. The deformation vibration of alcohol group of PVA at 1239 cm−1 nearly
disappeared due to the coordination reaction. A band at 1085 cm−1 due to C–O was shifted
to 1075 cm−1, indicating the coordination of –O–H groups of PVA to indium. The intensity
of carbonyl stretching vibration corresponding to the acetate group of PVAc at 1729 cm−1

showed a progressive weakening with increasing concentration of indium, confirming the
involvement of carbonyl moiety of acetyl in coordination. In addition, bands due to asym-
metric and symmetric stretching vibrations of –NO2 groups were present at 1510 and 1290
cm−1 of the coordination films [31]. A representative equation to show the complex formed
by the coordination of PVA with indium(III) is given in figure 2.

Thermal degradation pattern of the PVA/In performed in air is shown in Supplemental
material (figure S1 see online at http://dx.doi.org/10.1080/00958972.2014.932354). A
continuous weight loss up to 540 °C was found in the TGA graph of pristine PVA due to
the total decomposition of organic moieties in it, whereas the final decomposition tempera-
ture of coordination polymers decreased with increasing indium nitrate content. The TGA
graphs corresponding to three different precursors viz., PVA/In 0.5, PVA/In 1.0, and PVA/
In 2.0 registered three regions of weight loss at 40–150, 150–380, and 380–540 °C. The
first and second stages were due to the removal of adsorbed water molecules and degrada-
tion of side chains of PVA/PVAc, respectively. The second weight loss is rapid for PVA/In
when compared to pristine PVA, attributed to oxidative decomposition of side chains of
PVA/PVAc along with the removal of NO2 and CO2. The third weight loss is correlated to
decomposition of the main chain of PVA [32]. The final decomposition temperature and res-
idues (in wt%) of PVA/In when compared to pristine PVA are shown in Supplemental mate-
rial (table S1). The decrease in final decomposition temperature with increase of nitrate
content confirmed accelerated decomposition of PVA by nitrate. From the decomposition
temperature identified from TGA analysis, we have chosen 550 °C as the temperature for
calcinations of indium–PVA coordination polymers to yield In2O3 nanoparticles.

Figure 1. FT-IR spectra of (a) PVA, (b) PVA/In 0.5, (c) PVA/In 1.0 and (d) PVA/In 2.0, respectively.
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3.2. Structural and optical properties of nanoparticles

The FT-IR spectra of In2O3-B calcined at 550 °C and its respective precursor, PVA/In 1.0,
are compared in figure 3. After thermolysis, the spectrum did not show any absorptions due
to PVA and/or nitrate, indicating their complete removal. However, new absorption bands
for In–O bonds appeared at 416 and 561 cm−1 [33], supporting the complete removal of
organic and/or nitrate during the decomposition process and the formation of pure In2O3

nanoparticles. These observations are similar to the preparation on CuO and ZnO nanoparti-
cles by direct calcinations of the respective coordination polymers of Cu(II) and Zn(II), as
reported in the literature [34–36].

The UV–visible absorption spectra of In2O3 nanoparticles prepared from PVA/In 0.5,
PVA/In 1.0 and PVA/In 2.0, respectively, are given in Supplemental material (figure S2).
The respective nanoparticles In2O3-A, In2O3-B, and In2O3-C exhibited absorption edge val-
ues at 323 nm (4.39 eV), 328 nm (4.32 eV), and 337 nm (4.21 eV). These absorption edges
in all the cases were blue shifted when compared to that of bulk In2O3 (3.6 eV) as a result
of quantum confinement effect [37]. The shift in absorption edges towards lower
wavelength suggested that the sizes of the nanoparticles in increasing order are In2O3-A,
In2O3-B, and In2O3-C. These absorption edge values are higher than that of In2O3 nanopar-
ticles or thin films prepared by solution [38] and vapor deposition route [39], indicating the

Figure 2. Reaction scheme for the preparation of PVA coordinated indium(III) nitrate.
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formation of indium(III) oxide nanoparticles with lesser size in our experiment. It can be
seen that the absorption edge became broader with increasing the indium content in the
coordination polymer. The broadening of absorption edge is associated with increase in size
of the nanoparticles as reported earlier [40].

The room temperature PL spectra of the as-prepared In2O3 nanoparticles dispersed in eth-
anol are presented in Supplemental material (figure S3). Bulk In2O3 cannot emit light at
room temperature [41]. However, nanocrystalline In2O3 samples display PL emissions due
to oxygen vacancies [42]. All three samples showed emission at 363 nm due to near band
emission (NBE) and strong emission near 410, 430 with weak emission around 470 nm
from deep level emission (DLE), respectively. The DLE is due to the formation of intra-
band energy levels as a result of oxygen vacancies. These values are comparable to the
already reported values for In2O3 nanocrystals [43]. Presence of lower energy absorptions
are attributed to impurities and structural defects arising from oxygen vacancies [44, 45]. In
our studies, intensities of DLE were higher than NBE owing to higher defect-related emis-
sion. The intensity of DLE at 470 nm has appreciably reduced as the concentration of
indium ion increases in the polymeric precursor, suggesting decreased oxygen vacancies
and structural defects. As was found from thermal studies, the thermal decomposition of
PVA was accelerated by nitrate ion present in the polymeric precursor. It is expected that
the higher concentration of nitrate would provide an enhanced oxidizing atmosphere and
effectively removed the carbonaceous surrounding formed from thermal decomposition of
PVA. This mechanism apparently leads to reduced oxygen deficiency, which reduces the
intensity of PL emission peaks appearing at lower energy due to oxygen vacancies with
respect to increased indium nitrate content in the polymeric precursors.

The formation of nanocrystalline In2O3 from thermolysis of polymeric precursors was
confirmed by XRD results shown in figure 4. All detectable peaks can be indexed to the cubic
phase of the In2O3 nanostructure given in the standard material (JCPDS: 06-0416). Moreover, no
other diffraction peaks from the impurities or other phases were detected in the XRD pattern,
showing very high purity of the prepared In2O3 nanoparticles as reported in the preparation of
ZnO nanoparticles by calcination of Zn(II) coordination polymers [36, 46]. The crystallite sizes
of the nanoparticles were estimated from X-ray line broadening using Scherrer’s equation [47].
The average sizes increased as 24, 25, and 26 nm for the In2O3 samples prepared, respectively,
from PVA/In 0.5n, PVA/In 1.0, and PVA/In 2.0 coordination polymers.

SEM analysis was performed to investigate the morphologies of In2O3 nanoparticles
formed from the thermolysis of polymeric precursors. It was recently reported that particle
size and morphology of In2O3 nanoparticles can be varied by simply adjusting the ratio of

Figure 3. FT-IR spectra of (a) PVA/In 1.0 and (b) In2O3-B.
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reactants in the coordination complexes [14]. Earlier studies showed that the morphology of
metal oxide nanoparticles obtained from thermolysis of coordination polymers was greatly
influenced by the nature of ligand, geometry of coordination sphere [34, 48], crystal pack-
ing of coordination polymers [49], and calcination temperature [50]. The SEM images of
the In2O3 nanoparticles formed from three PVA/In coordination polymers are given in Sup-
plemental material (figure S4 with respective higher magnifications shown as insets). From
the SEM images, the polymeric precursor PVA/In 0.5 yielded In2O3 nanoparticles with
spherical morphology, whereas, the precursor PVA/In 1.0 afforded agglomerated particles
resulting as thin interconnected layers. On the other hand, PVA/In 2.0 polymeric precursor
produced thick flake-like materials of indium. It is believed that during the combustion pro-
cess, evolution of large volume of gasses due to an exothermic reaction between nitrate and
the polymer promoted decomposition of over-inflated precursor gel and produced nanoparti-
cles. During the polymer thermolysis, low-density volatile fragments could form small bub-
bles that grow in size, escape to the surface of the film, and undergo rapid burst to form
foam-like structure as reported earlier [51, 52]. With lower concentration of metal ions, the
polymer chain completely covers the surface of the nuclei of metal oxide nanocrystals that
restricts the contact between the nuclei and thus forms separate particles. With a composi-
tion of PVA/In 1.0, presumably, the nuclei of metal oxide nanocrystals aggregate with each
other to form a 2-D assembly of particles, leading to an interconnected layer-like structure
as identified from SEM images. When the concentration of indium ion is further increased,
more In2O3 nanocrystals combine with one another and result in a thick flake-like morphol-
ogy corresponding to the sample obtained by decomposition of PVA/In 2.0 coordination
polymer. The SEM studies clearly indicated that the morphology of indium(III) oxide nano-
particles formed was influenced by the ratio between the metal ion and polymer in the coor-
dination polymer precursor.

Further, proof regarding the morphology and particle size of In2O3 samples was provided
using TEM analysis. The TEM micrographs shown in figure 5 confirmed that the In2O3

nanoparticles prepared from all three precursors were spherical. The images are similar to
In2O3 nanoparticles prepared by thermal decomposition of citrate gel precursor that showed
agglomerated nanoparticles of spheroid shape [53]. In the present study, the nanoparticles
are progressively agglomerated into branched structures with increasing indium(III) ratio in
the precursor polymeric film. Moreover, the particle size distribution obtained from the TEM
images also revealed that increasing indium(III) content in the PVA–indium coordination

Figure 4. XRD patterns of In2O3 prepared using (a) PVA/In 0.5, (b) PVA/In 1.0 and (c) PVA/In 2.0.
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polymer resulted in larger size of nanoparticles. As observed in the SEM images, higher
concentration of indium(III) ions leads to enhanced contact between the nanocrystals and
hence formed larger particles at the expense of smaller particles similar to the Ostwald rip-
ening process. The corresponding selected area electron diffraction SAED patterns of the
three different In2O3 samples (In2O3-A, In2O3-B and In2O3-C) showed bright spots
revealing their phase pure, cubic crystalline structure.

4. Conclusion

Preparation of phase pure, cubic In2O3 nanoparticles by thermolysis of PVA-coordinated
indium(III) nitrate polymer is presented. A good comparison between the results of our

Figure 5. TEM images of In2O3 prepared using (a) PVA/In 0.5, (b) PVA/In 1.0 and (c) PVA/In 2.0 with corre-
sponding SAED pattern.
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work was made with other metal oxide nanoparticles formed by thermal decomposition of
suitable coordination precursors in order to strengthen the merit of the research work under-
taken herein. Effect of PVA to indium ion ratio on the morphology and size of the as-
prepared In2O3 nanoparticles were investigated. Powder XRD confirmed the cubic
crystalline phase of the In2O3 nanoparticles with an average size of 24 nm. Optical and
TEM studies revealed that the size of nanoparticles increased with indium(III) content in
the coordination polymer. PL studies confirmed that the low-energy emission of oxides
gradually disappeared with increasing indium(III) nitrate ratio in the coordination polymer
precursors due to an enhanced oxidizing microenvironment during thermolysis.
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