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Abstract The present work reports on pristine anatase
TiO, photocatalyst with different indium (In) content which
is prepared via a controlled and energy efficient microwave-
assisted method. The structural and optical properties
of photocatalyst were characterized by X-ray diffraction
(XRD), field emission-scanning electron microscopy (FE-
SEM), energy dispersive spectroscopy (EDS), transmission
electron microscopy (TEM), diffuse reflectance spectros-
copy (DRS), and fourier transform infrared spectroscopy
(FT-IR). Average crystallite size of 12 nm with shape of
pseudo-cube was obtained for In-doped TiO, (optimum
0.10 mol%). The UV-Vis diffuse reflectance spectrum
shows the absorption edge which is shifted in the visible
region and slightly decreased the band gap for In-TiO, as
compared to pristine TiO,. The present research work is
mainly focused on the enhancement of degradation effi-
ciency of methyl orange (MO) by doping of Indium in TiO,
using UV light (365 nm). A 98% efficiency of photodegra-
dation was achieved by utilizing 0.10 mol% In-doped TiO,
(1 g/dm®) at pH=>5 within 90 min. Recyclability of photo-
catalyst was also studied and material found to be stable up
to five runs.

1 Introduction
Nowadays the environmental protection is one of the most

promising objectives of the humanity. Water pollution
is mostly occurred due to industrial effluents discharged
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directly into the water bodies. Wastewater recycling is one
of the effective solution for water shortage in many water-
salvage countries; however, waterborne pathogens limit the
reusing by infecting the contacting people and threaten-
ing human health, especially for developing countries [1].
Dyes are widely used in the textile, rubber, paper, plas-
tic, and cosmetic industries. Due to discharge of synthetic
dye-containing wastewater, the effective treatment of dyes
and organic substances containing wastewater has been
intensely studied [2].

Many techniques are employed for wastewater treat-
ment such as physical separation method, biodegradation
method, and photocatalysis. Among these, photocataly-
sis is a promising method used in degradation of different
dyes and organic pollutants. The principle of photocatalysis
involves the mineralization of organic compounds into CO,
and H,O by using the UV and Vis irradiation in presence of
semiconductor.

Semiconductors like ZnO, TiO, have great importance
in the field of Nanoscience and Nanotechnology due to
their broad and interdisciplinary area of research. The pho-
tocatalytic activity of nonmaterial is enhancing than that of
bulk material and that has been studied worldwide in the
last few decades [3]. In the field of nanomaterials, many of
the Scientists are attracted due to its wide range of appli-
cations in different fields like hydrogen generation [4], gas
sensors [5], dye-sensitized solar cells [6], photovoltaic cells
[7], semiconductors [8—12], photocatalysis [13, 14], self-
cleaning [15] and antimicrobial and antifungal activity
[16].

Among various metal oxides, Titania is one of the most
widely used benchmark standard photocatalyst in the field
of environmental cleaning application. It is a non-toxic
material, with stable in nature and low cost [17]. However,
the large band gap of TiO, and massive recombination of
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photogenerated charge carrier species limit its overall pho-
tocatalytic efficiency. Regarding its properties, TiO, is a
semiconductor with a band gap of about 3.2 eV allowing
light absorption in UV region (about 5% of solar spectrum).
However, the absorption of only a small fraction of the solar
spectrum makes TiO, not enough for practical applications.
Additionally, the electron—hole recombination is considered a
serious problem for its photocatalytic performance, since this
process limits drastically the TiO, quantum yield [18]. The
former can be overcome by modifying the electronic band
structure of titania including various strategies like coupling
with a narrow band gap semiconductor, metal ion/non-metal
ion doping, co-doping with two or more foreign ions, surface
sensitization by organic dyes or metal complexes, and noble
metal deposition [19].

Shchukin et al. [20] prepared nanocrystalline TiO,—In,04
powders with various Ti/In ratios by sol—gel technique using
indium(III) nitrate and TiCl, are the precursors and evalu-
ated their photocatalytic activity for degradation of aqueous
2-chlorophenol. Poznyak et al. [21] prepared TiO,-In,04
composites by the sol-gel technique from concentrated
hydrous titanium dioxide and indium hydroxide sols and stud-
ied their structural, optical and photoelectrochemical proper-
ties. Gonzalez and co-workers [22] reported the synthesis,
characterization and photocatalytic properties of TiO,—In,0;
catalyst. Compared with pure TiO,, TiO,~In,0; composite
photocatalyst showed an efficient separation of photogen-
erated carriers and observed an enhancement in photocata-
lytic activity under UV irradiation [20-22]. Wang et al. [23]
prepared indium doped TiO, by the sol-gel method by using
titanium(IV) tetrabutoxide and indium chloride are the pre-
cursors. The pure TiO, photocatalyst shows only 8.2% of
degradation of 4-chlorophenol after 8 h, whereas optimized
In-TiO, shows 38.8% after 8 h under the visible light. The
indium doped TiO, showed improved photocatalytic activity
for degradation of 4-chlorophenol compared to pure TiO,.

In the present study, we illustrate the doping of TiO, with
indium by an energy efficient microwave assisted method.
The synthesized nanomaterials were thoroughly character-
ized by several techniques to predict the structure and com-
position. The photocatalytic activity of the catalyst was evalu-
ated by using methyl orange as a model pollutant. In order to
achieve maximum photocatalytic activity, a series of experi-
ments were carried out which includes the doping content of
Indium, the effect of catalyst loading, and pH.

2 Experimental
2.1 Materials

Titanium tetra-isopropoxide (TTIP, 99%), surfactant
cetyl trimethyl ammonium bromide (CTAB, 99%) were

purchased from Spectrochem Pvt. Ltd., (India). Sodium
dodecyl sulfate (SDS, extrapure) was purchased from
Thomas Baker Pvt. Ltd., Mumbai. Absolute ethanol
(99.9%) and indium nitrate were purchased from s.d. fine
chemicals. Ammonia was purchased from Loba Chemie
Pvt. Ltd., (India). All analytical grade chemicals were used
as received for preparation of various solutions. All solu-
tions were prepared in Millipore water obtained from Mil-
lipore water system (Bangalore, India).

2.2 Preparation of indium doped TiO, nanoparticles

Titanium tetra-isopropoxide and indium nitrate were used
as a source of titanium and indium respectively. In doped
TiO, nanocrystalline powder was prepared by controlled
addition of (0.1 M) TTIP in 100 mL of absolute ethanol
with constant stirring to get a clear solution. Further, a suf-
ficient amount of surfactant solution (1% CTAB + 1% SDS)
was added with constant stirring. For indium doping, the
concentration of In was varied from 0.05 to 0.2 mol%. The
required amount of (0.1 M) indium nitrate was added to get
the desired composition. An aqueous ammonia was added
drop wise under stirring condition with special arrange-
ment at room temperature until the solution reached up to
pH=8. After complete precipitation, the precipitate was
washed with Millipore water and acetone for several times
to remove excess surfactant. The washed precipitate was
kept under microwave irradiation for 20 min in the domes-
tic microwave oven (Input 900 W, 250 MHz, LG Make)
with on—off cycle (20 s on—40 s off). The dried powder was
grounded by using agate mortar and pestle and calcined at
300 °C for 3 h in a temperature controlled muffle furnace.
Nanocrystalline powder of pristineTiO, was prepared simi-
larly without addition of In source. The phase purity and
degree of crystallinity of the TiO, and effect of In doping
were monitored by XRD.

2.3 Characterization of indium doped TiO,

Powder X-ray diffraction patterns of pristine and doped
TiO, were obtained using an XRD (Model X-Pert PRO-
1712) with CuKa radiation (A=1.5406 IOA) as an X-ray
source. The morphological investigation was carried out
by a FE-SEM (TESCAN MIRA3). The EDS was recorded
in the binding energy region of 0-10 keV (Model X-Act,
Oxford) instrument. The shape and size of the materials
was obtained by using transmission electron microscopy
with model TEM (JEOL 3010). The diffuse reflectance
spectra were recorded on UV-Vis Spectrophotometer
(3092). FT-IR spectra were scanned using KBr pellet, with
a Perkin—Elmer spectrometer (Spectrum BX-II).
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2.4 Photocatalytic activity of indium doped TiO,

The photocatalytic activity of In-doped TiO, was evaluated
by testing the degradation of MO as a model pollutant by
using UV light (365 nm). To search the highest photocata-
lytic activity of In-doped TiO,, catalyst amount was varied
from 0.5 to 2 g/dm>. The effect of pH on the photocatalytic
activity was also studied by varying the pH of the solu-
tion from 5 to 9 by using HCI and NaOH (1 M each). The
quartz photoreactor was kept in steel container along with
magnetic stirrer. Philips (HPL-N, 250 W) light source was
used which has Lumens of 12,750. The outer side of the
bulb was broken and just inside filament is used as a source
of light. The distance of lamp was kept 5 cm above the dye
solution. In the given experiment the photocatalyst was
added in photoreactor containing methyl orange (100 mL,
20 ppm). Prior to irradiation, dye solution was stirred for
30 min in dark for adsorption—desorption equilibrium.

3 Result and discussion
3.1 Characterization of as prepared In-TiO,
3.1.1 XRD

The mechanism of modification is closely related to the
crystallite structure, which has been studied using the XRD
technique. To examine the changes in the crystal structure
of TiO, affected by In doping, XRD analysis was carried
out in the range of 20=10°-90°. Figure 1 shows X-ray
diffraction pattern of pristine and different contents of In
from 0.05 to 0.20 mol%. All the samples exhibit the anatase
structure even after the doping of indium. The strong dif-
fraction peaks at 25.06°, 37.59°, 48.01°, 54.05°, 55.02°,
62.31°, 69.94° and 74.92° associated to the crystal planes
[101], [004], [200], [105], [211], [204], [220] and [215]
respectively, this attributed to reflections of anatase TiO,
which is compared with JCPD Card No. (21-1272) [24].
The space group of anatase TiO, is 14,/amd with lattice
constant a=3.7845 1&, c=9.5153 A (where a=b#c). As
the Indium content increases from 0.05 to 0.10 mol%, the
peak broadening [101] gradually increases which indicates
that the crystallite size of the material is smaller. The con-
tents of In is too low and could not be detected by XRD.
The average crystallite size of the material was calculated
by using Scherrer’s equation [25]. It is observed that the
pristine TiO, has an average size of 15 nm and it decreases
up to 12 nm for 0.10 mol% In doping. Hence as doping
amount increases the peaks of TiO, became slightly broad
in width which leads to the reduction of crystallite size.
The reduction in size by doping suggests that doping of
Indium inhibits the growth of TiO, crystallite.
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Fig. 1 X-ray diffractograms of a TiO,, b In-TiO, (0.05 mol%),
¢ In-TiO, (0.10 mol%), d In-TiO, (0.15 mol%) and e In-TiO,
(0.20 mol%) nanoparticles

It is reported that there are two kinds of doping modes
such as interstitial and substitutional, for doping of metal
ions in metal oxides [26]. In case of first interstitial mode,
the ionic radius of dopant should be smaller than that of
the lattice metal ion and the oxide lattice spacing, allowing
the doping metal ions to penetrate into the crystal cell of
the metal oxide. The ionic radius of the In** ion (81 pm)
[27] is larger than that of the lattice Ti** ion (53 pm) [26],
it is impractical for the In>* ions to penetrate into the crys-
tal cell of pristine TiO, through the interstitial mode. On
doping with the substitutional mode, the doping of metal
ions will substitute the lattice metal ions and thus occupy
the position of the lattice metal ions in the metal oxide. If
the ionic radius of the doping metal ion is larger than that
of the lattice ion, the lattice parameters and cell volume
of the doped oxide should be larger than those of the pure
metal oxide. As a result, the positions of all of the diffrac-
tion peaks in XRD patterns should shift to lower diffrac-
tion angles. It is observed that no shifting of the peaks from
XRD diffraction pattern of In-TiO,, as shown in Fig. 1.
Therefore, the doping of In*' ions into TiO, through the
substitutional mode can also be excluded. Thus, it is rea-
sonable to suppose that the In** metal ions are doped on
the surface of pristine TiO,. Furthermore, the microstrains
of the In-doped TiO, samples were determined by the fol-
lowing formula to confirm the doping mode [28].

p
4tan©

where f is FWHM in radian,
After calculation of microstrain, it is observed that
pristine TiO, shows 5.7 x 107 and In-TiO, (0.10 mol%)

Microstrain (g) =

ey
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6.2 x 1073 respectively. The result indicates that there is
a very small change in mictrostrain which agrees that the
In atoms are on the surface of TiO,.

3.1.2 EDS and FE-SEM analysis of In-TiO,

In order to investigate the surface morphology of the
synthesized In doped TiO, nanoparticles, FE-SEM stud-
ies were performed. Figure 2a shows FE-SEM image of
0.10 mol% In-TiO, which indicates that the particles of
nearly uniform in size with spherical morphology. To
check the elemental composition present in In-TiO,,
EDS were recorded and pattern is shown in Fig. 2b. The
spectrum was recorded in the binding energy region of
0-10 keV. The spectrum demonstrates the number of well
defined peaks at 0.4, 4.5, 4.9, 0.5 and 3.5, 4.2 keV rela-
tive to Ti, O and In respectively, which clearly supports
the presence of Ti, O and Indium in the material. In the
spectrum no other peaks were detected which confirm the
purity of nanomaterial. The atomic% of Ti, O and In are
32.16, 67.45 and 0.39 respectively, which indicates that
the material formed were of non-stoichiometric with oxy-
gen deficiency that leads to better performance of photo-
catalytic activity [29].

SUK-PHY

(b) Spectrum 1

) 1 2 3 4 5 6 7 8 9
Full Scale 1712 cts Cursor: 0.000 keV

Fig. 2 a FE-SEM of 0.1 mol% In-TiO,. b EDS of 0.1 mol% In-TiO,

3.1.3 TEM

Morphology of the nanomaterials was characterized by
TEM analysis (Fig. 3). The obtained image reveals that
as prepared In-TiO, is in the form of pseudo spherical in
shape with narrow size distribution. The size of particles
is in the range of 10—15 nm, with the average particle size
from representative TEM was found to be 12 nm. The
HR-TEM image (Fig. 3c) shows lattice fringes, which is
used for phase identification and found to be 0.35 nm, this
value corresponds to the lattice spacing of (101) plane in
the anatase phase. Selected area electron diffraction pat-
tern (SAED) matches to anatase phase with good crystal-
linity as shown in Fig. 3d. Lattice fringes from SAED can
be clearly indicating that the particles are crystalline in
nature with anatase phase.

3.1.4 Diffuse reflectance spectra

Figure 4 shows the diffuse reflectance spectra of pristine
TiO, and In-TiO, with varying Indium contents from
0.05 to 0.20 mol%, after being calcined at 300 °C for
3 h. It was observed that the absorption onset of In-TiO,
slightly shifted towards the visible region [23]. This is
due to formation of metal cluster that gives rise to local-
ized energy in the band gap. Particularly the 0.10 mol%
In-doped TiO, shifted towards red region indicating the
decrease in band gap as compared to pristine TiO,.

3.1.5 FT-IR spectra

The FT-IR spectra of pristine TiO, and In-TiO, nanopar-
ticles with varying mol% of In from 0.05 to 0.20 mol%
after being calcined at 300 °C for 3 h are shown in
Fig. 5. The spectrum (a) shows a broad band centered at
3420 cm™', which is ascribed to —OH stretching and band
at 1634 cm™' due to the —OH bending mode of water
adsorbed on the surface of the TiO, which may have the
essential role in the photocatalytic activity. The methyl-
ene symmetric and antisymmetric vibrations can be seen
in the area of 2930-2830 cm™! which arises due to the
surfactants. The broad peak at 725-685 cm™' is the fea-
ture of the Ti—O bending mode of vibrations which indi-
cates the creation of metal-oxygen bonding [30]. The
In-O stretching at the wavenumber 557 cm™' was not
observed hence it can be concluded that there was no for-
mation of In,0; [31]. The intensity of bands at 1634 and
725 cm™! shift towards lower wavenumber after In dop-
ing, indicating the formation of In-TiO, composite.
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Fig. 3 TEM image a In doped
TiO, (50 nm), b In doped TiO,
(20 nm), ¢ HRTEM image of In
doped TiO,, d SAED pattern of
In doped TiO,

Absorbance (a.u.)

\
200 400 600 800
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Fig. 4 Diffuse reflectance spectra of a TiO,, b In-TiO, (0.05 mol%),
¢ In-TiO, (0.10 mol%), d In-TiO, (0.15 mol%) and e In-TiO,
(0.20 mol%) nanoparticles
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Fig. 5 FT-IR spectra of a TiO,, b In-TiO, (0.05 mol), ¢ In-TiO,
(0.10 mol%), d In-TiO, (0.15 mol%) and e In-TiO, (0.20 mol%) nan-
oparticles
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Fig. 6 Effect of In doping in TiO, nanoparticles a In-TiO,
(0.10 mol%), b In-TiO, (0.15 mol%), ¢ In-TiO, (0.20 mol%) and d
In-TiO, (0.05 mol%) nanoparticles

3.2 Factors affecting on photocatalytic degradation
of methyl orange

3.2.1 Effect of concentration on Indium doping

The photodegradation of MO was employed to evaluate
the photocatalytic activity of In-TiO, under UV light. The
experimental results are illustrated in Fig. 6. Initially, the
degradation efficiency of MO increases as the content of
Indium increases on TiO,. The 0.1 mol% In-TiO, shows
maximum photocatalytic activity by keeping other experi-
mental parameters constant. It may be due to increase in
number of active sites, recombination rate of electron and
holes decreases and hence 0.1 mol% In-TiO, shows higher
photocatalytic performance. However as doping increased
from 0.1 mol%, the activity was more or less constant.
The reason is that the aggregation of Indium nanoparti-
cles became serious when more In was introduced into the
TiO,.

3.2.2 Effect of catalyst loading for methyl orange
degradation

The effect of catalyst loading on the degradation of methyl
orange was investigated using optimal (0.10 mol%) In-
doped TiO, nanoparticles. In photocatalysis process the
amount of photocatalyst is an important factor quantita-
tively. Hence a series of experiments were carried out to
find the optimal content of indium doped TiO, for degra-
dation of MO. The quantity of photocatalyst was varied
from 0.5 to 2 g/dm?> keeping all other experimental param-
eters identical and shown in Fig. 7. It was observed that

Photodegradation Efficiency (%)

50 100 150 200
Amount of Photocatalyst (gm/dm’)

Fig. 7 Effect of catalyst loading on MO photodegradation

initially, the degradation efficiency increases with increase
in the amount of photocatalyst. With 1 g/dm? catalyst, the
dye degradation efficiency was found to be high and then
decreases even though catalyst amount of photocatalyst
increases. This study can be explained in terms of the num-
ber of active sites existing for photocatalytic reactions. It
was observed that a large amount of catalyst may affect
in agglomeration of catalyst. This reduces the number of
active sites [32]. Another reason for decreased degradation
efficiency can be attributed to the enhancement in the tur-
bidity of suspension causes scattering of light which leads
to the inhibition of photon absorption.

3.2.3 Effect of initial pH

The pH of solution is an important parameter in the pho-
tocatalytic processes, since it not only plays an important

(a) pH=5 @
100 () pH=7 ®
(¢ pH=9

80}

6ol -
i /‘
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©

Photodegradation Efficiency (%)
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0 20 40 60 80 100

Time (Minutes)

Fig. 8 Effect of pH on photodegradation of MO
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role on the characteristics of wastewater treatment but
also determines the surface charge properties of a photo-
catalyst, the charge of dye molecules, the dye adsorption
ability on a photocatalyst surface, and the concentration
of hydroxyl radicals available in a system [33]. In order
to investigate the effect of pH on degradation efficiency,
the experiments were carried out at different pH ranging
from 5 to 9 for dye concentration (20 ppm) and catalyst
loading (1 g/dm?). Figure 8 shows the photocatalytic
activity of In-TiO, nanoparticles with different pH. The
highest 98% photodegradation efficiency was obtained
at pH=>5 within 90 min. under UV-light irradiation. The
amphoteric behavior of synthesized oxide influences the
surface charge of the photocatalyst. The pH of dye solu-
tion can vary with the surface charge of the photocata-
lyst and also shifts the position of redox reaction [34,
35]. Due to amphoteric nature of TiO,, the following two
equilibriums are considered:

Ti— OH + H* = Ti — OH,* )

Ti—OH+OH™ =Ti- 0" + H,0 3)

From reactions (2) and (3) the surface of photocatalyst
has become positively charged in acidic medium while
negatively charged in alkaline medium. Methyl orange is
an anionic dye; after ionization, it pays attention towards
the surface of the photocatalyst. At pH 5, it shows maxi-
mum photocatalytic activity due to electrostatic attraction
between the anionic dye and positively charged TiO, sur-
face. At pH >7, the surface of the catalyst has become
negatively charged that leads to electrostatic repulsion
between MO and catalyst which results in the decrease of
degradation efficiency.

Repeatedly use of photocatalyst is one of the key con-
cept for economically viable in wastewater management.
To check the reusability of In-TiO, (0.10 mol%) for pho-
tocatalysis under UV light irradiation, the catalyst was

LI

No. of Runs

Degradation% -
B N W b U1 OO N ® VW O
©O O O O O O 0o O ©o o

0

Fig. 9 Reusability of photocatalyst for degradation of MO
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frequently used for five times as shown in Fig. 9. After
each repeated experiment, the catalyst was collected by
centrifugation and washed with distilled water and etha-
nol until a clear supernatant was obtained. The washed
catalyst was dried at 70 °C for 60 min. and again used
for the degradation of MO. The result indicates that the
catalyst was reusable (at least for five runs) and proves
the reusability of photocatalyst.

4 Conclusions

In summary, the TiO, nanomaterials with different In
mol% have been synthesized by using a simple, eco-
friendly, energy efficient and cost effective microwave-
assisted method. The average particle size of nanomate-
rials was found to be 12 nm with highly crystalline pure
anatase phase which was in good agreement with the
results obtained from XRD and TEM. The UV-Vis dif-
fuse reflectance spectrum showed the absorption edge
which was shifted in the visible region and slightly
decreases in the band gap of optimal In-TiO, as com-
pared to pristine TiO,. The atomic% of Ti, O and In are
32.16, 67.45 and 0.39 respectively, which indicates that
the material formed were of non-stoichiometric with oxy-
gen deficiency. It was found that a 98% MO was degraded
within 90 min. when 1 g/dm?® In-doped TiO, was added
to Methyl orange at pH=>5 under UV-light. A 20% incre-
ment in degradation was obtained compared to TiO, and
these are better results than pristine TiO,. The catalyst
was reused up to five runs and found to be stable without
loss of activity.
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