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INTRODUCTION

Visible light induced photocatalytic degradation of organic
pollutants present in industrial wastewater is a well known
and established technique in the area of green chemistry to
purify wastewater [1]. Anatase form of titania is the most
thoroughly investigated material in the literature and seems to
be a promising photocatalyst for the detoxification of organic
pollutants [2-4]. Owing to its low toxicity, high photostability
and high photo-efficiency it acts as a unique photocatalyst. How-
ever, there are few snagging issues with this material due to
rapid electron-hole recombination in 10-9 s which results in low
quantum efficiency, a wide band gap of 3.2 eV limiting its usage
mostly in the UV region [5]. Developing a heterogeneous photo-
catalyst to bring the usage of titania particles in the visible region
is a conventional route to enhance the photocatalytic degrad-
ation of organic dyes like anionic doping with C, N and S ions
or transition metal ions or formation of nano-composites with
suitable materials to yield high surface to volume ratio [6,7].
Efforts have been made to synthesize titania-gold nano compo-
sites, CdS/CdSe-titania hybrids, etc. for inhibition of electron-
hole recombination and extending the photocatalytic process
in visible region [8]. Modifying titania with a nano-structured
carbonaceous substance like graphene oxide (GO) has been
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gaining importance to contrive visible-light responsive mate-
rials.

Graphene oxide is a two dimensional carbon material
synthesized from graphite and possess high thermal and electrical
conductivity. The sp2 hybridized carbon atoms within the material
are highly capable in storing and shuttling the electrons [9]. A
large number of surface property enhancing oxygen-containing
groups on both sides of a single graphite sheet overcomes the
inter sheet van der Waals force and enlarges the interlayer spacing
[10]. The sheets in such an expanded structure can be easily pulled
up using an external force by ultrasonication. This technique
would not lead to any dissociation of the sheets, due to its strong
coupling leading to an advanced hybrid materials for various
applications including photocatalysis.

In many works, nano-structured titania catalysts have been
synthesized by hydrolysis of titanium isopropoxide and titanium
tert-butoxide as the precursor materials [11]. Samples derived
from organic solvent free controlled hydrolysis of titanium
tetrachloride were reported to be highly photoactive and the
final yield does not give rise to the formation of organic impurities
[12]. 1:50 [precursor]/[solvent] volume ratio of TiCl4/H2O was
reported as a unique combination for synthesis of anatase nano
titania material having best crystallinity, enhanced photocatalytic
activity and high surface area [11].



In earlier works, photocatalytic activity of Degussa P25/GO
composites was performed [5,13,14]. Hydrothermally prepared
TiO2/GO sheets and their photocatalytic activity for hydrogen
evolution from water was also reported [6]. Unlike these reports,
the present work reports synthesis of a novel combination of
graphene oxide-nano titania composite materials by one step
organic solvent free controlled hydrolysis of TiCl4 by maintai-
ning 1:50 volume ratio of TiCl4/H2O in the dispersion of aqueous
solution of graphene oxide under ultrasonication. It was noticed
that the materials were responsive in visible light region and
enhanced photocatalytic performance was observed with increase
in wt % of graphene oxide along with high surface area of nano
titania in the composite materials. These composites have been
characterized using XRD, FESEM, HRTEM-SAED (selected
area electron diffraction), FTIR and UV-Vis DRS. It has been
medically proven that contaminated drinking water with rhoda-
mine dye could lead to subcutaneous tissue borne sarcoma
which is highly carcinogenic [15]. Hence, rhodamine B dye was
selected as the probe molecule for the photocatalysis study
under visible light in the presence of prepared composite materials.

EXPERIMENTAL

Titanium tetrachloride (TiCl4), graphite powder, potassium
permanganate, phosphoric acid, sulphuric acid, hydrogen pero-
xide were procured with AR grade quality from SD-Fine analy-
tical grade of 99 % purity. Rhodamine B (Finar), was selected
as the probe molecule for photocatalytic degradation study
under visible light whose chemical formula is C28H31N2O3Cl.
The experimental solutions of the dye were prepared using
distilled water.

The resulting composite materials were characterized
using X-ray diffractometer (PANanalytical-X' Pert PRO, Japan)
at room temperature using nickel filter Cu-Kα radiation (λ =
1.54059 Å) over wide range of 10º ≤ 2θ ≤ 80º with a scanning
speed of 2 min-1. UV-visible diffuse reflectance spectra were
recorded using single monochromator UV-2600 (optional ISR-
2600Plus, λ upto 1400 nm). The morphology of as-synthesized
samples was investigated by field emission scanning electron
microscopy (FESEM, LEO1550) and high resolution transmi-
ssion electron microscopy (HRTEM, Joel/JEM 2100 model,
source-LaB6). Fourier transform infrared spectral (FTIR) data
was recorded from BRUKER ALPHA FT-IR with Opus 6.1 using
KBr pellets at 4500-400 cm-1 region.

General procedure of in situ synthesis of x % GO-nano
titania composites: Graphene oxide (GO) was prepared by
well-known modified Hummers method [16] without any further
modification. A standard solution of GO was prepared by disper-
sing 1 g of GO powder in 100 mL of distilled water and kept
under ultrasonication. From this standard solution, 5 mL (0.05 g),
10 mL (0.1 g), 25 mL (0.25 g), 50 mL (0.5 g) and 75 mL (0.75 g)
of GO solution was dispersed in 5 separate beakers each con-
taining 350 mL of distilled water under ultrasonication for a
better distribution of GO particles. In order to maintain 1:50
mL ratio of TiCl4/H2O, 6.9 mL of TiCl4 was slowly added to
each beaker containing 350 mL of distilled water and left for
30 min under ultrasonication to allow the exfoliation of GO
particles on the surface of nanotitania particles. This [precursor]/
[solvent] volume ratio of TiCl4/H2O produces around 5 g of

nano titania particles. The final mixtures were heated at around
100 to 120 ºC to vapourize chloride ions and the gel obtained
was dried in an electrical hot air oven at 80 ºC. In order to achieve
anatase crystal phase in the nano titania particles, the composite
materials were calcined at 400 ºC for 2 h. The initial composite
material (i.e., graphene oxide-nanotitania) was designated as
1 % GO-NT (0.05 g of GO in 5.0 g of nano titania). Similarly,
the other composite materials were designated as 2 % GO-NT,
5 % GO-NT, 10 % GO-NT and 15 % GO-NT, respectively.

Photocatalytic measurements: The photocatalytic activi-
ties of the composites in the degradation of rhodamine B dye
solution were assessed by using a UV-visible spectrophotometer
(Systronics-105, wavelength range: 340-960 nm). A known weight
of the composite material was added to 100 mL of the wide
range of concentrated dye solutions of rhodamine B (λmax =
554 nm) under continuous stirring. The suspensions were magne-
tically stirred for 30 min in dark to establish desorption/adsorption
equilibrium. The photocatalytic study was carried out by placing
the dye solutions under 400 watt metal halide lamp equipped
with a wooden breakfront and an electric supply. Aliquots (5
mL) were drawn under regular intervals of time, centrifuged and
the translucent dye solution was analyzed by using UV-visible
spectrophotometer. Percentage degradation of the dye was
calculated using the following formula:

o t

o

C C
Photocatalytic degradation (%) 100

C

 −= × 
 

where Co is the initial concentration of dye and Ct is the concen-
tration of dye at time t.

RESULTS AND DISCUSSION

X-ray diffraction analysis: The X-ray diffraction patterns
of the synthesized composite materials were recorded in the
2θ range of 10º to 80º at a step interval of 0.02º with the counting
time of 5 s at each point. The XRD spectrum of graphene oxide
(Fig. 1) shows a distinct peak at 2θ = 10.2º corresponding to
the diffraction pattern C (0 0 2). Fig. 2 shows the XRD patterns
of nano titania and x % GO-nano titania (x = 1, 2, 5, 10, 15) at
2θ = 25.25º, 37.8º, 54.5º, 48.0º for the diffraction patterns (1 0 1),
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Fig. 1. XRD of graphene oxide
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Fig. 2. XRD peaks of nano titania & x %GO-NT composites

(0 0 4), (2 1 1) and (1 0 5), respectively indexing the dominant
anatase phase (JCPDS 21-1272). All the diffraction peaks were
in close agreement with the characteristic peaks of materials.
The typical diffraction peak of graphene oxide was not observed
in the XRD patterns of x % GO-nano titania composites and it
may be due to well exfoliation of GO particles on the surface of
nano titania particles or its low diffraction intensity. The peak
broadening can be attributed to high crystalline nature and low
particle size of the composite materials [11].

FTIR studies: Fig. 3 shows the FTIR spectra of graphene
oxide particles. A broad peak at 3434.59 cm-1 indicates the
presence of surface -OH stretching vibration. A small peak at
1726 cm-1 represents the C=O stretching vibration of carbo-
xylic groups at the edges of graphene oxide nano-sheets. The
presence of absorption peaks at 1627.64 cm-1 was due to O-H
bending and aromatic C=C stretching vibrations. Similarly,
peaks at 1387.41 cm-1 was due to tertiary C-OH stretching vibra-
tion and the results were in close agreement with the standard
reports [5]. Fig. 4 shows the FTIR spectra of x % GO-nano
titania composite materials. A peak at 3360 cm-1 represents
the -OH stretching vibration of GO particles. An absorption
peak at 1084 cm-1 corresponding to C-O stretching mode of
hydroxyl groups in graphene oxide was absent in x % GO-nano
titania composites. Similarly, absorption peaks in the range of
1000-400 cm-1 corresponding to Ti-O-Ti bonds shifted towards
lower wavelength on incorporating graphene oxide. This can
be attributed to the presence of both Ti-O-Ti and Ti-O-C bonds
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Fig. 3. FTIR spectra of graphene oxide
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Fig. 4. FTIR peaks of x % GO-nano titania composites

in the composites indicating a strong chemical interaction between
surface hydroxyl groups of nano titania and oxygen moieties
in graphene oxide particles [5]. These results were almost in close
agreement with the earlier works [13].

Morphology studies: The morphology and surface prop-
erties of the composite materials were recorded using electron
microscopic instruments. Fig. 5 shows FESEM image of 10 %
GO-nano titania material. Spherical shaped particles were obser-
ved in the FESEM image (at 10 nm scale) tended to large aggre-
gates. These results were almost similar to the reports of Zhang
et al. [17]. Fig. 6a shows HRTEM image (at 2 nm scale) of 10 %
GO-nano titania composite material. It can observed that a
perfect crystalline was formed in the nano titania particles with
major (1 0 1) anatase diffraction pattern and graphene oxide
particles deposited on its surface. Fig. 6b clearly represents in
the SAED image of 10 % GO-nano titania (1 0 1) diffraction
pattern of the nano titania particles. The results were very close to
the reported works [13,18].

UV-visible diffuse reflectance spectral studies: Fig. 7
shows the optical properties of the composite materials studied
using UV-visible diffuse reflectance spectra of x % GO-nano
titania composite materials. It was clearly observed that the
absorbance was increased with increase in wt % of GO in the

Fig. 5. FESEM image of 10 % GO-nano titania composite material
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Fig. 6a. HRTEM image of 10 % graphene oxide

Fig. 6b. SAED pattern of 10 % GO-nano titania composite material nano
titania composite material
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Fig. 7. UV-visible DRS spectra of the composites

materials. This may be attributed to the already existing high
surface to pore volume created by nano titania particles prepared
by 1:50 mL of TiCl4/H2O and some restoration of π-conjugated
system in graphene oxide particles. The shifting of absorption
to visible region is also due to high visible absorption properties
of GO relative to nano titania [13]. Enhanced visible light absor-
ption indicates a strong chemical interaction between titanium
ions and oxygen moieties in graphene oxide particles. These
results were in close agreement with reported works [1,6].

UV-visible spectroscopic studies: The UV-visible spectra
for rhodamine-B (in aqueous medium) was recorded and a
high intensity peak was observed at absorption wavelength,
λmax = 554 nm by scanning the instrument in visible range.
The percentage of degradation of rhodamine B was examined
at various time intervals. Fig. 8 shows the absorption spectrum
of rhodamine B in aqueous medium for 10 ppm concentration
of dye solution.
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Fig. 8. UV-visible spectra of rhodamine-B solution (10 ppm)

Effect of initial dye concentration: The effect of initial
dye concentration was studied by varying the concentration
of rhodamine B dye solution from 2 ppm to 16 ppm and by
keeping the weight of x % GO-nano titania materials (10 mg/
100 mL) constant. The degradation efficiency was found to
increase with increase in the concentration of the dye solution
from 2 to 10 ppm. However, the degradation tendency was
decreased with further increase in the concentration of the dye.
It may be due to decrease in the active sites on the surface of
the composite material (for a fixed weight) with increase in
the dye molecules. Increased concentrations also give intense
colour to the dye solution and decrease the photon count on
the surface of the material. This condition limits the production
of hydroxyl and superoxide radicals on its surface. At still higher
concentrations, the photocatalytic degradation was almost
negligible. From Fig. 9, it was clear that the maximum photo-
catalytic degradation can be observed for 10 ppm concentration
of rhodamine B solution.

Effect of graphene oxide composition on degradation
efficiency: In the visible region, the degradation efficiency of
GO is 75 % and 1-2 % (approx.) for the nano titania particles
[10]. Hence, the introduction of GO on the surface of nano
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Fig. 9. Effect of initial dye concentration of rhodamine B, catalyst load =
10 mg (fixed weight)

titania particles increased the adsorption capacity and enhanced
the photocatalytic degradation of dye in the visible region. In
the absence of light, almost there was no photocatalytic degrad-
ation and it signifies that the degradation by light may be ignored.
The efficiencies of x % GO-nano titania composites in the degrad-
ation of rhodamine B dye (10 ppm) were significantly improved
from 62 to 100 % with increase in the content of graphene oxide
from 1 to 10 % in the composite materials. Among the synthesized
composite materials, 10 % GO-nano titania composite has shown
almost 100 % degradation and in the present work, it may be
considered as a fine material in removing the organic pollutants
in wastewater under visible light irradiation. On further increasing
the wt % of GO in composites, there was no appreciable change
in the degradation efficiency of dye. It may be due to the agglo-
meration of GO particles in 15 % GO- nano titania material
thereby decreasing the specific surface areas of GO-nano titania
composites and results were shown in Fig. 10.

Effect of amount of 10% GO-nano titania composite
on photocatalytic degradation of rhodamine B dye: The
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Fig. 10. Effect of % graphene oxide composition in composites on the
degradation efficiency of rhodamine B under visible light irradiation,
catalyst load = 10 mg, [Dye] = 10 ppm

effect of photocatalyst load on the photocatalytic degradation
of rhodamine B was examined with 10 % GO-nano titania
material. The dosage amount varied from 2 to 50 mg/100 mL of
dye solution and all the observations were carried out at room
temperature. It was observed that with the increase of catalyst
load from 2 to 10 mg/100 mL of dye solution, the degradation
efficiencies were appreciably improved. Further increase of
the catalyst load from 10 to 50 mg/100 mL decreased the
degradation efficiency of dye (Fig. 11). This phenomenon may
be because of the increase in the amount of catalyst dosage,
which would increase the reactive sites that can correspon-
dingly produce more reactive oxidative species. However, too
much catalyst dispersed in the system will possibly increase
light scattering and decrease light penetration, resulting in the
reduction of degradation efficiency of photocatalyst [19].
Hence, it was optimized that 10 % GO-nano titania composite
material with 10 mg load/100 mL was an appreciable amount
of photocatalyst for degradation of 10 ppm dye solution.
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Fig. 11. Effect of amount of 10% GO-nano titania composite on visible
light induced photocatalytic degradation of rhodamine B dye, [Dye]
= 10 ppm

Effect of time of irradiation on photocatalytic degrad-
ation: The effect of irradiation time on visible light induced
photocatalytic degradation of rhodamine B dye was investigated
in the presence of composite materials. It was observed that
time of irradiation was decreased from 180 to 60 min with
increased graphene oxide weight in x % GO-nano titania com-
posite materials (Fig. 12). 100 % photocatalytic degradation
was achieved with 10 mg of 10 % GO-nano titania composite
material in 60 min. This may be due to enhanced absorption
of dye molecules with increased GO content and increased
photocatalytic performance of the photocatalysts. There was
no significant change in the photocatalytic degradation with
15% GO-nano titania material compared with 10 % GO-nano
titania material. This condition may be due to agglomeration
of high content GO particles in 15% GO-nano titania material
and decreasing the active sites on the surface of composite.

Effect of pH of initial dye solution: The effect of pH on
10 ppm rhodamine B dye solution for photocatalytic degradation
under visible light was studied by varying the concentrations
of HNO3 and NaOH and using 10 % GO-nano titania material

1288  Ryali et al. Asian J. Chem.
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(Fig. 13). These effects were studied by varying pH of dye
solution from 1.5 to 14.0. A slow decrease in degradation effici-
ency was observed as the pH increased and reached a minimum
at around pH 8.0. With further increase in pH, the degradation
efficiency slowly increased and reached a maximum in the
alkaline range. In the acidic range, perhydroxyl radical can form
hydrogen peroxide giving rise to hydroxyl radical and in alkaline
condition, it could be attributed to increase of hydroxyl ions,
which induces more hydroxyl radical formation [20]. These
hydroxyl radicals would oxidize rhodamine B dye molecules.
Hence, at extremely acidic/alkaline pH range superior degrada-
tion efficiency was noted and the results are in close agreement
with the reported work [16].
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Fig. 13. Effect of pH on initial dye solution; catalyst = 10 % GO- nano
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Effect of temperature: The effect of temperature on the
apparent photocatalytic degradation of 10 ppm rhodamine-B
dye solution is shown in Fig. 14. The temperature of the reacting
system was varied from 20 to 80 ºC to identify the effect of
photocatalytic performance of the dye solutions under visible
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Fig. 14. Effect of temperature on visible light induced photocatalytic
degradation of rhodamine B; catalyst = 10 % GO-nano titania,
catalyst load = 10 mg, [Dye] = 10 ppm

light irradiation. It was observed that photocatalytic performance
was better in the range of 30 to 50 ºC and are almost similar to
the reported results [21]. A poor photocatalytic performance
was observed at extremely low and high temperatures. It may
be due to decrease in mass transfer of pollutants to the surface
of photocatalysts at low temperature and recombination of
charge carriers and desorption of adsorbed dye molecules on
the photocatalysts at high temperature.

Plausible photocatalytic mechanism: The major reaction
steps, the routes of formation of radicals and the photocatalytic
degradation of rhodamine-B dye is described in Scheme-I.
On visible light irradiation, the electrons present in valence
band (VB) of nano titania particles gets excited to conduction
band (CB). This stage is referred to as semiconductor's photo-
excitation stage creating a negative-electron (e-) and positive-
hole (h+) pair. In the absence of GO, these e-/h+ pairs combine
vigorously and results in a very low photocatalytic activity.
The d-orbital (conduction band) of nano titania and π-orbital
of graphene oxide interact and forms a d-π overlap [22]. The
nano titania particles absorbs the visible light and transports
the excited state electron from its conduction band into π-orbital
of GO and the excited electrons can be shuttled easily along
the conducting network of GO surface thereby decreasing e–/
h+ recombination in the nano titania particles. This negative
electron subsequently transfers to the surface of composite
material to react with water and oxygen and yields hydroxyl
radicals and super oxide ions, respectively. These hydroxyl
radicals and super oxide ions would oxidize rhodamine B dye.
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H O
2 2

2

TiO h (e ) (h ) GO(e ) h

TiO (e ) O O TiO OH TiO

TiO (h ) OH OH TiO

GO (e ) O O GO OH GO

OH Rhodamine B Degraded product

O Rhodamine B Degraded product

•

− + − +

− •− •

+ − •

− •

•

•−

+ ν → + → +

+ → + → +

+ → +

+ → + → +

+ →
+ →

Scheme-I: Photocatalytic degradation reactions of rhodamine-B in
presence of x % GO-nano titania composites under visible
light irradiation
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Conclusion

A one step organic solvent free controlled hydrolysis of
TiCl4 in water (ratio of 1:50 mL) medium and in situ dispersion
of graphene oxide solution to synthesize of graphene oxide-
nano titania composite materials was reported and their photo-
catalytic activity on the degradation of rhodamine B was evaluated
under visible light. The characterization techniques XRD,
FESEM, FTIR, HRTEM and UV-Vis DRS illustrated the nature
and structure of the prepared nanocomposite materials. It was
optimized that rhodamine B dye solution of 10 ppm concentra-
tion was 100 % degraded in the presence of 10 % GO-nano
titania composite material with 10 mg catalyst load at extremely
acidic or alkaline pH range around 30-50 ºC under visible light
irradiation. Further, the time of irradiation was reduced from
180 to 60 min with 10 % GO-nano titania composite material.
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