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TiO, is an efficient, cost effective, and common photocatalyst. But there are some technical issues with
TiO, such as fast charge recombination, wide band gap, and low surface area of bulk TiO, which limit
the practical application of TiO, photocatalysts. Carbon coating of TiO, is found to provide many
advantages such as high absorptivity, high photocatalytic activity, stability of the anatase phase, etc. In
the present study, carbon coated titanium dioxide (CC-TiO,) is fabricated by colloidal processing using
TiO, powder and sucrose followed by heat treatment in an argon atmosphere at different temperatures.
Samples are characterized by powder X-ray diffraction, BET technique, Raman spectroscopy, field
emission gun scanning electron microscopy (FEG-SEM) and field emission gun transmission electron
microscopy (FEG-TEM), respectively. The photocatalytic activity of CC-TiO, is studied for cationic dyes
(MB (methylene blue) and CV (crystal violet)). The sample heat treated at 800 °C shows the highest
photocatalytic activity. This particular sample exhibited the lowest optical band gap compared with all

rsc.li/energy-advances other heat-treated samples.

1. Introduction

Photocatalytic processes are accepted as feasible solutions for
treating environment pollutants, specifically various organic
substances through photocatalytic degradation. The development
of semiconductor photocatalysts has drawn much attention as
one of the most important goals in materials science." TiO, is
one of the most explored photocatalytic materials due to its high
photocatalytic activity, high stability, low cost and low toxicity.">
A lot of research work has been done on the modification of TiO,
in order to improve the catalyst’s efficiency including co-catalysts,
dye sensitization, metal particle loading, metallic doping and non-
metallic doping.®” The only disadvantage of TiO, is that it cannot
be activated by visible light due to its higher optical band gap.”™®
ZnO, Fe,0;, Sn0,, WO;3, ZnS, CdS, and LiNbO; are other photo-
catalysts but these are less active and attractive because of the
various limitations associated with them.®' On the other hand,
carbon materials such as graphite, carbon black and graphitized
materials have been used in heterogeneous catalysis particularly
as supports for precious metal particles (Pt, Ru, Au, etc.). Nano-
structured carbon materials such as carbon nanotubes, fullerenes,
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and graphene offer new opportunities in the field of hetero-
geneous catalysis.”*>®

Different nanocarbon-TiO, systems such as carbon doped
TiO, nanoparticles, CNT-fullerene- and graphene-TiO, com-
posites have been used as photocatalysts due to their outstanding
properties. The combination of carbonaceous nanomaterials and
a TiO, photocatalyst provides an opportunity to cumulatively
improve photocatalytic efficiency through three mechanisms
including, improved absorption of visible light, better adsorption
of pollutants and facile charge separation and transportation.”®
First, the adsorption properties of carbonaceous materials are
remarkable, which can particularly enhance the concentration of
organic pollutants on the surface of a catalyst.”” The improved
adsorption of dye molecules on a catalyst surface is an important
contribution toward photocatalytic activity improvement which
facilitates the interface reaction of photocatalysis.*® Second, it is
well-known that carbonaceous nanomaterials can enhance light
absorption of TiO, in the visible light range compared to pure
Ti0,.*** This enhanced absorption was attributed to chemical
bonding (Ti-O-C bonds) between carbonaceous materials
and Ti0,.*** Additionally, carbonaceous materials are stable,
inexpensive, and environmentally friendly and also play the key
role of an electron reservoir to conduct away the electrons from
the electron-hole pairs of TiO, due to the excellent electron-
storage capability, thereby improving the efficiency of charge
separation in Ti0,.>**° Many methods have been used to
synthesize carbon doped TiO, composites such as simple mix-
ing, sol-gel*’, hydrothermal,** thermal oxidation, physical vapor

© 2022 The Author(s). Published by the Royal Society of Chemistry
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deposition (PVD),** chemical vapour deposition (CVD)** and
electrophoretic deposition (EPD).*?

In the present study, carbon coated TiO, (CC-TiO,) was
synthesized by colloidal processing using TiO, powder and
sucrose. The proposed method is a simple and cost-effective
method to fabricate CC-TiO,. Sucrose was used as a soluble
carbon source and sucrose coated TiO, was heat treated in an
argon atmosphere at different temperatures. Sucrose upon pyr-
olysis yields carbon that gets coated on the titanium dioxide
particles surface. The photocatalytic activity of CC-TiO, heat
treated at different temperatures was investigated for MB
(methylene blue) and CV (crystal violet) with a low concentration.

2. Experimental

2.1. Synthesis of carbon coated titanium oxide (CC-TiO,)
samples

Titania slurry was made by using TiO, nano powder, (P25,
Degussa), polyethylene glycol (M,, = 600) PEG-600 (Thomas
Baker) and distilled water. Sucrose (GR-Merck) was added to
the suspension containing 10 vol% ceramic (TiO,) in an
amount which upon decomposition at moderate temperature
would yield carbon in the range of 8 wt% with respect to the
ceramic. Zirconia grinding media (2-3 mm diameter) was
added to the slurry and the ratio of the grinding media and
titania powder was 1: 1. The slurry was made in a polypropylene
bottle and kept on a pot mill for about 24 h.***’

After preparation of the slurry, it was cast in ring shaped
plastic molds which were placed on a gypsum base plate. To
reduce adhesion of the cast body to the molds, the inner surface
of the plastic molds was coated with WD40 (WD Company). Cast
samples (green body) were removed from the plastic molds after
drying under ambient conditions for 36 hours followed by drying
in an oven maintained at 50 °C for 24 h. The cast samples were
crushed using a mortar pestle to make the sucrose coated TiO,
powder.*®**® The annealing of the powder was carried out in a
flowing argon gas at different temperatures (600, 800, 900 and
1000 °C) with a heating rate of 2 °C min ™ followed by a dwell time
of 2h at each temperature to pyrolyze sucrose. CC-TiO, powders
were obtained after annealing at different temperatures.

2.2. Sample preparation for photocatalytic degradation

Photocatalytic degradation of cationic dyes MB and CV using
CC-TiO, heat treated at different temperatures was studied. In
typical experiments, 5 mg L~ of MB and CV solutions were
prepared. 100 mg L~" of each of CC-TiO, were suspended in
100 mL of the aliquot. The suspension was stirred magnetically
first in the dark for 30 minutes to ensure the completion of
adsorption-desorption equilibrium. Furthermore, the exposure
of visible light (Philips household CFL; 85W; intensity ~ 8900
lux) was carried out onto the suspension with continuous
stirring. After an interval of 20 minutes, 3 mL of the solution
was taken and centrifuged to separate the dye and catalyst.
Thereafter, the concentration of dye solution was monitored
using a UV-visible spectrophotometer (Hitachi U-3900H).

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances

2.3. Characterization of the CC-TiO, samples

The CC-TiO, heat treated at different temperatures was char-
acterized using different tools. XRD (Model-PANalytical X’Pert
Pro multipurpose XRD) was used to analyze the crystalline
components of CC-TiO, heat treated at different temperatures
operating at 40 kV and 40 mA and measurements were recorded
from a diffraction angle 260 = 10° to 90°, with a total accumulation
time of around 60 min. The Brunauer-Emmett-Teller (BET)
specific surface area measurement was carried out using a BET
instrument (Smart Sorb 92/93, Smart Instruments Co.) Raman
spectroscopy (Model-Renishaw Invia Raman Microscope) was
used to characterize the extent of defects in carbon coated titania
(CC-TiO,) heat treated at different temperatures. Raman spectra
were recorded at room temperature using a 514 nm wavelength.
The laser power used for the samples was 0.1 mW. The laser was
focused through a microscope with a 50X objective. Raman
spectra presented in this study correspond to the accumulation
of 4 spectra recorded from 300 to 3500 cm ™" over 30 seconds. To
analyze the morphology of CC-TiO, field emission electron gun
scanning microscopy (FEG-SEM) (JEOL, JSM-7600F) and a field
emission gun transmission electron microscope (FEG-TEM)
(JEOL, JEM-2100F) were used. For FEG-TEM measurements,
samples were sonicated in methanol media for 2 minutes and
then one drop of the mixture was added directly on the copper
grid. The grid with the powder droplets was kept overnight in a
desiccator and were loaded into the transmission electron micro-
scope by a double tilt holder for the high resolution FEG-TEM
images. A UV-Vis spectrophotometer (Hitachi U-3900H) was used
in the spectral range of 250-800 nm to measure the band gap of
the CC-TiO, heat treated at different temperatures. The scan
speed and sampling interval during the scan are 300 nm min*
and 0.50 nm, respectively. The photocatalytic activity of the
CC-TiO, heat treated at different temperatures is measured in
terms of the degradation of cationic dyes MB and CV. The extents
of MB and CV are monitored using a UV-vis spectrophotometer
(Hitachi U-3900H).

3. Results and discussion

3.1 XRD, BET, Raman and morphological analysis of CC-TiO,
samples

Fig. 1 shows the X-ray diffraction patterns of CC-TiO, heat
treated at different temperatures. The diffraction peaks for the
sample heat treated at 600 °C can be seen in Fig. 1 and all of the
peaks appear in the positions corresponding to the anatase
phase and no diffraction peak for the rutile phase is observed.
The diffraction peaks in the samples heat treated at 800 and
900 °C were corresponding to the anatase phase. In addition,
peaks such as (105), (211), (116), (220), (215) and (224) corres-
ponding to the rutile phase of titanium dioxide were observed
in samples heat treated at 800 and 900 °C.>>*' Samples heat
treated at 1000 °C are indexed as being the rutile phase.

It can be seen from Fig. 1 that the rutile phase appears
at an annealing temperature above 800 °C and the anatase phase
completely transforms to the rutile phase around 1000 °C.

Energy Adv, 2022,1,926-934 | 927
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Fig. 1 XRD of CC-TiO; heat treated at different temperatures (600, 800,
900, and 1000 °C).

For the sample heat treated at 1000 °C, the diffraction peaks of
the anatase structure disappeared, and only the diffraction peaks
of the rutile structure are observed.’® Therefore, it is concluded
that the anatase to rutile transformation occurred at a tempera-
ture above 800 °C and was completed at 1000 °C. Amores et al.
reported that the crystal size of rutile formed by anatase phase
transformation is always much larger.>

The rutile phase has a higher refractive index and ultraviolet
absorptivity; thus, it has wide applications in pigments, paints,
and ultraviolet absorbents. The anatase phase, on the other hand,
is chemically and optically active, thus it is suitable for catalysts
and a better choice for dye degradation.>® For most catalytic
reaction systems, it is generally accepted that anatase demon-
strates a higher photocatalytic activity than rutile.>® The crystallite
size of CC-TiO, heat treated at different temperatures was deter-
mined using the Debye-Scherrer formula as given below.>

K
~ PBcos0

where D is the crystallite size, K is the shape factor, 1 is the
wavelength of X-ray radiation (Cu Ko = 1.5406 A), £ is full width at
the half maximum (FWHM) after making appropriate base line
correction and subtracting instrumental broadening, and 0 is the
diffraction angle.

The crystallite size of CC-TiO, heat treated at different
temperatures (600, 800, 900, and 1000 °C) is obtained to be
approximately 20.86, 21.15, 46.11, and 48.53 nm, respectively.
As expected, the crystallite size increased with increasing heat
treatment temperature. The surface area of the samples heat
treated at different temperatures was examined by BET and it
was obtained at 60, 58, 45, and 34 m* g~ ! respectively. Raman
spectroscopy was used to investigate the carbon coating on the
CC-TiO, heat treated samples at different temperatures and
an argon laser of 514 nm was used as the excitation source.
We observed a prominent band around 1350 cm ™" in all the
samples as shown in Fig. 2. This band is known as the D band
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Fig. 2 Raman spectra of CC-TiO, heat treated at different temperatures
(600, 800, 900, and 1000 °C).

but the intensity of this band decreases with the increasing
heat treatment temperature of the samples. Another prominent
band was also observed at 1598 cm ™" in all the samples, this
is known as the G band and the intensity of this band increases
with increasing temperature.’®™>® Two bands were also
observed around 403 and 640 cm ! in all the samples, which
correspond to TiO,.>>* The Ip/Ig ratio was found to be 1.16,
1.05, 1.03, and 0.85 for CC-TiO, heat treated at 600 °C, 800 °C,
900 °C, and 1000 °C respectively. The I/Ig ratio of the CC-TiO,
samples decreases with increasing temperature suggesting that
the crystalline nature of the carbon coated on the TiO, particles
improves with increasing temperature.

The morphology of the CC-TiO, was further studied by
FEG-SEM. Fig. 3(a-d) show the morphology of the particles of
CC-TiO,. Fig. 3(a) shows the particle size to be around 50 nm.
Fig. 3(b-d) show the particles to be irregular and the particle
size is up to a few 100 nm suggesting that the particles are
agglomerates comprising of the primary crystallites.

Fig. 3 FEG-SEM micrographs of CC-TiO, heat treated at different tem-
peratures, (a) 600 °C, (b) 800 °C, (c) 900 °C, and (d) 1000 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FEG-TEM micrographs of CC-TiO, heat treated at different tem-
peratures, (a) 600 °C, (b) 800 °C, (c) 900 °C, and (d) 1000 °C.

Results from FEG-TEM of CC-TiO, are shown in Fig. 4. It can
be seen from Fig. 4(a) that the size of most of the particles is
less than 30 nm, while it can be observed from Fig. 4(b-d) that
the particle size increases with increasing heat treatment
temperature. This correlates with the changes in the crystallite
and particle size as determined from XRD and FEG-SEM.
The transformation of the anatase phase into the rutile phase
led to a bigger particle size, higher density and volume
shrinkage.”® As could be seen also by FEG-SEM and FEG-TEM
micrographs of these samples, the annealing temperature has a
significant impact on the particle size and it increases with
increasing temperature. The XRD results are consistent with
the FEG-SEM and FEG-TEM results.

3.2. Photocatalyic analysis of CC-TiO,

The photocatalytic efficiency of CC-TiO, samples heat treated at
different temperatures was monitored by using cationic dyes
MB and CV as model pollutants. The percentage adsorption
efficiency of all the samples after 30 minutes for MB and CV
dyes is shown by a comparative bar graph in Fig. 5. With an
increasing heat treatment temperature of CC-TiO,, the carbon
content on the surface decreases to a certain extent along
with the surface area. The sample heat treated at 600 °C has
the lowest adsorption efficiency for both the dyes. Furthermore,
the percentage adsorption of the two dyes in the case of the
sample heat treated at 800 °C was the highest. As seen in the
SEM micrographs above, the powder particles obtained by heat
treatment at higher temperatures pack poorly possibly allowing
better access for the dye molecules to the powder particle
(agglomerate) surfaces. The difference in adsorption efficiency
may also be linked to uniform coating of the carbon on TiO, as
well as the presence of mixed phases of TiO, i.e anatase and
rutile. On the other hand, the adsorption efficiency for the
900 °C sample is a little lower than that of the 800 °C sample as
the rutile phase started to form at 900 °C and hence the surface
area of the particles started to decrease; thus, lowering the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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% Adsorptip,

Fig. 5 The comparative bar graph of % adsorption of MB and CV dyes using
CC-TiO; heat treated at different temperatures (600, 800, 900, and 1000 °C).

percentage adsorption of the pollutant.® The percentage adsorp-
tion is the lowest for the heat treated sample at 1000 °C for both
the dyes due to complete rutile phase formation as compared to
other samples.®! Another reason for the lower adsorption of
dyes by the samples treated at a temperature higher than 800 °C
is attributed to the decreasing concentration of carbon content
on the TiO, surface with increasing annealing temperatures.®>

The degradation study was carried out under visible light
and the data was taken after an interval of 20 minutes. The %
degradation with irradiation time comparatively for MB and CV
dye using all the samples is shown in Fig. 6. In the case of MB,
the % degradation is the highest for the sample heat treated at
800 °C (94.13%), followed by 900 °C (77.14%), 1000 °C (43.08%)
and 600 °C (18.94%). Similarly, in the case of CV, the order
follows 800 °C (99.72%) > 900 °C (97.14%) > 1000 °C (73.62%) >
600 °C (27.27%). The lower % degradation of dyes by sample
treated at 600 °C under visible light irradiation may be attrib-
uted to its higher band gap and the presence of carbon with a
greater extent of structural defects.®® The reason for the higher
dye degradation efficiency of the sample heat treated at 800 °C

I MB
. cv

% Degradatiop,

Fig. 6 The comparative bar graph of % degradation of MB and CV dyes using
CC-TiO; heat treated at different temperatures (600, 800, 900, and 1000 °C).
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Table 1 Comparison table of the photocatalytic activity of carbon based TiO, materials for MB and CV dyes

Material’s Degradation  Time Ratio (material(mg)/

Photocatalyst Dye Conditions band gap (eV) (%) (min.)  dye(mg)) in 1 liter water  Ref.
Nano-composites TiO,-AC MB  UV-Light 2.1 95 180 1000/100 67
TiO,/CSAC MB UV-Light 100 60 1000/50 68

TiO,@C MB Visible-light  3.27 100 30 1000/20 69
TiO,-decorated-CNF MB UV-Light — 100 180 800/6.4 70
TiO,/graphene porous composites ~MB  Visible-light  2.56 95 150 10/10 71
TiO,-exfoliated graphite oxide MB  UV-Light 3.10 100 90 500/10 72
Graphene-TiO,-composites MB  Visible-light 2.80 94 150 500/10 73
rGO-TiO,/Co30, nanocomposite MB  Visible-light 2.74 90 120 50/10 74

CC-TiO, MB  Visible-light 2.95 94 120 100/5 Current work
F-TiO,(B)/fullerene CV  Visiblellight 2.6 77 120 100/30 75
CNCs-TiO, heterojunctions Ccv UV-Light 2.55 60 180 300/10 76
Graphene-Ce-TiO, Ccv UV-Light — 59 15 20/60 77
Graphene-Fe-TiO, Ccv UV-Light — 75 15 20/60 77
TiO,-based nanosheet Ccv UV-Light 3.05 45 30 1000/40 78
rGO-TiO,/Co;0, nanocomposite CV  Visible-light 2.74 80 120 50/10 74
TiO,-montmorillonite Ccv UV-Light — 97 350 160/40.8 79
Nano-TiO,/Diatomite Ccv UV-Light — 99 210 25/25 80

CC-TiO, CV  Visible-light 2.95 100 60 100/5 Current work

for both dyes is due to lower optical band gap of anatase TiO, at
a higher annealing temperature. It is chemically and optically
active and hence enhances the catalysis process in the dyes.®***
The % degradation of sample heat treated at 900 °C is either lower
or similar to the sample heat treated at 800 °C, because the rutile
phase started to form above 800 °C as confirmed from the XRD
results. The complete rutile nature of the sample heat treated at
1000 °C lowers its degradation efficiency as it is less active than
the anatase phase. Thus, the results obtained, as shown in
Table 1, are in accordance with the reported literature.®>*°

The plot of C/C, vs. time for MB and CV using all the
synthesized samples are shown in Fig. 7(a and b), respectively.
Where, C, and C represent the initial solution concentrations (¢ = 0)
and the solution concentration at any irradiation time t.

In order to study the degradation kinetics of the photo-
catalytic reactions, the obtained data were fitted with pseudo
first order (PFO) and pseudo second order (PSO) kinetic models.
The reactions involved in PFO and PSO can be written as:

c
e =Ky i

"o, T M (@

t 1 t ..
E_FC(QJF?O (i)

@ 1.0 (1) | _-600°C —4-500°C
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Fig. 7 Change in concentration of (a) MB and (b) CV dye with irradiation

time for CC-TiO, heat treated at different temperatures (600, 800, 900,
and 1000 °C).
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where C,, C, K; and K, represent the initial solution concentra-
tions (¢ = 0), the solution concentration at any irradiation time ¢,
and the PFO & PSO rate constant (min~'), respectively. The
plots of PFO (—In(C/C,) vs. t (min.)) for MB and CV are
represented in Fig. 8(a and c), respectively, and the plots of
PSO (¢/C vs. t (min.)) for MB and CV are shown in Fig. 8(b and
d), respectively. The parameters obtained such as rate constant
(K, and K, (min~")) and regression coefficient (R*) from fitting
the data with PFO and PSO are given in Table 2. From the table
and fitted data one can observe that sample 600 °C follows the
PSO kinetic model, while the 800 °C sample follows the PFO
kinetic model on the basis of R* values and having the highest
K; values i.e. 0.0234 and 0.0509 for MB and CV, respectively.
Similarly, 900 °C also follows the PFO model for both the dyes.
Sample 1000 °C follows both the models i.e PFO and PSO for CV
and MB, respectively.

3.3. Degradation mechanism of CC-TiO,

On the basis of the results, Fig. 10 illustrates the degradation
mechanism of dyes using the 800 °C sample. With the visible
light irradiation, the generation of electron-hole pairs takes
place at the surface of CC-TiO, when the visible light has an
energy greater than or equal to the band gap energy of the
catalyst. The anatase TiO, has a band gap of nearly 3.2 ev.*>%"
As the heat treatment temperature increases, the size of the
nanoparticles also increases and leads to lowering the band gap
of the materials. This has been well reported in the literature.®***
The optical band gap of CC-TiO, heat treated at different tem-
peratures is shown in Fig. 9. It is found to be 3.25, 2.95, 3.03 and
3.06 eV for samples heat treated at temperatures of 600, 800, 900,
and 1000 °C, respectively. The optical band gap of CC-TiO, is
minimum (2.95 eV) when the sample is heat treated at 800 °C. The
reduced optical band gap materials have a higher absorption of
visible light generating higher electron-hole pairs. The quick
recombination of electron-hole pairs will lead to suppression
of the photocatalytic activity. Thus, it is important to quench
the recombination of charge pairs for efficient photocatalysis.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The PFO (a and c) and PSO (b and d) kinetics of the degradation of
MB and CV dye in the presence of CC-TiO, heat treated at different
temperatures (600, 800, 900, and 1000 °C).

Table 2 Parameters obtained from PFO and PSO kinetics

Dye  Catalyst (°C) K, (min™') R® K, (min™') R?
MB 600 0.0014 0.902 0.5675 0.997
800 0.0234 0.991 1.7693 0.709
900 0.0118 0.974 0.6106 0.843
1000 0.0049 0.957 0.3391 0.974
Ccv 600 0.0024 0.933 0.4379 0.992
800 0.0509 0.816 36.956 0.701
900 0.0304 0.983 5.9938 0.700
1000 0.0113 0.930 0.5171 0.857

Here, the carbon coating on the surface of TiO, plays an impor-
tant role and captures the electrons in the conduction band of
TiO,. These electrons will further react with the oxygen molecule
(0,) to form superoxide anion radicals (O,* ) and the holes in the
valence band react with the water to produce a hydroxyl radical
[*OH]. These ions will further react with the dye molecules
adsorbed on the surface to form degradation products such as

1500

——600 °C (3.25 eV)
—— 800 °C (2.95 eV)
1000{ — 900 °C (3.03 eV)

2 —— 1000 °C (3.06 V)
)
500 -
0 ' ' / "/"‘
2.0 2.5 3.0 3.5 4.0
hv eV,

Fig. 9 Tauc plot for CC-TiO, heat treated at different temperatures (600,
800, 900, and 1000 °C).
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Fig. 10 Proposed mechanism for the degradation of dye molecules.

CO, and water. The mechanism as proposed has been shown in
Fig. 10.

4. Conclusions

A new approach to fabricate carbon coated-TiO, nanoparticles is
used. CC-TiO, is synthesized using TiO, and sucrose, followed by
subsequent heat treatment at different temperatures in an argon
atmosphere. Carbon coating on titanium dioxide enhances the
specific surface area and prevents agglomeration of nanoparticles
effectively as indicated by the significant retention of specific
surface area even at temperatures as high as 1000 °C. The complete
phase transformation from anatase to rutile occurred at high
temperatures above 900 °C. The best photocatalytic activity under
visible light is observed for the sample heat treated at 800 °C for MB
(94. 13% K; = 0.0234 min~ ') and CV (99.72%, K; = 0.0509 min™ "),
respectively. The carbon coated mixed anatase and rutile phase
containing sample is the most efficient photocatalyst. The
proposed route is a promising way to synthesize cheap and efficient
visible light photocatalysts for harmful organic dye degradation.
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