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Abstract

Nanoparticles of pure TiO, and carbon doped TiO, (at various concentrations 1, 2, 3 and 4
%) were synthesised by Sol gel method using titanium butoxide and glucose as a precursors
for Titanium dioxide and carbon respectively. The samples were calcinated at 500 °C.
Photocatalytic activity of the samples was tested for photodegradation of methylene blue
dye. Morphological and elemental analysis of the samples were carried out using a scanning
electron microscope (SEM), energy dispersive X-ray spectroscopy (EDAX), X-ray
diffraction and micro-raman spectroscopy while for optical characterization UV-Vis diffuse
reflectance spectra were employed. Results of all samples indicated crystallite growth in a
tetragonal structure with the variation in crystallite size in the range 9 nm to 12.6 nm with
increase in the concentration of dopant in TiO,. Diffused reflectance spectroscopy (DRS)
analysis indicated that the band gap of all doped TiO, nanoparticles is lesser than that of the
pure TiO, whereas 4C-TiO, showed smallest band gap (2.98 eV). The maximum
photocatalytic activity was observed with 4C-TiO, among all the samples.

Keywords: C-doped TiO,; Sol-Gel method; Morphological; Photocatalytic degradation;
Methylene Blue.
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1. Introduction

Environmental pollution has increased the need for cutting-edge research into methods for
effectively removing hazardous chemicals released into the environment. If these toxins
are not eliminated, it will have a negative impact on both human health and the ecosystem
[1]. A number of techniques have been proposed to remove contaminants from aqueous
solutions, including flocculation, reverse osmosis, coagulation, adsorption, and
ultrafiltration on solid surfaces. To handle the trash and sludge generated by these
methods, different treatment techniques must be employed [2,3]. Recent technological
advancements have led to a rise in the popularity for photocatalytic wastewater
degradation due to its simple and environmentally beneficial processes. The low cost,
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distinctive photoelectric characteristics, chemical stability, and environmental and human
safety of TiO, have made it a popular semiconductor photocatalyst for wastewater
treatment [4]. TiO, has a wide bandgap (3.2 eV), which inhibits its ability to be effectively
activated by light besides UV radiation. As a result, only a very small portion (3-5 %) of
the light from the solar spectrum is utilized during photocatalysis [5]. TiO, photocatalyst
needs to be sensitized to absorb visible light in order to utilize a significant portion of the
solar spectrum effectively. A lot of work has been put towards expanding the
photocatalyst's photoresponse into the visible spectrum, which comprises about 55% of
solar light [6]. Another challenge is the rapid rate of recombination of the photogenerated
electron-hole pairs, which can be reduced by incorporating charge traps for either both or
individual charges in order to slow down the rate of recombination [7]. To deal with this
issue, various kinds of techniques have been used, namely semiconductor coupling,
surface modification employing organic materials, non-metal and/or metal doping in TiO,,
transition metal deposition, and photosensitization of dye on the surface of TiO, [8,9].
Doping is a frequently employed technique during which the TiO, Ilattice is
introduced with either donor or acceptor impurities, directly reducing the effective
bandgap. The doped ions contribute additional energy levels, trapping more electrons and
holes at the surface and causing a shift in the absorption edge towards the visible region of
the spectrum [10,11]. Zinc (Zn), nickel (Ni), cobalt (Co) [12,13] manganese (Mn) [12],
barium (Ba), palladium (Pd) [14,15], iron (Fe) [16], copper (Cu), silver (Ag) [15],
chromium (Cr) [15,17] metals when doped in TiO, exhibited a red shift in the absorption
edge, enhancing the photocatalytic activity of TiO,. Metal-doped TiO; has, however, been
reported to have a number of adverse effects, including thermodynamic instability, a boost
in electron-hole recombination centers, the insolubility of the dopants, and fluctuations in
the diffusion length of the charge carriers [18].

A number of studies have demonstrated that nonmetal doping has great potential for
generating visible light-responsive photocatalysts. Non-metal doped TiO, creates an
additional energy level above the edge of the valence band of TiO, [19]. Incorporating
different non-metal dopants like carbon (C) [20], sulphur (S) [21], nitrogen (N) [22-25],
phosphorus and fluorine (F) [17] into TiO, can improve its morphology and
photocatalytic efficacy. The photoelectrochemical and photocatalytic properties of non-
metal doped TiO, have been enhanced as the band gap of TiO, narrows, the specific
surface area and anatase phase percentage rise, and the spectra of nanodoped TiO,
indicated a red shift towards the visible region [19]. Photocatalysts can absorb visible
light as the band gap narrows due to non-metal-doped TiO, creating new impurity energy
levels above the valence band.

Carbon doping of TiO, is thought to be the most promising approach among nonmetal
doping as it yields the highest redshift of the valence band edge [4,26,27]. The effect of
carbon content on the photocatalytic performance of carbon doped TiO, for the
photodegradation of methylene blue is explored in this experiment where pure and Carbon
doped TiO, are made using the sol-gel method.
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2. Experimental

2.1. Synthesis of pure and C-doped TiO, NPs

The chemicals titanium butoxide [Ti(OC4Hg)4] (Aldrich, 98 %) and nitric acid (HNOs)
(Aldrich, 70 %), glucose (C¢H1,06) (Aldrich, 99 %) and ethanol (C,HsOH) (Merck, 99 %)
were used for the synthesis of carbon -doped TiO, nanoparticles.

C-doped TiO, nanoparticles for different dopant concentrations (1 %, 2 %, 3 % and 4
%) were synthesized using glucose (C¢H1,O¢) as a dopant precursor. Graphical
representation of mechanism of photocatalysis and method of preparation of C-doped
TiO, nanoparticles with different concentration by Sol Gel method is shown in Fig. 1.
Solution A is prepared by mixing 40 mL of titanium butoxide [Ti(OC4Hg)4] with 40 mL
ethanol (C,HsOH). This solution is stirred continuously for one hour at room temperature.
Solution B is prepared by mixing glucose (dopant precursor) with 5 mL deionized water,
40 mL ethanol and 0.5 mL nitric acid (HNOs). Under magnetic stirring for one hour,
Solution B is added dropwise into the solution A. The homogeneity of the solution is
improved by stirring the solutions for one hour at room temperature. To form the gel the
solution was sustained at room temperature for 48 h and then heating at 100 °C for 3 h to
remove the excess solvent. The resultant powders after grinding by mortar pestle were
calcined at 500 °C for 2 h.

Undoped TiO, nanoparticles were synthesized by the same process without the
addition of dopant precursor (glucose) in solution A.
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Fig. 1. Graphical representation of mechanism of photocatalysis [26] and method of preparation of

C- doped TiO, nanoparticles with different concentration by Sol Gel method.
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2.2. Characterization

X-ray diffractometer (Philips X' Pert PW3040, Netherlands) with Cu Ko radiation source
at wavelength (A) of 1.5405 A. operated at 40kV and 30 mA is wused for XRD
measurements. XRD data were collected at 20 ranging from 20 to 90 degree. Diffraction
patterns of all samples were compared with the database of the Joint Committee on
Powder Diffraction Standards (JCPDS) files (International Centre for Diffraction Data
(ICDD)) to identify their crystalline phase. The surface morphology of all the samples
was studied by scanning electron microscope (SEM) (Vega3Tescan, Czech Republic)
equipped with energy-dispersive spectroscopy (EDAX) to analyse elemental composition
of all the samples and weight and atomic ratio of dopants. In order to confirm the
structure of the samples, Raman spectroscopy (Renishaw InVia Micro Raman ,UK) was
conducted (Renishaw equipped with a 633 nm laser). The band gap of TiO, was
determined by measuring UV-VIS diffuse reflectance spectra (Jasco V 760 NIR,
Germany) spectrophotometer was used in the range of 200 nm to 800 nm to determine
the band gap of TiO, samples.

Using methylene blue as the model organic compound, pure TiO, and C-doped TiO,
samples were evaluated for their photocatalytic activity at 30°C. A mixture of 50 ml of
aqueous MB (10 mg/L) solution containing 5 mg of prepared photocatalyst was stirred
into the glass beaker to conduct the photocatalytic degradation experiment. The
equilibrium of adsorption and desorption of the molecules in the suspension was achieved
after 30 min of continuous stirring of the suspension. Under constant stirring, the solution
was irradiated with a 160 watt mercury vapour lamp placed 10 cm vertically above the
beaker. An absorption spectrum was obtained using a spectrophotometer (Equiptronics
Eqg823) by withdrawing two ml of the solution from the beaker in the cuvette. In order to
assess methylene blue's photocatalytic degradation, a plot of its normalized intensity at
wavelength 665 nm against exposure time was obtained. The same procedure carried out
without addition of catalyst is referred as blank reaction.

3. Results and Discussion

3.1 X-ray Diffraction

XRD technique is used for the analysis of the phase identification, purity and crystalline
nature of the samples. A comparison of the XRD patterns of pure TiO, and C-doped TiO,
is shown in Fig. 2. The diffraction peaks detected at 28 of 25.33°,37.9°, 48.03°, 54.3°,
62.7°, 68.4° and 75.02° and 82.7 (JCPDS file no. 21-1272) [28] are resembles to planes
(101), (004), (200), (105), (211), (204), (116), (215) and (224) of the anatase phase of
TiO, (JCPDS Card No. 01-084-1285) [27]. However, some weak additional reflexes
have also been linked to the rutile phase as well. The peak at 20 of 27.60° (JCPDS file no.
21-1276) are attributed to planes (110) of rutile phase (78-2485) [29]. XRD pattern in
Fig. 2 shows peaks for anatase phase in all C-doped TiO, samples which prove that the
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presence of impurity does not affect the crystalline phase. Absence of peaks
corresponding to carbon indicates that carbon is doped into TiO,.

3.0
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2Theta (Degree)

Fig. 2. X-ray diffraction pattern of Pure and C-doped TiO, with different C/Ti ratios.

The average crystallite size of the pure TiO, and C-doped TiO, nanoparticles is
computed for the plane (101) (Table 1) using Sherrer’s equation [30] D=0.9A/Bcos6
where D is the average crystallite size (nm), 2 is the wavelength of the X-ray radiation,
is the full width at half maximum intensity, and 6 is the diffraction angle. The crystallite
size of the prepared samples increased with the dopant concentration in TiO, and is in the
range of 9.4 to 12.6 nm which is slightly higher than undoped TiO, (Table 1) which is
also exhibited in earlier studies [27].

The lattice constants a, b and ¢ determined by the equation 1/d*= (h?+k?)/a®+ 1%/ ¢*[31]
confirmed the tetragonal structure of the crystal (Table 1) The slight variation in
interplaner spacing and lattice constants confirms that the Carbon dopant is incorporated
into TiO, (Table 1)

Table 1: Crystallite size, Anatase Percentage, lattice constants and band gap of pure and C-doped
TiO,

Sample d spacing Crystallite Anatase Lattice constant
(nm) size (nm) (%) a=b(nm) ¢(nm)
TiO, 0.3513 9 83 0.3782 0.9483
1C-TiO, 0.3515 12.2 100 0.3783 0.9450
2C-TiO, 0.3511 94 100 0.3779 0.9483
3C-TiO, 0.3514 10.8 100 0.3783 0.9494
4C-TiO, 0.3512 12.6 100 0.3781 0.9491

3.2 SEM and EDAX
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Vega3Tescan, a SEM equipped with energy-dispersive spectroscopy (EDAX), was
used to obtain the surface morphology of all the samples. In Fig. 3 SEM images are
shown for pure TiO, and TiO, doped with varying carbon dopant concentrations for
Carbon doped TiO,. In all synthesized samples, agglomerated particles developed due to
high calcination temperatures and are randomly distributed in each of the samples [32].

7253 j10pn

Fig. 3. SEM images of a) TiO,, b) 1C-TiO,, ¢) 2C-TiO,, d) 3C-TiO, and e) 4C-TiO,.

Fig. 4. EDAX spectra of a) TiO,, b) 1C-TiO,, c) 2C-TiO,, d) 3C-TiO, and e) 4C-TiO..
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It was observed that the concentration of Ti was increased with decrease in the
concentration of O in TiO, lattice with the addition of impurities. It helped to boost the
photocatalytic activity of the photocatalyst. No peaks are detected for other components.
In EDAX analyses, Au peak have been observed due to the application of a gold coating
on the samples before analyzed by SEM and EDAX.

Table 2. Elemental composition and energy bandgap of pure and C-doped TiO, with various dopant
concentrations.

Sample Elemental Composition wt%
Ti (0] C Band Gap

(eV)

TiO, 53.94 46.06 - 3.19

1C-TiO, 57.52 40.11 2.37 3.17

2C-TiO, 60.27 36.96 2.78 3.12

3C-TiO, 62.31 33.84 3.86 3.02

4C-TiO, 62.8 33.2 4.99 2.98

3.3 Raman spectra

Raman spectra for pure and C-doped TiO, recorded with 633 nm laser, power 0.5 mW
and for 100 sec acquisition time are shown in Fig. 5. In Raman spectra of pure TiO,, the
peaks centered at the wavelengths of 144, 196, 396, 516, and 638 cm™ are corresponded
to the Egq), Eg), Biga), Bigeay, and Egs modes of the anatase phase in TiO, respectively
[33,34]. As carbon content rises, the peaks narrowed, indicating a growth in crystallite
size. The peaks for C doped TiO, are a bit displaced to the left with increasing dopant
concentration, which reveals a slight red shift and demonstrates the existence of
impurities or defects in samples. The Raman spectra of the sample might be affected by
the interaction of the vibrational modes with contaminants, which is why the peaks are
displaced [34].
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Fig. 5. Raman Spectra of pure and C-doped TiO, with different concentrations.
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3.4. UV-vis diffuse reflectance spectra

Fig. 6 displays the diffuse UV-vis absorption spectra of pure and C-doped TiO,
nanomaterials with various dopant concentrations. An increase in the dopant
concentration has shown increase in the absorbance in the visible spectrum
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Fig. 6. UV-vis absorption spectra of pure Fig. 7. Tauc plots of pure TiO,and C-doped
TiOzand C-doped TiO, at various C/Ti ratio TiO, at various C/Ti ratio

Energy band gap of the prepared samples was estimated by Tauc's formula
ahv = A(hv-Ey)"

where hv is the photon energy, o- is the linear absorption coefficient, A is the
proportionality constant and Eg is the bandgap energy and n= 1/2 for direct or n = 2 for
indirect allowed transition semiconductors [30]. The energy band gap of the samples were
derived by taking the intercept of the tangent to the plots of (chv)? versus photon energy
(hv) [12] as shown in Fig. 7. The energy band gap is reduced from 3.19 eV to 2.98 eV
with the increase in the amount of impurity as the carbon atoms are incorporated in TiO,
crystal structure. The substitution of C at O sites in TiO, caused the electronic band
structure of TiO, to be modified by blending the 2p orbitals of C with those of O,
resulting in the narrowing of the bandgap [35].

3.5. Photocatalytic activity

As a result of the photocatalytic action, a reaction induced by light can be accelerated and
enhanced without the photocatalyst being consumed by the reaction itself. As
demonstrated by the photodegradation of methylene blue under mercury vapour lamp, C-
doped samples were evaluated for the photocatalytic activity and compared with the
activity of pure TiO, (Fig. 8). The percentage photodegradation rate of Methylene blue
dye using pure and C-doped TiO, nanoparticles were calculated by the following
equation:
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Photodegradation Rate (%) = COC_oCt X 100%

where Co is the initial concentration and Ct is the concentration of Methylene blue after
completion of photocatalytic reaction exposing to visible light [26].
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Fig. 8. Photocatalytic degradation of methylene blue in the presence of pure TiO, and C-TiO, at
various dopant concentration under light irradiation.

It is found that pure TiO, has the lowest photocatalytic activity having 61 %
degradation rate in 540 minutes. The photocatalytic activity of C—doped TiO, was
enhanced with increasing carbon content in TiO, with 96 % and 99 % degradation rate in
540 min for 1C-TiO, and 2C-TiO,. The solution was decolourized with degradation of
100 % for 3C-TiO, and 4C-TiO, in 360 and 300 minutes respectively. This enhanced
photocatalytic activity of C-doped TiO, could be due to narrowed band gap derived from
the overlapping of C-2p and O-2p states. As a result of the presence of carbon in carbon-
doped TiO,, all the tested samples showed higher photocatalytic activity compared to pure
TiO, due to the fact that carbon serves as an electron scavenger.

4, Conclusion

Pure and carbon doped TiO, nanoparticles with various dopant concentrations were
synthesized by sol gel method using titanium butoxide as a precursor for titanium dioxide
and glucose as a source of carbon. The effect of doping concentrations on structural,
morphological, optical properties were studied by SEM-EDAX analysis, Raman
spectroscopy, XRD, and DRS. The XRD revealed that all the samples had good
crystallisation with maximum anatase phase structures and with the particle size of about
9 nm to 12.6 nm. The absorption edge of the samples shifts towards higher wavelengths
with increasing dopant concentration to decrease the energy band gap from 3.19 eV of
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pure TiO, to 2.98 eV. The photocatalytic activity of the C-doped TiO, samples was
investigated by degrading an organic pollutant Methylene blue under Mercury lamp by
measuring the normalised intensity of the absorption band at 665 nm which showed that
C-doped TiO, sample has highest photocatlytic activity.
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