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A novel Ce-TiOy/graphene composite photocatalyst was synthesized by method of
hydrothermal. The synthesized catalysts were analyzed by TEM, XRD, and XPS, DRS
and PL spectroscopy, TGA and GC-MS. The results demonstrate that Ce-
TiO,/graphenecatalysts showed enhanced absorption of light energy in visible region, also
inhibited the recombination of charge carrier due to cooperative effects of graphene and
cerium. The photocatalytic action of prepared catalysts was investigated by degradation of
dye methylene blue (MB) under solar irradiation. The GC-MS results shows that the dye
Methylene Blue has completely mineralized to CO, and H,O.The synthesized composites
of Ce-TiO,/graphene showed enhanced catalytic activity for MB degradation compared to
Ce-TiO, and pure TiO,. The improved photocatalytic degradation of MB can be attributed
to excellent properties of graphene.
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1. Introduction

The growth of industry has tremendously increased the generation and accumulation of
waste byproducts. Scientists from the whole world have been working on different approaches to
address this issue[1]. The photocatalytic degradation of organic compounds has attracted much
attention due to its potential to purify wastewater that is discharge from industry and
households[2].The aquatic eco-system is disturbed due to the deficiency of oxygen and light
transmission [3]. Titanium dioxide (TiO,) is considered very close to an ideal semiconductor for
photocatalysis because of its high stability, low cost and safety toward both humans and the
environment[4].The limited optical absorption and recombination of photo generated electron-hole
pair results in low activity of TiO, as photocatalyst[5].There is an enormous need to improveits
activity under solar light by suitable surfacemodification. Hence more research in future is
needed for the development of TiO,based materials which are able to capture additional
amount of solar energy [6,7].Therefore many efforts have been employed to improve TiO,
photocatalytic efficiency, such as doping of metals,code position of noble metals and mixing of
two semiconductors[8-12]. Graphene like carbon/TiO, show the better photocatalytic activity as
compare to pristine TiO, (P25) under UV light irradiation[13]. Lanthanide (Ln) doped TiO, has
drawn much attention due to their 4f electronconfiguration. Among them cerium doping attracted
more interest due to following reasons: (a) the redox coupling Ce™/Ce™ makes cerium oxide shift
between CeO, and CeO; under oxidizing and reducing conditions, (b) the different electronic
structure between Ce™ (4f'5d") and Ce™ (4£°5d%) could result in different optical properties and
different catalytic properties[14-16].

*Corresponding author: zalil964@hotmail.com



1526

In addition, the carbonaceous materials have also significant effect on photodegradation
due to unique pore structures, electronic configuration and adsorption ability such as CNTs, CNFs
and grapheme [17]. Monolayer of carbon atoms closely packed in a honeycomb lattice named as
graphene, has attracted a great deal of scientific interest due to its unique structure, and electrical,
mechanical and optical properties[18]. Therefore it is enviable approach to design graphene based
composite for diverse applications. Many efforts have been made to use graphene composite for
biosensor, solar cell, to decrease the green house gases effect. The combination of TiO, with
graphene is also a valuable approach for synthesis of excellent photocatalysis performance. The
chemical bonding between TiO, and graphene provide spatial condition for charge transport from
TiO, and graphene via interfaces and then achieved a good catalytic activity[19-22].

In this study, Ce-doped anatsae TiO;nanoparticles were successfully synthesized and then
successfully decorated with graphene oxide layer by hydrothermal method. The synthesized GR-
Ce/TiOnanocomposite show tremendous photocatalytic activity and improve the optical
properties under visible region than Ce-dopedTiO, and pure TiO, nanoparticles.

2. Materials and Methods
2.1. Synthesis of Cerium-TiO,/GrapheneComposites

First of allhydrothermal method was used for the synthesis of cerium doped TiO,catalysts.
In the synthesis process, 10 ml of tetra butyltitanatewas dissolved in 50 mL ethanol.After that in
this solution 25 ml of deionized water at 2.5 pH, (6M HCI) were mixed drop wise under strong
stirring. Then a given amount of Ce (NOs);.6H,0, were mixed in the prepared solution. Then the
whole solution was stirred for 30 min duration of time. Here after, the consequential suspension
were placed into 100 mLautoclave sealed by Teflon at 170 °C for 12 h. At the end, the mixture was
washed by deionized water and then it was centrifuged much timetill the pH 7 was obtained. After
that,these catalysts were dried outin oven at 120 °C for 12 h.Then these catalysts were calcined at
400 °C to attainCe doped TiO,nanopowder. The elemental composition of Ce to TiO, was 0.015%
t0 0.025%.

The Graphene oxide (GO) from graphite powder (Alfa Aesar99.99%) was prepared
accordingly to the mentioned report[23]. The Ce-TiO,/graphenecatalysts were preparedbymethod
of hydrothermal. For this, 25 mg of graphene oxide dissolved in 40 mLdistilled water and 20 mL
ethanol followed by ultrasonic treatment for 2 h. After that 250 mg of (TiO, or Ce-TiO,) was
added in the solution and strongly stirred for 3 h.Due to which a homogeneous suspension was
obtained. After that the suspension was put into autoclave and at 150 °C for 4 h to get the
TiO,/graphene composites. Finally, the resulting composite was obtained by filtration, rinsed by
deionized water several times, and then dried at 60 °C for 10 h [24].

2.2 Characterization

The X-ray diffraction (XRD) patterns were obtained by diffractometer(Rigaku D/max-3B
X-ray) having Cu Ka as a source of radiation (A=0.15406 nm) at 40 kV and 36 mA. Transmission
electron microscopy (TEM, JEOL JEM-1200EX) was carried out with an accelerating voltage of
200 kV. The X-ray photoelectron spectroscopy (XPS) characterization was performed by
(Thermo-VG Scientific, ESCALAB250) with Al Ko as a source of X-ray. All the values of
binding energy of XPS spectra were calibrated by taking the reference to the peak of Cls (284.6
eV) arise from adventitious carbon. The most common technique used for analysis of products of
dye degraded samples is the coupling of gas chromatography with mass spectrometry GC-MS-
QP2010 Ultra Gas Chromatograph Mass Spectrometer SHAMADZU.

The absorption spectra (UV-VIS) were collected under the mode of diffuse reflectance
from 300-800 nm range by the use ofUV-VIS spectrometer (HITACHI U-4100) with an accessory
of integrating sphere. The catalyst powders were used in the form of pellets. These pellets were
placed on BaSQy plate, used as a standard (reference) for instrumental background correction. The
photoluminescence (PL) emission spectra of the samples were obtained by usingFluorescence
spectrophotometer (F—4500 Hitachi). For this purpose these samples, excited bylight of
wavelength of 380 nm at room temperature.The emission was scanned between wavelengths400 —
700 nm.The photocatalytic activity of the as-prepared catalysts was measured by observing the
degradation pattern of methylene blue (MB) dye under solar irradiation at ambient temperature. In
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typical reaction, 0.1 g of the synthesized photocatalyst was mixed in 100 mL dye solution (100
ppm) in a beaker. Before illumination, the diverse solution was stirred strongly magnetically for 30
min in the dark to achieve adsorption equilibration. After that the solution was exposed to sunlight
for 100 min in a beaker. At a set of exposure time, 3 ml suspension was taken each time. After
centrifuged the sample it was taken out for absorption measurement through UV-VIS
spectrophotometer. The strength of the major absorption peak (660 nm) of dye methylene blue,
referred for the measurement of theremaining concentration (C) of the dye solution.

3. Results and discussion
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Fig.(1). XRD patterns of synthesized samples.

Fig.(1) shows XRD patterns of undoped, Ce doped TiO,, Ce-TiO,/graphene composites
clearly showing anatase phase structure of TiO, according to (JCPDS-21-1272). No peaks of other
than anatase TiO, were observed, which confirmed that all doping cerium had been incorporated
into TiO, crystal structure. It is also noteworthy that the incorporation of graphene did not change
the structure of TiO, The crystallite size of the samples were calculated from full-width at half-
maxima of the (200) peak of the anatase TiO, by Debye-Sherrer according to Equation 1.

d=kMpcosO (D)

Where d represents the crystallite size of, A represents the wavelength of incident X-ray, B is full
width at half maximum (FWHM) of diffraction peak and © represents the scattering angle. The
crystallite size calculated from above equation is 9.0 nm for pure TiO,, while the size decreased to
8.0 nm, 7.1 nm for 0.015Ce-TiO, and 0.025Ce-TiO, samples respectively. It is seen that the
crystallite size decreased after doping with cerium. It might be ascribed to the segregation of the
doping ions at grain boundary, in turn due to bigger ionic radii of Ce™ (0.111 nm) and Ce™ (0.101
nm) than Ti™ (0.068) nm), where it was difficult for Ce™ and Ce™ to replace Ti™ in the crystalline
lattice[25-28]. Therefore, cerium doping might inhibit the growth of crystallite of anatse TiOs.

3.2 Transmission Electron Microscopy

Morphological features of the synthesized powders were examined by TEM. Fig. (2a)
shows the TEM image of pure TiO, nanopowder having particles size in the range of 10 — 15 nm.
TEM of 0.15Ce-TiO,/graphene composite demonstrates that TiO, nanoparticles were dispersed
successfully on the graphene plane Fig. (2b).
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Fig.(2). The TEM images of (a) TiO, and (b) 0.15Ce-TiO,/graphene composite.

3.3 X-ray Photoelectron Spectroscopy

In order to analyze the chemical composition and purity of the samples, XPS investigation
was conducted. Fig. (3)Shows the spectrum of XPS survey 0.015Ce-TiO,/graphene composite
sample. It clearly shows that sample contains only Ti, O, C and Ce elements. The Ti2p core level
XPS spectrum Fig.(4) of the prepared sample shows two peaks at 464.7 and 459.0 eV, which are
assigned respectively to the Ti2p1/2 and Ti2p3/2 spin-orbit splitting photoelectrons in the Ti™
state. [23] In Ols core level spectrum Fig. (4), the two peaks at 530.2 and 531.8 eV can be
attributed to oxygen lattice and hydroxyl groups respectively[26].In highresolution XPS spectrum
of Cls Fig.(4), the main peak was observed at 284.8 eV, which corresponds the adsorption of
adventitious carbon on the surface of sample, the second peak at 285.8 is ascribed to elemental
carbon.The peak at 289.2 eV corresponds to C = O bonds implying coordinate bonds between Ti
and carboxylic acids on the graphene sheets surface. [27] Ce3d XPS spectrum Fig. (4) is quite
complicated due to hybridization of Ce4f and O2p electrons, therefore it is fitted to two peaks
corresponding to 3d3/2 and 3d5/2 contributions [28].
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Fig.(3).XPS survey spectrum of 0.015Ce-TiO,/graphene composite.
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Fig.(4)XPS spectra of Ti2p, Ols and C1s and Ce3d of 0.015Ce-TiO,/grapheme composite.

3.4 Thermogravimetric Analysis

The thermo gravimetric analysis of the synthesized samples 0.015 Ce-TiO,, 0.025 Ce-
TiO,, TiO,/graphene, 0.015 Ce-TiO,/graphene, 0.025 Ce-TiO,/graphene and pure TiO, is shown in
Fig. (5). It is obviously seen from TGA results that all samples display continuous weight lose up
till 600 °C. The rate of loss of weight up to 160 °C is greater and then up to 600 °C, it becomes
slow. The loss of weight up to 160 °C is due to the removal of water adsorbed at the surface of
catalyst; whereas the weight loses between 160 °C to 600 °C is due to the interlayer water

absorption.
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Fig.(5). TGA curve of the synthesized samples.

3.5 UV-VISabsorption spectra

To investigate the possible change in optical properties of Ce doped TiO,/graphene
composites, the UV-visible absorption spectra of different catalysts were obtained as shown in Fig
6. From these absorption spectra, it is noticeable that pure TiO, absorbs at wavelengths shorter
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than 400 nm. With the doping of cerium, the absorption edge shifts towards longer wavelengths,
thus extending absorption into visible region. The absorption shift in Ce-TiO, catalysts can be
attributed to the Ce 4f level [25], which has improved the generation of electrons and holes under
visible light irradiation. Moreover, graphene introduction into Ce-TiO,/graphene compositeshas
also shifted the light absorption in visible light region due to excellent optical properties of
graphene. The shift of the absorption edge of the Ce-TiO,/graphene composites can be possibly
ascribed to be due to the chemical interaction between TiO, and graphene [26, 27].
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Fig.(6) UV-VIS absorption spectra of different photocatalysts.
3.6 Photoluminescence

The photoluminescence emission spectra techniques have been given a great deal of
attention in the field of photocatalysis as a useful probe to understand the surface processes
inwhich photogexcited charge carriers take part[23]. To reveal the effect of Ce doping and
graphene incorporation on the photoexcited electron — hole pairs, the PL emission spectra of
different samples were examined and results are shown in Fig. (7). It can be seen that doping of
cerium and graphene modification reduced the PL emission intensty, showing lower
recombination of electron — hole pairs than pure TiO,. The lowest PL emission intensity was
observed for 0.015Ce-TiO,/graphene composite photocatalyst, which demonstrates that Ce and
graphene may act as an electron-trapped agent and thus promote electron separation and transfer
processes.
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Fig.(7).Photoluminescence spectra of various photocatalysts.
3.7 Gas Chromatography-Mass Spectrometry

The degradation of dye methylene leads to the conversion of organic carbon into risk-free
gaseous CO, and water. The formation of these risk-free products are reported in Fig. (8) for a
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solar irradiation period of 100 min.The gaseous sample was collected in an evacuated cell from
Schelling tube and analyzed by GC-MS. It is evident from the GC-MS result Fig. (9) That after the
degradation of dye, mainly CO,and H,O was found, showing the complete mineralization of dye
[29, 30].The intermediates produced during the degradation process were analysed by GC/MS and
LC-MS and identified according to commercial standards and by the mass spectra through
interpretation of their fragment ions.

Fig. (8). Transfering of gaseous mixturefrom Scheling tube to evacuated reactor.
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Fig. (9). GC-MS result for mineralization of dye methylene blue

3.8 Photocatalytic Activity of Synthesized Catalysts

Photocatalytic activity of Ce doped TiO, and Ce doped TiO,/graphene composite was
evaluated for the degradation of methylene blue under solar light irradiation. A 100 ppm solution
of the dye methylene blue was prepared and each time 100 mL solution was taken in a beaker by
adding 0.1 g/L of catalyst. A continuous stirring was done under sunlight. To enhance the solar
light intensity four reflecting mirror were used. A sample of 3 mL solution was taken after 10 min
interval for analysis by UV-Vis Spectrophotometer. Fig. (10)Shows the degradation of methylene
blue when different photocatalysts were used. It can be observed that 0.15Ce-TiO,/Gr catalyst
enhanced the photocatalytic performance of TiO, as compared to 0.25Ce-TiO,/Gr and pure TiO,,
which suggests an optimum doping level. A degradation of about 98.5% was found in case of
catalyst 0.15/Ce/grapheme as shown in Fig. (11a). Furthermore, the graphene incorporation also
enhanced the photocatalytic activity of the catalyst. The photodegradation reaction of methylene
blue with the catalysts agrees well with the pseudo-first-order kinetics Fig. (11b). An integrated
rate equation is suggested as follows: In(Cy/C) = kt, where Cy and C are the initial concentration
and concentration at time t of methylene blue and k is apparent degradation rate constant. The rate
constants for TiO,, 0.15Ce-TiO,, 0.25Ce-TiO,, 0.15Ce/TiO,-graphene and 0.25Ce-TiO,-graphene
are 0.007, 0.011, 0.013, 0.018 and 0.024 min™, respectively. The explanation for the enhanced
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photocatalytic activity of the catalysts due to cerium doping and graphene incorporation is
elucidated in the following:

Firstly, Ce™ dopants in TiO, nanoparticles served as an electron trap in the reaction
because of its varied valences and 4f levels [22- 25]. The photo excited electron can be trapped by
Ce™ ions through the following process:

Ce™ +e — Ce™

Ce+3 + 02 — Ce+4 + .02-

Then, the electrons trapped in Ce™/Ce™ sites are transferred to the surrounding adsorbed
oxygen. Therefore, the recombination of electron-hole pairs is largely prevented, resulting in an
increase in the photocatalytic activity of Ce doped TiO;nanoparticles. Secondly, due to two-
dimensional m-conjugation structure, graphene can act as an electron accepter, thereby allowing
the photo generated electrons of TiO, in the composite to be quickly transferred from the
conduction band of TiO, to graphene [26, 27]. This eventually reduces the rate of recombination of
electron — hole pairs, which results in an enhanced photocatalytic performance of the composites.
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Fig. (11b).A plot of In (Co/C) versus solar irradiation time for an aqueous solution of
methylene blue (10 mgL™) and curve fit data for the first order degradation kinetics

4. Conclusion

Ce-TiO, photocatalysts were successfully synthesized by hydrothermal method. From
them a better photocatalytic activity of cerium doped TiO,/graphene composites could be
attributed to synergy effects including enhanced visible light absorption, improved charge carriers
separation as well as to the formation of © — m conjugation structure of graphene sheets. Both the
cerium doping and graphene modification are promising ways to achieve cheap and efficient
photocatalysts for visible light activation.
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