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Abstract

Graphite/C-doped TiO, nanocomposite was synthesized at room temperature using a simple, impressive, and indirect soni-
cation (20 kHz) by the cup horn system. Tetrabutyltitanate as the precursor of titanium and graphite (G) as the carbon
source was used in the preparation of nanocomposite as a photocatalyst. The molar ratio of G/TiO, as a key parameter was
investigated in the synthesis of G/C-doped TiO,. The obtained materials were widely characterized using XRD, SEM, TEM,
FTIR, XPS, and UV—Vis diffuse reflectance techniques. The UV-Vis diffuse reflectance spectroscopy results showed that
the edge of light absorption of nanocomposite was distinctly red-shifted to the visible area via carbon doping. The XPS
outcomes acknowledged the existence of the C, Ti, and O in the photocatalyst. The composite showed an enhancement in
the dissociation efficiency of photoinduced charge carriers through the doping process. The photocatalytic activity of the
synthesized nanocomposite was checked with diclofenac (DCF) as a pharmaceutical contaminant. The results displayed that
G/C-doped TiO, represented better photocatalytic performance for DCF than TiO,. This was due to the excellent crystal-
lization, intense absorption of visible light, and the impressive separation of photoinduced charge carriers. Various active
species such as *OH, *O,", h*, and H,0, play a role in the degradation of DFC. Therefore, different scavengers were used
and the role of each one in degradation was investigated. According to the obtained results, *O,™ radical showed a major
role in the photocatalytic process. This work not only proposes a deep insight into the photosensitization-like mechanism by
using G-based materials but also develops new photocatalysts for the removal of emerging organic pollutants from waters
using sunlight as available cheap energy.

Keywords Ultrasound - Graphite - C-doped TiO, nanoparticles - Photocatalytic degradation - Diclofenac

Introduction

Water contamination has become a main problem in recent
years. DCF is an anti-inflammatory and analgesic drug. It
is often considered an emerging pollutant and is found in
soil and drinking water. Studies have shown strong evi-
dence of its serious risks to mammals, including humans
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(Velempini et al. 2021). Even in low concentrations, DCF
can cause digestive, kidney, liver, blood, genetic, and even
skin sensitivity complications. This drug was first devel-
oped in 1973 by Ciba-Geigy (Rozman et al. 2015). Con-
sidering that heart diseases are increasing due to the
increase in the elderly population and the need for pain
relief, therefore, consumption of 2400 tons of DCF has
been reported in the world. Also, in 2020-2025, the DCF
market is expected to achieve a growth rate of 3.87% and
a revenue of $5.64 billion (Sathishkumar et al. 2021).
Long-term exposure has been shown to negatively impact
ecosystem health and sustainability. In addition, the for-
mation of intermediate products during DCF degradation
deserves more attention due to their complex and toxic
natures. The detection accuracy level of DCF is owing to
its retention in the natural aqueous environment, yet typi-
cal water treatment processes have little ability to effec-
tively remove it. To destroy DCF, a few biological methods
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and advanced oxidation processes (AOPs) have been used
(Li et al. 2020a). Since, some transitional biological, phys-
ical, and chemical methods have some limitations (transfer
organic compounds to the solid phase and cause secondary
water pollution, expensive operations regeneration of the
adsorbent materials, and post-treatment of solid wastes)
when they are used for DCF removal, AOPs can be an
effective alternative (De Luis et al. 2011; Giimiis and
Akbal 2011). The use of semi-conducting heterogeneous
photocatalysts such as TiO,, ZnO, and WO; is a promising
and effective way to remove contaminants (Lara-Pérez
et al. 2020; Nguyen and Nguyen 2020). In addition, they
are prominent among the advanced oxidation processes
(AOPs) as a powerful method for air and water purification
(Malato et al. 2009; Binas et al. 2017). TiO, is one of the
semiconductors that have been used as a diverse substance
over the past decades, with its unique advantages, such as
non-toxic, abundance in nature, strong photo-oxidizing
power, and stability (Liu and Chen 2014). Studies have
shown that the efficiency of TiO, photocatalytic activity is
strongly dependent on the type of selective synthesis
method, the corresponding phase purity, the efficiency of
metal-free TiO, nanoparticles, and the excellent specific
surface area (Byranvand et al. 2013; Kumar 2018). With
these descriptions, numerous techniques like the sol-gel,
hydrothermal, microwave, microemulsion, solvothermal,
precipitation, and other methods have been confirmed to
be effective and well organized (Gonzalez-Reyes et al.
2010; Huang et al. 2013b). However, the practical use of
TiO, as a photocatalyst is limited in the treatment of
wastewater pollutants due to multiple dilemmas. Firstly,
TiO, can only absorb UV light, which contains about 4%
of the sun’s light, owing to its wide band gap (3.2 eV)
(Wang et al. 2013; Tseng and Chao 2013; Ong et al. 2014).
Secondly, the great recombination rate of photoexcited
charge carriers (e /h*) decreased the quantum yield of
TiO, (Cheng et al. 2012; Di et al. 2015). Thirdly, the sepa-
ration and recycling of pulverous TiO, from the suspen-
sion system was a hard task (Cheng et al. 2013; Li et al.
2015b). Afterward, to overcome these defects, numerous
methods have been tried to improve the optical response
of TiO, from the UV into the visible light area. This has
been done through doping TiO, with transition metals and
the main group elements such as carbon, nitrogen, and
sulfur (Cheng et al. 2012; Liu et al. 2013). In addition,
coupling with other semiconductors with different band
gaps (Kohtani et al. 1993) is another way of improving the
optical response of TiO,. Especially, the combination of
TiO, nanomaterials with activated carbon (Baek et al.
2013), carbon nanotubes (Mohamed and Mkhalid 2015),
graphene (Ullah et al. 2014), graphite (Jia et al. 2016)
lately attracted notable consideration and demonstrated
potential benefits over other kinds of modification
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techniques. These compounds have the following specific
characteristics: (a) materials with C-source are used as
electronic substances and have conductance like metals
(Woan et al. 2009; Zhang et al. 2015a); (b) carbon materi-
als have a large electron acceptance capacity and inhibit
electron—hole (e/h™) pair recombination (Kongkanand and
Kama 2007; Zhang et al. 2013); (c) the thermal energy
accumulated due to the absorption of visible light by car-
bon materials causes the movement of excited electrons
from the mass of TiO, toward the reaction sites and
improves the desired reaction by creating high-energy
spaces (Lee et al. 2013; He et al. 2014); and (d) the carbon
element can be transferred to the TiO, lattice by substitut-
ing some atoms and creating a C=0 or C-O bond in the
carbon doping process, which creates a hybrid just below
the TiO, conductivity level and increases the performance
in the visible region (Amalraj Appavoo et al. 2014; Li
et al. 2015b). Graphite (G) as a carbon material has
attracted much consideration due to its interesting features
such as cost-effectiveness, availability, excellent-temper-
ature resistance, compatibility, and production on a gen-
eral large scale (Palmisano et al. 2009). G is a material
with high stability and low density, which can be easily
transformed due to its soft nature (Rajeshkumar et al.
2017). Over the last few years, ultrasound has had a more
promising and important application in a diverse range of
materials and chemical synthesis methods for the fabrica-
tion and modification of nanosized inorganic materials
(Zhou et al. 2006; Bang and Suslick 2010). Ultrasound due
to the physical and chemical effects caused by acoustic
cavitation (formation, growth, and collapse of bubbles in
a liquid) can be applied as a special method for producing
new materials with unusual properties (Wang et al. 2012b;
Colmenares 2013). A temperature of about 1000 K pres-
sure of about 5000 atm and a cooling rate above 10° K/s
can be caused by the explosion of bubbles (Sander et al.
2014). A bubble explosion causes shock waves in the liq-
uid. These shock waves can both cause mass transfer and
accelerate the solid particles suspended in the liquid. The
solid particles suspended in the liquid due to the strong
collisions cause the fragmentation of the fragile particles
in the liquid, the exfoliation of layered materials, and the
accumulation of materials that have the property of ham-
mering. Also, when the bubble collapse is done asym-
metrically, it causes the formation of high-speed micro-jets
near the surface, which cause surface corrosion, material
deformation, and pitting (Sander et al. 2014; Meroni et al.
2022; Mergbi et al. 2023). These critical conditions led to
chemical reactions, new physical changes, and multiple
nanostructured materials in different substances such as
metals, alloys, oxides, and bio-substances (Safarifard and
Morsali 2012). To improve the photocatalytic properties
and the performance of TiO,, the application and use of
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ultrasound as a simple and practical method to change the
band gap of TiO, by introducing specific elements have
become a serious challenge (Tiple et al. 2021; da Silva
et al. 2022). Compared to other methods, the use of ultra-
sonic waves reduces additional substances or mixtures in
the synthesis reactions. Also, it is safe in the environment,
easy to work, and relatively cheap (Shchukin et al. 2011).
Moreover, this procedure reduces synthesis time, controls
morphology, and further enhances non-metallic doping
performance (Zhou et al. 2013).

In the literature, not many organized efforts can be found
on the influence of ultrasound on the activity of nonmetal-
doped TiO, (Teh et al. 2015). J. Jia et al. reported the fab-
rication of G/C-doped TiO, through a modified sol-gel
and their highly efficient photocatalytic activity for methyl
orange (MO) degradation (Jia et al. 2016). Therefore, as far
as we know, there are not any reports in the literature on
the synthesis of G/C-doped TiO, photocatalysts through the
sonochemical procedure and there is no research on its pho-
tocatalytic results regarding the degradation of diclophenac.
Herein, the synthesis of G/C-doped TiO, nanophotocatalyst
was investigated at room temperature through an easy sono-
chemical method. Under these conditions, the coupling of
graphite and the introduction of C-impurity into the TiO,
lattice were carried out to improve its performance in the
visible region. The sonosynthesis of G/C-doped TiO, nano-
photocatalyst showed great efficiency in the decay of DCF
in a short time. In the present work, we intend to show how
a pure TiO, system can be easily sensitized to the xenon
light via carbon doping and how practical aspects of both
the material preparation (namely, the chemical nature of
the dopant) and the conditions of the photocatalytic tests
can affect the photoactivity results. The underlying mecha-
nism of photocatalytic degradation of organic with specific
structures by G-based photocatalyst was also fully discussed,
which is of great importance to better understanding the key
reactions in different photocatalysis systems. This study
deals with applying ultrasonic treatment during the synthe-
sis method to lower the particle size and enhance surface
morphologies. The effect of pH and the photostability of the
photocatalyst were also investigated.

Experimental section
Materials

The following chemical materials were purchased from
their relevant suppliers and used without further purifi-
cation. Tetra n-butyl orthotitanate (>98%, Merk KGaA,
64271 Darmstadt) and ethanol (absolute, Fisher) were used
for the synthesis of catalysts. Powder G, p-benzoquinone

(BQ), HNO;, NaOH from Merck, and DCF sodium
(C,4H,(CI,NNaO,) were from Sigma-Aldrich. In all experi-
ments, Milli-Q water was used.

Synthesis of G/C-doped TiO, nanocomposite

G/C-doped TiO, was synthesized via sonication of the ethyl
alcohol mixture of tetra n-butyl orthotitanate. In the synthe-
sis, 10 mL of tetra-butyl orthotitanate was added dropwise
to the 40 mL of absolute alcohol. It was stirred for 10 min
at room temperature and the obtained homogeneous solu-
tion was called solution A. Solution B was prepared by a
mixture of 12 mL of diluted nitric acid (by a volume ratio
of 1:5 between nitric acid and deionized water) and 10 mL
of absolute ethyl alcohol. Solution A was continuously
sonicated for 10 min at 25 °C during the dropwise addition
of solution B, and the final solution was called solution C.
The reaction was performed under temperature control by a
circulator. Then, G powder (0.03 g) was added to solution
C and the black sol was continually sonicated for another
10 min. At the end of the sonication, the black sol remained
in the laboratory for 24 h and then dried in an oven at 80 °C
for 48 h. The obtained sample was ground in a porcelain
mortar and calcined in a furnace at 350 °C for 2 h. The final
composite was the nanocrystalline G/C-doped TiO,. The
other three samples were synthesized with 0.01, 0.05, and
0.10 g of G under similar conditions as the sample 0.03 g.
The molar ratio of G/TiO, was calculated for 0.01, 0.03,
0.05, and 0.10 g of G (graphite) as 0.0284, 0.0852, 0.1418,
and 0.2837, respectively. TiO, was also synthesized in the
absence of G by the same method. All experiments were
repeated at least three times and averages were reported.
The schematic of the synthesis process of G/C-doped TiO,
composite is shown in Fig. 1. To compare the sono-synthesis
performance, the optimal sample was also synthesized by the
sol-gel method. A cup horn (Fig. 1) offers indirect sonica-
tion and functions as a high-intensity ultrasonic water bath.
Samples can be processed in sealed tubes or vials eliminat-
ing aerosols and cross contamination. Cup horns are ideal
for sterile or pathogenic sample processing, and can be used
to process samples too small for probe-style horns. The horn
is mounted within a glass cup and the cup is filled with
water. A sample tube is placed in the water reservoir above
the horn. Cavitation is produced in the water, processing the
sample within the tube. Sonication generates heat so inlets
for cooling are located on the side of the cup. The sound
enclosure is highly recommended for all cup horn users.
In addition, to reducing sonication noise to safe levels, it
securely supports the cup horn in the proper position. The
sound enclosure features ports on either side to allow coolant
tubing to pass from the cup horn to a water source or pump
system outside the box.
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Fig. 1 Synthesis process of
G/C-doped TiO, composite
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Isoelectric point

The drift method was used to determine the pH of the iso-
electric point of the synthesized nanocomposite. First, eight
samples were prepared by adding 0.05 g of the nanocom-
posite in 30 mL of deionized water separately. After mixing
for 5 min, their pH was adjusted with 0.01 M HCI solution
for the acidic and with 0.01 M NaOH solution for the basic
mixtures. The prepared mixtures were kept at 25 °C for 48 h
and then their pH was measured again and the ApH was
plotted versus the initial pH.

Characterization methods

The obtained materials were identified using several tech-
niques. The crystalline phase of the samples was identified
by X-ray diffraction (XRD-D8 Advance, Bruker-axis, pat-
tern of materials was assembled in the area of 20°780° in
a scanning rate of 0.04°/s, armed with Cu Ka radiation,
1=1.5406 A). The Fourier transform-infrared (FTIR) spec-
tra were obtained with KBr disks including the powder
sample by the FTIR spectrometer Thermo Nicolet (Ava-
tar 370). Diffuse reflectance spectrum (DRS) was carried
out by the Scinco 4100 apparatus to determine the photo-
chemical characteristics of the synthesized materials. The
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photoluminescence (PL) spectroscopy was performed with a
PerkinElmer 1s45. The X-ray photoelectron spectrum (XPS)
was recorded to investigate the binding energy and chemi-
cal composition of the sample with the German BES-TEC
model instrument using monochromatic Mg Ka irradiation
(1253.6 eV) to get knowledge of the composition, chemical
bonds, and relative proportions of the different elements.
UV-vis spectra of all samples were done by using a UV—-Vis
spectrophotometer, Unico 2800. The morphology and parti-
cle size of the sample were determined via scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) measurements using a Leo 912 AB, Germany, volt-
age 120 kW which was equipped with an X-ray energy-dis-
persive spectroscopy (EDS). High-resolution microscopy
(HRTEM) (FEI Tecnai G2 F20 Super Twin TEM (accelera-
tion voltage: 200 kV)) and the selected area electron diffrac-
tion pattern (SAED) of the sample were used to investigate
the microstructure and revealed the presence of phase in
the sample. The Brunauer—-Emmett-Teller (BET) surface
areas of samples were measured with a Toosnano Gassorb
1 apparatus (Micromeritics, IRAN) in a relative pressure
range from 0.0 to 1.0. Nitrogen adsorption—desorption iso-
therms were performed by a Micromeritics Toosnano Gas-
sorb 1 instrument at 77.30 K. Total organic carbon (TOC)
was measured with a Shimadzu VCPH/CPN analyzer.
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Photocatalytic experiments

To investigate the performance of the photocatalytic activity
of different samples, DCF was selected as a model pollutant.
Photocatalytic experiments were performed for all synthesized
materials at room temperature in a cylindrical Pyrex reactor with
about 100 mL capacity. Firstly, 0.05 g of the prepared catalyst
was added to 30 mL of 10 mg L™! DCF solution. According
to the conducted research, among different groups of medicine
painkillers, DCF has the lowest concentration in sewage, efflu-
ent, and water samples. According to the research conducted in
Iran, the amount of DCF in real water is 0.034 ug L™!. By com-
paring with the concentration value that we investigated in the
laboratory, the synthesized sample can easily and quickly destroy
low amounts of theses of 10 mg L! (Khetan and Collins 2007,
Mortazavi and Norouzi Fard 2017). The solution was magneti-
cally stirred in the dark for 90 min to attain adsorption/desorption
equilibrium between DCF and nanophotocatalyst. A 1.31x 10*!
photons/s short-arc xenon lamp was used as a visible light source.
It was installed inside the box at a distance of about 5 cm next to
the reaction system (photoreactor). Next, the prepared reaction
sample was exposed to xenon light and sampling was done at
different times (10, 20, 30, and 50 min). The removed samples
were centrifuged for 5 min at a speed of 10,000 rpm and the
absorbance of the upper solution was recorded at 276 nm by
a UV-Vis spectrophotometer. To investigate the role of each
active species in DFC degradation, similar samples with 10 mg
L~! of DCF were prepared, and 0.05 g of catalyst was added to
each sample. Next, a certain concentration (10 mmol L") of the
scavengers (para-benzoquinone (BQ), methanol, and tetra-butyl
alcohol (TBA) as the scavengers for trapping the active species
*0,", h*, and *OH, respectively) were added to each of the sam-
ples and the samples were exposed to xenon light for 50 min;
the absorption of the samples was obtained and the main active
species in DFC degradation was determined.

Results and discussion
Characterization of optimized G/C-doped TiO,
XRD analysis

XRD technique is a very fast and analytical method used
to identify the phase of crystalline material and chemical
compounds. The diffraction patterns related to the G and
G/C-doped TiO, in the scale of 20=20°-80° are shown
in Fig. 2(a, b). Diffraction peaks at 26.5°, 43.3°, 44.5°,
54.6°, and 77.4° are related to (002), (100), (101), (004),
and (110) G plates, respectively (Panjiar et al. 2015), which
correspond to the standard card of 41-1487 from the Joint
Committee on Powder Diffraction Standards (JCPDS). G/C-
doped TiO, and TiO, diffraction peaks at 20=25.5°, 37.8°,
47.9° 54.4°, 62.7°, 68.9°, and 75° related to the anatase
phase, peak diffraction at 20 =30.9° confirms the forma-
tion of brookite phase (Chen et al. 2013; Jia et al. 2016),
and diffraction peaks at 20=36.2° and 42.3° are attributed
to the formation of rutile phase (Ojeda et al. 2017). The
appearance of a diffraction peak at about 260=26.5° in the
sample synthesized by the ultrasonic waves corresponds to
the G plate (002) (Yu et al. 2014). Meanwhile, the effective
grain size of the as-prepared samples was calculated by the
Debye—Scherrer formula on the anatase (101) diffraction
peaks (Chen et al. 2013).

KA
h pcosd 1

where K (0.94) is a shape factor, 4 the wavelength of Cu Ka
radiation (4 =0.15418 nm), f the full-width at half-maxi-
mum (FWHM) of the main intensity peak, and the 8 angle
of diffraction. The average crystallite size of the TiO, sample
was found to be 8.7 nm.

Fig.2 XRD patterns of G (a) 7000
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FTIR analysis

FTIR spectra of the G, TiO,, and G/C-doped TiO, com-
posite were conducted and shown in Fig. 3. In G, the bands
at 1043 cm™!, 1594 cm™!, and 3670 cm™! were related to
C-0, C=C, and —OH stretching vibrations, respectively
(Chen et al. 2013). In two samples of TiO, and synthesized
composite, the peak at about 690 cm™' is related to the
stretching vibration of Ti—O and Ti—O-Ti bonds (Shen et al.
2011a). The broad peak appearing at the wavenumber of
3400 cm™! and the small peak at 1600 cm™! correspond to
the stretching vibration of the hydroxyl group (O-H) related
to water (Li et al. 2005). The specific peaks of the G and
TiO, were still existing in the G/C-doped TiO, composite.
The strong and broad peaks in the range of 500-1000 cm™!
are attributed to the as-prepared TiO, and the synthesized
nanocomposite. The Ti-O-C low-frequency band peak in
the composite around ~ 798 cm™! overlaps with the stretch-
ing vibrational states of Ti—O-Ti (Djellabi et al. 2019b,
a). The presence of Ti—O—-C bonds confirms that chemical
bonds have formed between graphite and TiO, nanostruc-
tures in the composite (McDevitt and Baun 1964). There-
fore, it is assumed that graphite can be well combined with
TiO, by using ultrasonic waves, which is in agreement with
the data achieved from XRD.

SEM analysis

Morphological profiles of graphite (G) and G (0.03 g)
/C-doped TiO, composite were investigated by SEM. SEM
images of G and G/C-doped TiO, composite are shown in
Fig. 4a and 4b, respectively. As shown in Fig. 4a, the G was

-OH C=C

rieemte, gy c-0

O-H stretching

Transmitance (%)

Graphite
—TiO,
—— G/C-doped TiO,

Ti-O-Ti &
Ti-O-C

3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

4000 3500

Fig.3 FT-IR spectrum of G, TiO,, and G (0.03 g)/C-doped TiO,
nanocomposite
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looking like pieces of paper to some degree and seemingly
several few layers which were overlapped and had irregular
morphology with a smooth surface. Figure 4b shows that
TiO, was composed of aggregates of primary particles of
different sizes. Therefore, after a combination of G with
TiO,, its surface is very smooth, indicating that the TiO,
sol precursor fills all the pores of the G when the first layers
are deposited and then forms a uniform thin film on the top
of G (Jia et al. 2016). The EDS study (Fig. 4c) distinctly
indicates that the photocatalyst is a compound of Ti, O, as
well and C. It is noteworthy that C—O groups were formed
on the surface graphite due to slight oxidation of graphite.
Hence, the atomic percent of the O element can be attributed
to the Ti—O and C-O bondings.

TEM and HRTEM analysis

TEM images of G/C-doped TiO, nanocomposite are shown
in Fig. 5a and b. As can be seen in Fig. 5a, multilayered
graphite plates were completely covered with C-doped
TiO, nanoparticles with uniform size distribution. The
TEM image in Fig. 5b clearly shows the graphite layer and
spherical C-doped TiO, nanoparticles. Under sonication,
C-doped TiO, nanoparticles with homogneous size distri-
bution formed on the graphitic sheets (Mason 2003; Colme-
nares et al. 2006). The size of the TiO, nanoparticles was
about 10 nm, which is in agreement with the X-ray pattern
and SEM images. Figure 5S¢ shows the HRTEM profile of the
G/C-doped TiO, nanocomposite. HRTEM analysis indicates
two d-spacings of 0.34 nm and 0.33 nm, which are assigned
to the planes (101) and (002) of TiO, and graphite, respec-
tively (Zhang et al. 2008; Wang et al. 2010; Inagaki 2012).

According to the SEAD pattern of the G/C-doped TiO,
nanocomposite displayed in Fig. 5d, the resulting nanocom-
posite has a polycrystalline nature. Diffraction rings of the
planes (101) and (002) were observed in the SEAD pattern,
which refers to the tetragonal structure of TiO, anatase and
graphite, respectively.

XPS analysis

To study the surface composition and chemical states of the
conceivable dopants incorporated into TiO,, the binding
energies of Ti,,, O, and C, are illustrated in XPS (Fig. 6).
Figure 6a shows the comparative full-scale XPS survey spec-
trum of the as-prepared G/C-doped TiO, composite. Spe-
cifically, the sample contained Ti, O, and C elements with
sharp binding energies at about 464.47 eV (Ti,,), 534.76 eV
(0,,), and 289.52 eV (C,,), respectively. Figure 6b shows
the deconvolution of the Ti,, spectrum with two symmetri-
cal peaks appearing at binding energies of 469.0 eV and
463.64 eV concerning Ti,,;, and Ti,,;3,, respectively, which
ascribed to O-Ti—O bond in TiO,. In this case, the binding
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Fig.4 SEM pictures of G (a),
G/C-doped TiO, nanocomposite
(b), and EDS spectrum of G
(0.03 g)/C-doped TiO, nano-
composite (¢)

Fig.5 a, b TEM images, ¢

HRTEM profile, and d SEAD

pattern of G (0.03 g)/C-doped
TiO, nanocomposite

@ Springer



Environmental Science and Pollution Research

Fig.6 Survey XPS (a), decon-
volution of Tin (b), Cy; (o),
and O, (d) of the G (0.03 g)/C-
doped TiO, nanocomposite
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energy increases upon C-doping, strongly indicating lattice
distortions (Mali et al. 2012; Zhang et al. 2015a; Dong et al.
2018). The difference of 5.36 eV between the two peaks
might be assigned to the oxidation level of +4 for the Ti
element. Results are in agreement with other works (Nev-
ille et al. 2012). The deconvolution of XPS spectra of C;
was performed to identify the chemical composition of C
in G/C-doped TiO, nanocomposite. Significantly, the C
binding energy peaks from the G/C-doped TiO, were wide-
spread and asymmetric. This indicates the coexistence of
the various chemical conditions of the C atoms due to their
binding energies from 276 to 296 eV as observed in Fig. 6c¢.
The basic band can be deconvoluted into three individual
peaks concentrated around 280.71, 287.03, and 289.65 eV.
The deconvoluted Cls peak in binding energy of 280.71 eV
can be assigned to the O-Ti—C bonds. This displays that
C was doped in the TiO, lattice by replacing some of the
lattice oxygen atoms (Yang et al. 2009; In et al. 2009; Yu
et al. 2011, 2013; Etacheri et al. 2013; Zhang et al. 2015a;
Li et al. 2020b). Based on the theoretical prediction of Di
Valentin et al. (2005), the introduction of the C atom into
the TiO, lattice leads to localized states in the middle of the
TiO, bandgap. Such states should extend the visible light
absorption of the doped TiO,. The two other Cls peaks
that emerged at 287.03 and 289.65 eV were related to the
oxygen-bound species such as C—O and C =0, respectively
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(Amalraj Appavoo et al. 2014; Li et al. 2015b). Therefore,
different carbon species such as substitutional and interstitial
carbon atoms and carbonate species exist in the TiO, lattice
(Kim 1990; Amalraj Appavoo et al. 2014; Li et al. 2015b).
These results confirm that graphite effectively interacted
with TiO, nanoparticles and it was consistent with the vari-
ous analyses such as XRD, SEM, TEM, and HRTEM. The
deconvolution of the O spectrum of nanocomposite is dem-
onstrated in Fig. 6d. The spectrum is wide and asymmetric
and it could be decomposed into two peaks. The first peak
at 53491 eV is ascribed to the O-Ti—O bond in the TiO,
framework, whereas the second peak around ~536.61 eV is
attributed to the hydroxyl groups (-OH) resulting mostly
from chemisorbed H,O (Zhu et al. 2017; Liu and Li 2018).

DRS analysis

The absorption properties of graphite (G), TiO,, and G
(0.03 g) /C-doped TiO, nanocomposite were analyzed
and illustrated in Fig. 7. Figure 7(a) indicates the UV/vis
DRS of the synthesized samples. Carbon-based materi-
als usually show a broad peak (n-7*) that appears in the
range of 200-300 cm™!' (UV region) and it is attributed to
sp® hybridization (C=C bond). The location of this peak
shifts to the visible area by increasing the sp® characteristic
through its combination with other materials (Shen et al.
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Fig.7 a UV/vis diffuse

reflectance spectrum, b plots of d
(ahv)*? against photo energy
of the fabricated G, TiO,, and
G (0.03 g)/C-doped TiO, nano-
composite
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2011b; Giiler et al. 2016). Pure TiO, exhibited little vis-
ible light absorption. In comparison with the pure TiO,, the
improved absorption in the whole visible light region of the
G (0.03 g)/C-doped TiO, composite is related to the elec-
tron transport from the O~2 antibonding orbital to the lowest
unoccupied Ti** orbital (0,5, — Tisg) (Li et al. 2015a). An
intense absorption of samples with a wavelength less than
380 nm can be ascribed to the absorption of the inherent
band gap of TiO, due to electronic transmission from the
valence band (VB) to the conduction band (CB). TiO, and
G/C-doped TiO, nanocomposite show wide light absorption
in the 380 to 800 nm range, which was similar to the previous
reports of TiO, nanotubes (Zhuang et al. 2007; Xu and Yu
2011). TiO, absorbs slightly the visible light and the absorp-
tion enhancement of TiO, nanocomposite across the visible
light region can be related to the incorporation of G in TiO,.
Furthermore, the formation of the nanocomposite caused a
bit shift in the visible light region due to the creation of C-O
or C=0 bonds and the hybridization of the atomic orbitals
of C,, and O,, between the G and TiO, interface (Zhang
et al. 2014b; Ojeda et al. 2017). The absorption spectra are
displayed in Fig. 7(a). The tangent drawn demonstrates the
maximum absorption at 447 nm and 487 nm for the TiO, and
G/C-doped TiO, nanocomposite that matched the band gap
of 2.97 eV and 2.75 eV, respectively. The edge energy for the
as-prepared materials was obtained through the application
of Tauc’s law. In 1966, Tauc and his team proposed the law
into a simple relationship that is now known as Tauc’s law.
The so-called Tauc’s method can be used to estimate the
Eg of semiconductors from the optical absorption spectra
obtained by UV-vis spectroscopy, and can apply to amor-
phous and crystalline nanomaterials. The band-gap energy
was estimated by plotting (ahw)"/" as a function of the photon
energy (hv), where # is the Planck constant, v is photon’s
frequency, Eg is bandgap energy, C is a constant, and «a is
the absorption coefficient which describes how much light
of a given color is absorbed by a material of given thickness.

The n is a factor that depends on the nature of the electron
transition and is numerically equal to 1/2, 3/2, 2, or 3 for
direct allowed, direct forbidden, indirect allowed, or indirect
forbidden transitions, respectively (Tauc et al. 1966; Coulter
and Birnie 2018). The results are illustrated in Fig. 7(b).
Therefore, based on the obtained results, it can be concluded
that combining TiO, and graphite and modifying the per-
formance of TiO, to perform photocatalytic reactions in the
visible region will be very desirable.

PL spectroscopy

The recombination of free carriers (positive holes and the
photoinduced electrons) after irradiating the sample by vis-
ible light or UV causes the emission of photons that generate
the characteristic PL peaks (Thomas et al. 2014). As shown
in Fig. 8, the TiO, emission spectra have a higher relative
intensity than nanocomposite and it means that electrons and
holes again recombine more easily in TiO, than nanocom-
posite. The combination of TiO, with G and the formation
of nanocomposite significantly reduce the intensity of the
PL. This decrease in spectral intensity in the nanocompos-
ite relative to TiO, has been attributed to the G that can
transfer photoinduced electrons rapidly and prevent hole/
electron recombination which is important in increasing
photocatalytic degradation (Huang et al. 2013a, 2014; Gao
et al. 2014). In addition, the photocatalytic activity of nano-
composites increases with increasing the amount of G to the
optimum value (0.03 g) and then decreases.

BET analysis

The BET specific surface area and porous structure char-
acteristics of various samples were determined using nitro-
gen isothermal adsorption. Figure 9a—e shows nitrogen
adsorption/desorption isotherms of the TiO, nanoparticles,
G-0.01 g, G-0.03 g, G-0.05 g, and G-0.10 g, respectively.
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Fig.8 Photoluminescence spectra of TiO, and G (0.03 g)/C-doped
TiO, nanocomposite

All the photocatalysts exhibit the type IV physisorption
isotherm and H, hysteresis loop indicating a mesoporous
material (Zhu et al. 2021). Their corresponding specific
surface areas are 329, 342, 443, 422, and 359 m2/g for
TiO,, G-0.01 g, G-0.03 g, G-0.05 g, and G-0.10 g, respec-
tively. The surface areas were increased significantly with
the addition of graphite compared with TiO,. It is believed
that the large specific surface area facilitates better access
and diffusion of liquid and gaseous reactants which is ben-
eficial for photocatalytic reactivity. The specific surface
area results reveal that the G-0.03 g sample shows a higher
surface area than pure TiO,. Sibu et al. (2002) and Adyani
and Ghorbani (2018) claim that the surface textural prop-
erty is improved owing to the presence of Ti—-O-M (M is
the doping element) bonds, which may restrain the con-
formity and rearrangement of primary crystals, leading to
increase of surface area (Li et al. 2016b; Makal and Das
2018). The BET level was lower in the case of the G-0.10 g
sample due to the higher particle agglomeration. These
results revealed that the addition of graphite was signifi-
cantly effective for increasing a specific surface area of the
photocatalyst, which was higher than that of pure TiO,.
This characteristic causes more effective contact surfaces
between the photocatalyst and reactant. The higher surface
area has the better photocatalytic activity.

The isoelectric point of the nanocomposite
The prepared mixtures were kept at 25 °C for 48 h and then
their pH was measured again and the ApH was plotted ver-

sus the initial pH (Fig. 10a). The pH of the isoelectric point
of the synthesized nanocomposite was 6.59, which at this
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point, the initial value of pH is equal to its final value (Pra-
has et al. 2008).

Considering that in a mixture, the surface charge and
the absorption of organic substances depend on its pH.
Hence, the photocatalytic degradation of DFC as an
organic matter also depends on the pH of the mixture. In
an experiment called pH effect, the photocatalytic deg-
radation of DFC was investigated in an aqueous suspen-
sion in the pH range of 1.5 to 10. Figure 10b shows the
decomposition of DCF at different pH. Reactions (2) and
(3) show the protonation and deprotonation of the TiO,
semiconductor surface in the acidic and basic media,
respectively (Qamar and Muneer 2009).

TiOH + H* — TiOH} )

TiOH + OH™ — TiO™ + H,0 3)

According to the obtained results, the pH of the isoelec-
tric point for G/C-doped TiO, nanoparticles was equal to
6.59. Therefore, the photocatalyst surface is positive at a
pH lower than this value and negative at a pH higher than
this value. A better performance and efficiency for DCF
degradation occur under light at its natural pH (6.75). One
of the features and characteristics of DCF is that it has a
pK, of about 4, which is attributed to its carboxylic group
(Lara-Pérez et al. 2020; Zaka et al. 2021). Therefore, under
very acidic conditions, DCF charges positively which is
similar to the surface charge of the photocatalyst, and an
electrostatic repulsive force develops between them. Also,
as in acidic conditions, the electrostatic repulsive force is
created in basic conditions due to a similar charging of
the photocatalyst surface and DCF. Hence, The electro-
static forces between the negatively charged carboxylate
group of the DCF molecule and the positive charge of the
solid surface favor the interaction between both chemical
species (Bhadra et al. 2016a, b; Lara-Pérez et al. 2020).
It can be concluded that at normal pH, due to the interac-
tion between the photocatalyst and DCF, the photocatalyst
surface charge becomes positive by the carboxyl group of
the DCF loses a proton and causes the negative charge on
the DCF. The G/ C-doped TiO, composite surface has a
positive charge and one of the oxygen atoms of the car-
bonyl group of the DCF molecule is negatively charged.
Therefore, experimental conditions favor the electrostatic
interaction between G/C-doped TiO, composite catalysts
and the organic molecule as previously reported (Zhang
et al. 2014a; Boukhatem et al. 2017). By performing this
action, attractive forces are formed and cause the effective
absorption of DCF pollutants on the photocatalyst surface.
This leads to improving the degradation efficiency of the
target pollutant.
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Fig.9 Nitrogen adsorp-
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Photocatalytic performances

The photocatalytic activity of the as-prepared nanocompos-
ite was evaluated in the decomposition of DCF contaminant
under three conditions darkness, photolysis, and the simul-
taneous presence of catalyst and xenon light. Figure 11a and
b indicate the scans of UV—vis spectra of 10 mg L™! DCF in
darkness (in the presence of catalyst) and light (without cata-
lyst), respectively. As displayed in Fig. 11a, the intensity of
the absorption peak at 276 nm gradually decreases and then
stabilizes as the time in the dark increases to 90 min. There-
fore, the optimal dark time for different samples was 90 min.
As shown in Fig. 11b, after a relatively long time (160 min),

the amount of pollutant degradation in the presence of light
is very low. Therefore, it is concluded that light alone does
not have impressive efficiency in the decay of the DCF con-
taminant. Figure 11c shows a sharp decrease in the intensity
of the absorbance peak of DCF with increasing the reaction
time. It takes 50 min for the complete degradation of DCF in
the solution at pH 6.75 while about 60% of total organic car-
bon (TOC) was removed under the same conditions. For the
comparison, the photocatalytic performance of the sample
synthesized by the sol-gel method was compared with the
sample prepared under ultrasound in the degradation of DCF
under the same conditions. The degradation was completed in
about 420 min for the sample prepared in the sol—gel method.
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Therefore, the use of ultrasound in the synthesis improved
the photocatalytic performance of the sample. A peak dis-
placement that occurs in the G/C-TiO, nanocomposite/light
system during DCF degradation was related to the formation
of intermediate species (Di Credico et al. 2015). Numerous
studies have shown that intermediate molecules are pro-
duced during the degradation of DCF in the presence of light
(Garcia-Araya et al. 2010; Keen et al. 2013; Michael et al.
2014; Boukhatem et al. 2017; Schulze-Hennings et al. 2017).
Intermediates were identified by Moctezuma et al. (2020).
Several intermediates were identified, essentially fumaric
acid, 2-aminophenol C11, pyrocatechol C14, pyrogallol C13,
and 2,6-dichloroaniline C4. Fortunately, in this study after
50 min there are no peaks for the intermediates. The spectra
in the presence of nanocatalysts are approximately the same.
The intermediates are not stable and after 50 min (Fig. 11c);
there is no peak in the UV spectrum. Also, the concentration
of intermediates may be so low that it does not show itself.
The high degradation efficiency and complete decomposition
are greatly attributed to the synergistic effects of combin-
ing graphite with TiO, carbon doping in the nanocomposite.
Figure 11d shows the UV-vis spectra of DCF in an aqueous
solution in the presence of TiO, NPs at different interval
times. As this figure shows the complete photodegradation
of the DCF by pure TiO, NPs took place within 140 min.
G-0.03 g shows higher photocatalytic efficiency than pure
TiO, because of its lower recombination rate and higher sur-
face area compared to pure TiO, NPs. Therefore, composit-
ing graphite with TiO, nanostructures effectively promotes
visible light absorption which can be attributed to electronic
interactions or chemical bonding between G and TiO, nano-
structures. Figure 11e shows that 100% of DCF was degraded
by G (0.03 g)/C-doped TiO, within 50 min, whereas the
complete degradation of DCF occurred within 140 min and
120 min for pure TiO, NPs and P25 TiO,, respectively. The
degradation of DCF can be described by a pseudo-first-order
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reaction expression with a simplified Langmuir—Hinshel-
wood model (Eq. 4). The k,,, for photocatalytic degradation
of DCF was calculated to be 0.06061 min~!, 0.03924 min~",
and 0.02926 min~"' for G (0.03 g)/C-doped TiO,, P25 TiO,,
and pure TiO,, respectively, which the photocatalytic degra-
dation efficiency of DCF follows G (0.03 g)/C-doped TiO, ~
P25 TiO, ~ pure TiO,.

G/TiO, ratio on the degradation

Figure 12 displays the degradation of DCF versus time
under xenon light using various synthesized nanocatalysts.
The degradation of DCF was 8.57% in photolysis; 95.26%,
96.45%, 95.02%, 95.79%, and 95.42% by nanocomposite
containing G-0.01 g, G-0.03 g, G-0.05 g, G-0.10 g, and
TiO, nanoparticles within 160-, 120-, 50-, 160-, 200-, and
140-min xenon light irradiation, respectively. First, the
decomposition of DCF was investigated under light with-
out the presence of the catalyst (photolysis) and the amount
of decomposition was negligible. Secondly, the absorption
of DCF was measured in the optimum dark time (90 min)
as a control for different G/TiO, ratio nanocomposites,
and absorption was obtained at 3.4, 23.7, 5.7, and 6.9% by
nanocomposite containing G-0.01 g, G-0.03 g, G-0.05 g,
G-0.10 g, respectively. Then different samples were followed
by xenon light irradiation. Based on Fig. 12a, the nanocat-
alyst synthesized with 0.03 g of G (G-0.03 g) shows the
highest rate of DCF degradation in comparison with other
samples having different ratios. The adsorption kinetics for
the degradation of DCF was studied using the pseudo-first-
order model. The rate constant for photodegradation was
evaluated using the following equation:

Cl
—1nC—O = Kyppt 4)
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where Cj and C, are the initial concentration of the dye and
concentration of the dye at time 7, respectively, and k,,, is the
apparent rate constant for the pseudo-first-order photo-deg-
radation reaction. Figure 12b shows the plot of —In(C,/C)
versus time which represents a straight line and the slope of
which is equal to the apparent first-order rate constant k.
The effect of the initial concentration of the DCF monitored
at 10 mg/L for a catalyst loading of 0.05 g is represented
in Fig. 12b. The decrease in photo-catalytic activity can
be attributed to the interference in light absorption with an
increasing molar ratio of G/TiO,. By increasing the amount
of graphite, light absorption by the TiO, semiconductor to

produce charge carriers (electron—hole) decreases and the
degradation rate decreases. The improvement of photocat-
alytic activity to the optimum value can be explained by
the fact that modification with graphite could promote the
transfer and separation of photo-generated charge carriers,
enlarge visible light absorption, and increase crystallinity.
Figure 12c shows the stableness and reusability of the best-
synthesized sample in six cycles. As Fig. 12c shows, the
graphite/C-doped TiO, sample not only has excellent pho-
tocatalytic activity in the degradation of DCF but also has
very good stability in pollutant degradation. The photocata-
Iytic activity of the nanocomposite in pollutant degradation
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Fig. 12 a Photolysis and pho-
tocatalytic decay of DCF in the
presence of differently prepared
nanocatalysts (C,, DFC: 10 mg
L~!, nanocatalyst: 0.05 g, pH:
6.75), b plot of pseudo-first-
order kinetics model, and ¢
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decreases very little (about 4%) in six cycles, and this ~ Comparative photocatalysis
confirms that the synthesized sample can be used for long-

term service without showing a clear decrease in pollutant
degradation activity. This indicates that C-doping in TiO,
improved the photocatalytic activity of TiO, under xenon
light irradiation and thus promoted the degradation of DCF.

Table 1 Comparison with literature studies for photocatalytic degradation of DCF

To estimate the efficiency of the G/C-doped TiO, com-
posite, its photocatalytic activity was compared with lit-
erature studies. As summarized in Table 1, compared with
the reported other photocatalysts, the G/C-doped TiO,

Photocatalyst Initial conc.  Removal (%) Conditions Ref

(mg/L)
BiOCI-GO 25 47.88 Visible spectrum solar light. pH 5, time 180 min Rashid et al. (2020)
0-gC3N,/TiO,/a Fe,04 10 100 Xe lamp. pH 6.75, time 60 min Aghababaei et al. (2023a)
Ni-TiO, 15 47 Solar UV lamp. time 120 min Gil et al. (2017)
WO, 0.5 100 Xe lamp. Time 120 min Rey et al. (2015)
TiO,—P25 2 100 Blacklight Philips TLK 05. time 60 min Fabbri et al. (2019)
Ce-ZnO 2 100 Blacklight Phillips TLK 05. time 30 min
TiO,—SG 2 100 Blacklight Phillips TLK 05. time 30 min
C3N, 10 19.3 Xe lamp. time 60 min Liu et al. (2019)
CNC,-C3N, 10 100 Xe lamp. time 60 min
TiO,-FeZ/H,0, 30 425 Xe lamp. time 180 min Salaeh et al. (2016)
S-doping TiO, 10 93 Visible light. time 240 min Yi et al. (2019)
BiOCl-Au-CdS 20 100 Xe lamp. time 240 min Liet al. (2017)
G/ C-doped TiO, 10 100 Xe lamp, pH 6.75, time 50 min This study
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composite prepared in this work possessed excellent pho-
tocatalytic activity for DCF degradation. The shorter activ-
ity time of some catalysts may be attributed to the lower
initial pollutant concentrations or the use of noble metal
dopants (Li et al. 2017; Fabbri et al. 2019). Therefore,
the results further demonstrated that the G/C-doped TiO,
composite/light can be a promising system for organic pol-
lutant degradation.

Effect of humic acid on DCF degradation

Degradation of DCF under xenon light irradiation in
the presence of different concentrations of humic acid is
shown in Fig. 13. It can be seen that the removal effi-
ciency of DCF decreased when humic acid concentration
increased. The complete DCF removal was accomplished
within 50 min. When the humic acid concentration was
30, 40, 50, 60, and 80 mg/L, respectively, the removal
efficiency of DCF was decreased. Humic acid is one of
the commonly used natural organic matters (NOM), which
could be decomposed by ionizing radiation and react with
*OH as following Eq. (5) (Arai et al. 1986).

‘OH +RH, — ‘RH+ H,0 )

Humic acid is a kind of complicated organic matter
derived from humus. It is difficult to describe by a specific
chemical formula, so we use RH, to represent humic acid.
The *OH radical could withdraw a hydrogen atom from an
organic compound (RH,) to produce °RH radical, resulting
in a chain reaction and the decomposition of humic acid.
Humic acid as a hydroxyl radical (*OH) scavenger could

c/C,

T
0 10 20 30 40 50
Time (min)

Fig. 13 Degradation of DCF at different humic acid concentrations
(Cy, DCF: 10 mg L™!, nanocatalyst: 0.05 g, pH: 6.75)

compete with target organic pollutants for *OH and inhibit
the degradation of target pollutants.

Photocatalytic mechanism

In a photocatalytic reaction, different species play a role in
the degradation of a pollutant, which can be named *OH,
*0, , h*, and H,0, (Aghababaei et al. 2023b). To investigate
the role of mentioned active species in the degradation of
the desired pollutant, different active inhibitors (10 mmol
L~!) were applied for each active species separately (Li
et al. 2016a). Figure 14 shows the degradation of DCF with
a certain amount of the synthesized catalyst under normal
conditions (without the presence of scavengers) and in the
presence of different scavengers for each active species in
the degradation. As shown in Fig. 14, the complete degrada-
tion of DCF (100%) was achieved without scavenger within
50 min of xenon light irradiation. In this work, para-benzo-
quinone (BQ), methanol, and tetra-butyl alcohol (TBA) were
used as the scavengers for trapping the active species *O,~,
h*, and *OH, respectively. By adding 10 mmol L™! of BQ to
the suspension containing DCF and the optimal amount of
the catalyst, the degradation percentage decreased to 18.6%
after 50 min of xenon light irradiation. TBA and metha-
nol (10 mmol L™') were added separately to the suspension
containing DCF and the optimal amount of the synthesized
catalyst. The degradation percentage reached 65% and 82.4%
under xenon light irradiation, respectively. In addition, light
absorption ability, separation efficiency, and lifetime of the
charge carriers are also important factors in the photoactivity
of a photocatalyst under visible light irradiation. TBA was
an effective scavenger for *OH and the observed stronger
inhibition by TBA was probably due to the high viscosity of
TBA that could mask the active sites on the bonding sites
dispersed in the surface of the G/C-doped TiO, (Huang

100
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Q\.. 80
<
S
s 60
T
3
S 40-
)
Q
P
204 '
0 -
No scavenger BQ TBA Methanol

Fig.14 Scavenger (10 mmol L") analysis on photocatalytic degrada-
tion of G/C-doped TiO, nanocomposite (C: 10 mg L™!, photocata-
lyst: 0.05 g, xenon light duration: 50 min)
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et al. 2017). Methanol is a known h*,, scavenger as well
as an efficient scavenger of free or adsorbed *OH radicals.
This result suggested that DCF was being photo-oxidized by
direct interaction with the valence-band hole or by reaction
with *OH radicals. Increases in the methanol concentration
increased the competition for the oxidizing species, decreas-
ing the degradation rate of DCF. It was found that the pres-
ence of methanol led to a significant inhibition in the rate of
degradation of DCF due to the competition for *OH in the
bulk medium. By adding the scavenger TBA and methanol
with a specific concentration, the role of active hydroxyl rad-
ical and h™ species in pollutant degradation was determined.
Therefore, based on Fig. 14 and comparing the percentage
of degradation, it is concluded that the active species are
responsible for degradation and play a very important role
in a photocatalytic reaction. It is also confirmed that in this
photocatalytic experiment, *O," radicals played the main
role in DCF degradation, and the role of active h* and *OH
species in the degradation of DCF was less.

Based on the obtained results, a mechanism for DCF
degradation under xenon light irradiation is proposed
schematically in Fig. 15. By introducing carbon impurity
into the TiO, lattice, novel impurity levels were created
between the valance and the conduction layers of TiO,. The
impurity levels were formed through C,, and a combina-
tion of the atomic orbitals of O,, and C,, (0,,~C,,) (Wang
et al. 2012a; Jia et al. 2016). As the TiO, pure synthesized
has a wide band gap (2.97 eV), it is not able to be active in

Fig. 15 Possible photo-catalytic
mechanism of G/C-doped TiO,
nanocomposite
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the visible region and has little photocatalytic activity in
the degradation of pollutants. Therefore, by introducing an
impurity such as carbon, it is possible to narrow the band
gap of TiO, and by shifting the absorption threshold to the
visible area, improving its photocatalytic performance. In
the case of the synthesized composite, it can be suggested
that by exciting the TiO, with an energy higher than the
band gap, the excited electrons in the valence band migrate
to the new impurity level created by combining the orbits.
In addition, by hybridizing the 2p orbitals of carbon and
2p oxygen, the electrons excited by light can be driven
to the conductive band. Furthermore, by creating new
impurity levels, photoexcited electrons can be increased
from the level created by the hybridization of O,, and C,,
atomic orbitals to the C,, impurity level. By directing the
electrons to the conduction band and the presence of new
impurity levels, effective charge separation occurs and pre-
vents hole-electron recombination. In addition, the excited
electrons can be transferred to the graphite. By perform-
ing this operation, an effective separation occurs between
the produced photoinduced electrons and holes and affects
the performance of TiO, in the destruction of the desired
pollutant (Jia et al. 2016; Eddy et al. 2023). In conclu-
sion, the charge carriers produced by light induction were
able to participate effectively in the photocatalytic reac-
tions. Therefore, higher photocatalytic performance was
observed in nanocomposite in comparison with TiO, as a
pure compound.
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Conclusion

A new G/C-doped TiO, nanophotocatalyst was synthesized
successfully by ultrasound in a short time and at low tem-
peratures. The use of ultrasound for material synthesis has
been extensively increased in recent years. This method is
not just a simple mixing tool. One of the current limitations
of sonochemistry is related to the reproducibility of the pro-
cess. The overall energy consumption of a sonochemical
process is essential and the rate of sonochemical reactions
completely depends on ultrasonic frequency. The develop-
ment of sonochemical application on a larger scale is now
a crucial challenge for sonochemists to reproduce the excit-
ing results obtained in the lab into continuous or large-scale
processes. Therefore, the combination of ultrasound with
other innovative technologies starts to bring some interest-
ing synergetic effects. The synergies brought by these com-
binations open the door to many new applications in green
chemistry where the contribution of ultrasound becomes
essential, although many studies on the larger-scale develop-
ment of these combined technologies will be necessary. The
complete degradation of DCF was achieved by this novel
nanophotocatalyst under xenon light irradiation. Of all the
nanophotocatalysts, the G/TiO, ratio with 0.03 g of G shows
the highest photocatalytic activity in DCF degradation rate
than the other mass in different ratios of G/TiO, under xenon
light irradiation. The highest photocatalytic efficiency in a
specific ratio of G/TiO, is closely related to the morphol-
ogy, structure of the catalyst, vigorous light absorption, and
narrow band gap. UV-DRS revealed that the synthesized
G/C-doped TiO, nanoparticles exhibited absorption in the
visible range of the electromagnetic spectrum. The results
showed that there was a remarkable reduction in band gap
from 2.97 to 2.75 eV for TiO, doped with carbon. The sur-
face areas were increased significantly with the addition
of graphite compared with TiO, and results reveal that the
G-0.03 g sample shows higher surface areas than pure TiO,.
The XPS analysis confirmed that the doping and substituted
carbon into the TiO, lattice can advance the segregation of
photoinduced charge and diminish the band gap. The studies
on different scavengers show that the *O,™ radical was the
main reactive species in DCF degradation in comparison
with the other active species. G (0.03 g)/C-doped TiO, com-
posite showed high structural stability and reusability after
consecutive runs. It is expected that the research conducted
will furnish a novel and simple technique for the extensive
synthesis of TiO,-based photocatalysts, which will be widely
used for non-selective anti-inflammatory drug contamination
such as DFC.
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