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A B S T R A C T

In the current study, a direct S-scheme titanium dioxide/graphitic carbon nitride (TiO2/g-C3N4) heterojunction
structure was fabricated via simultaneous calcination of TiO2 precursors and g-C3N4. Guava leaf extract was
utilized as a reductant for TiO2 production through a green synthetic method, and g-C3N4 was prepared by
thermal decomposition of melamine. The pristine and nanocomposite photocatalysts were characterized by XRD,
FTIR, BET, TGA, HRTEM, UV–vis DRS, and PL to elucidate their physicochemical properties. The photocatalytic
activity of synthesized photocatalysts was examined through the degradation of rhodamine B (RhB) and meth-
ylene blue (MB) dyes under simulated solar light irradiation. The nanocomposite exhibited commendable pho-
tocatalytic performances with 96% degradation efficiency of RhB attained in 120 min and 95% degradation
efficiency of MB achieved in 150 min. The enhanced photocatalytic activities were attributable to visible light-
harvesting characteristics and the formation of an S-scheme heterojunction system between two catalysts
which promotes interfacial charge separation efficiency and longer charge carrier lifespan. After 4 consecutive
cycles, the degradation efficiencies of both RhB and MB remained above 85%. According to the trapping ex-
periments, OH� and O2

�� radicals were critical in the degradation of RhB, while hþ and O2
�� radicals were

dominant in the degradation of MB. The nanocomposite was also tested for elution of actual water pollutants by
combining two dyes, and above 90% degradation efficiencies were achieved for both dyes after 240 min.
1. Introduction

The existence of organic pollutants such as dye molecules in water
systems has been a major concern across the globe due to the impact
they impose on human activities and the ecosystem. Dye molecules
such as methyl orange (MO), methylene blue (MB), rhodamine B
(RhB), and others are extensively used in various industrial applica-
tions, ranging from food coloration, pH indicators, cosmetics, phar-
maceuticals, textile coloration, and printing industries. A substantial
amount of dye molecules is dissipated into water bodies during the
dying process, posing a profound ultimatum to human health and the
ecosystem due to their toxicity. Most dye molecules show mutagenic,
carcinogenic, genotoxic, and teratogenic effects [1, 2, 3, 4, 5].
Consequently, it has become crucial to remove dye molecules from
water sources.
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Amongst different methods used for the remediation of dye molecules
in water, photocatalysis has emerged as a promising option for removing
a wide range of dye molecules due to its capacity to completely miner-
alize dye molecules into unharmful substances like water and carbon
dioxide [6, 7]. Photocatalysis utilizes sunlight in the presence of semi-
conductor nanomaterials to photodegrade complex organic dye struc-
tures into unharmful substances. Different semiconductor nanomaterials
have been utilized and among them, titanium dioxide (TiO2) has sparked
a lot of interest due to its distinctive qualities including non-toxicity, high
chemical stability, strong oxidizing power, reactive surface, and low
production cost [8, 9, 10].

Nevertheless, although TiO2 has been at the forefront of photo-
catalysis, its practical application is still hindered by drawbacks such
as large energy bandgap (~3.2 eV) and fast recombination rate of
photoinduced charge carriers. The wide energy bandgap of TiO2
tember 2022
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makes it photoactive in the ultraviolet region which only accounts for
a low portion of the solar light spectrum [11]. Considering this, it is of
greater interest to reduce the energy bandgap of TiO2 to utilize a large
fragment of the solar light spectrum that is available in excess, which
is the visible region. Additionally, the faster recombination rate of
charge carriers has been the bigger obstacle to completely utilizing
TiO2 in photocatalysis, since it results in poor photocatalytic efficiency
[12].

Therefore, enhancing the photocatalytic effectiveness of TiO2 has
been the focus of extensive research. These focuses comprise doping TiO2
with either metal or non-metal and coupling TiO2 with other semi-
conductor nanomaterials. Doping results in the formation of defects
states within the band levels of TiO2 that in turn reduces the energy
needed to excite electrons from the valence band to the conduction band,
while coupling TiO2 with other semiconductors nanomaterials results in
the enhancement of electron-hole pair charge separation through the
transfer of electrons and holes between the semiconductor nanomaterials
[13, 14, 15].

Recently, the coupling of TiO2 with graphitic carbon nitride (g-C3N4)
has received significant interest owing to their well-matched band po-
sition levels [16, 17, 18]. Graphitic carbon nitride is also one of the
semiconductor materials which has received much interest in photo-
catalysis in the last decade due to its medium energy bandgap (~2.7 eV),
nontoxicity, and low production cost [8, 19, 20, 21]. Its application in
photocatalysis is hindered by its poor energy band gap, rapid recombi-
nation of electron-hole pairs, and small surface area. So, the modification
of g-C3N4 is as significant as those for TiO2. Therefore, most researchers
have proved that the coupling of g-C3N4 with TiO2 is of greater impor-
tance benefiting from both g-C3N4 and TiO2 properties [22, 23, 24, 25,
26, 27]. The coupling of those two semiconductor materials has been at
the forefront of many researchers, due to the improved properties of
individuals that result in higher photocatalytic activities and efficiency
[23, 25, 28].

In the last decade, numerous methods have been broadly used to
synthesize nanomaterials. However, to control their size and shape,
most of the chemical and physical methods need the inclusion of certain
chemicals in the form of inhibitors and reducing agents. Most of the
stabilizers are hazardous chemicals that compromise the application of
synthesized nanomaterials in water purification. Recently, green syn-
thesis methods using plant extracts as reducing and stabilizing agents
have received a lot of interest because of their eco-friendly, safe, and
low-cost properties [14, 29, 30, 31, 32, 33, 34, 35, 36, 37]. Amongst
various plants, Guava leaves have been widely used in the synthesis of
nanomaterials for various applications owing to their medical proper-
ties and abundance. They are commonly found in various parts of the
countries within tropical and subtropical regions. Their extracts contain
a large number of phytochemicals such as flavonoids, tannins, and
phenolic acids, which can act as inhibitors or capping agents to regulate
the formation of crystals and the morphology of nanomaterials [32, 33,
38, 39].

In the previous work of our group, we demonstrated the photo-
catalytic degradation of RhB over magnetic Fe3O4/TiO2 heterostructure
photocatalyst [40]. We investigated the influence of several factors on
the photocatalytic performance of the photocatalysts. In connection with
our previous work, the current study report on a novel and facile method
for the development of an S-scheme heterojunction photocatalyst be-
tween green synthesized TiO2 nanoparticles and pristine g-C3N4 for the
photocatalytic degradation of RhB and MB dye contaminants. Pristine
g-C3N4 was prepared through the thermal polymerization of melamine,
and a direct S-scheme TiO2/g-C3N4 heterojunction photocatalyst was
obtained through simple one-port calcination of green TiO2 precursors
and pre-synthesized g-C3N4.
2

2. Experimental setup

2.1. Chemicals

Titanium (IV) tetraisopropoxide (TTIP) (98%), Melamine, Absolute
ethanol, Formic acid (FA), Isopropanol (ISP), Ascorbic acid (AA),
Rhodamine B (RhB), and Methylene blue (MB) were purchased from
Sigma Aldrich and employed without further purifying.

2.2. Guava leaves extraction

Guava leaves extraction was done by the method described in our
previous work [40].

2.3. Synthesis of anatase TiO2 and pristine g-C3N4

Green synthesis of TiO2: The synthesis procedure was similar to our
previous work with minor modifications [40]: TTIP (5 mL) was added to
20 mL H2O, which was then followed by the addition of 5 ml Guava leaf
extracts. The mixture was magnetically stirred at 60 �C for 2 h. Then the
yellow precipitate was obtained and left to dry. Eventually, the dried
resultant was annealed at 350 �C for a period of 5 h at the ramping rate of
5 �C/min.

Preparation of pristine g-C3N4: pristine g-C3N4 was prepared through
thermal decomposition of melamine [41, 42]. Briefly, 1 g of melamine
was put in a ceramic crucible and heated at 520 �C for 3 h in a muffle
furnace with a ramping rate of 5 �C/min under an air atmosphere. The
pristine g-C3N4 was collected and grind into fine powder after cooling the
muffle furnace to room temperature.

2.4. Preparation of TiO2/g-C3N4 nanocomposite

The as-synthesized g-C3N4 was dispersed in 50 mL ethanol under
sonication for 1 h, while on the other hand, the mixture of TTIP and
Guava leaf extracts was stirred at 60 �C for 2 h. Then, the mixture con-
taining TTIP, and leaf extracts was added to the suspension of g-C3N4, and
the mixture was stirred for a further 1 h at 60 �C. Afterward, the mixture
was allowed to cool and washed multiple times, then dried at 60 �C.
Finally, the prepared TiO2/g-C3N4 nanocomposite was added into a
crucible and heated in a muffle furnace at 520 �C for 5 h at the ramping
rate of 5 �C/min. The graphical demonstration of the synthesis setup of
TiO2/g-C3N4 nanocomposite is displayed in Scheme 1.

2.5. Photocatalytic activity evaluation

The photocatalytic activity of synthesized photocatalysts was
appraised by the degradation of RhB and MB as the modern dye's pol-
lutants. In a typically photocatalytic reaction, 50 mg of photocatalysts
and 100 mL containing 10 mg L�1 dye concentration were utilized in
both experiments. The solution was irradiated with an Asahi HAL-320
Solar Simulator fitted with a 300 W compact xenon lamp that pro-
duced visible light intensity of 100 mW cm�2. The solar simulator was
warmed up for 60 min before irradiation. Prior to light irradiation, the
solution containing a suspended photocatalyst and dye solution was
agitated for 30 min in the dark to equilibrate the catalyst and dye. Then,
the solution was submitted to solar light irradiation while being
constantly agitated by a magnetic stirrer. At regular time intervals (20
min for RhB and 30 min for MB), 2 mL aliquots were withdrawn and
filtered with a microspore syringe filter (0.45 μm), and the filtrates were
analyzed using a UV-vis spectrophotometer. The percentage removal was
estimated using Eq. (1):



Scheme 1. Schematic presentation of the synthesis set-up of TiO2/g-C3N4 nanocomposite.
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Percentage removal¼ 1� At

Ao
� 100 (1)
Figure 1. XRD spectra of synthesized (a) g-C3N4, (b) TiO2/g-C3N4 nano-
composite, and (c) TiO2.
� �

where: At and Ao are the real-time and initial absorbance of dye solution,
respectively. To determine the photocatalyst stability, the catalyst was
recovered and subsequently used once more in the same experiment after
each reaction. The catalyst was collected through filtration and washed
multiple times with H2O and absolute ethanol to eliminate dye impurities
that were adhered to the catalyst's surface, then dried and reused.

2.6. Characterization techniques

The X-ray diffraction (XRD) analysis of prepared photocatalysts was
studied in a Rigaku Ultima IV X-ray diffractometer with Cu-Kα radiation
(λ ¼ 0.15406 nm) at the 2θ range of 10–70o. The Fourier transform
infrared (FT-IR) spectra of the as-synthesized photocatalysts were
recorded using a PerkinElmer FT-IR spectrometer utilizing the KBr pellet
technique. The thermal stability of prepared photocatalysts was exam-
ined using TGA 5500 Discovery series (TA instruments) from room
temperature to 900 �C. The form of the porous structures and specific
surface area were studied on an Autosorb iQ3 provided by Anton Par
equipped with a vacuum degassing pump. High-resolution transmission
electron microscopy (HRTEM) images and the selected area electron
diffraction (SAED) pattern were recorded using a JEOL-JEM-2100 (JOEL,
Japan). The UV–vis analysis was recorded on PerkinElmer UV–vis spec-
trometer Lambda 650. Photoluminescence spectra were analyzed on
Horiba Fluorlog 3 FL3, xenon lamp.

3. Results and discussion

3.1. Characterization

3.1.1. XRD analysis
The crystallographic structure of synthesized photocatalysts was

examined using XRD and experimental data are displayed in Figure 1.
Pristine g-C3N4 (Figure 1a) displays two typical diffraction peaks at 2-θ
position 15.5o corresponding to the (100) plane of tri-s-triazine units
of g-C3N4 and another at peak 29.9o corresponding to (002) plane of
interlayer stacking of conjugated aromatic system of g-C3N4 (JCPDS
Card No. 87-1526) [25, 43]. Green synthesized TiO2 (Figure 1c) shows
3

the diffraction peaks corresponding to anatase phase TiO2
(JCPDS Card No. 21-1272) [11, 40]. The XRD pattern for the
TiO2/g-C3N4 nanocomposite (Figure 1b) reveals diffraction peaks of
both green synthesized TiO2 and pristine g-C3N4, which indicate
the coexistence of these compounds in the nanocomposite. The
diffraction peak of g-C3N4 slightly shifted to lower 2-θ angles when
coupled with TiO2, demonstrating a strong relation between g-C3N4
and TiO2. The average crystalline size (Dp) of synthesized samples was
estimated from the XRD data via Scherrer's equation as represented by
Eq. (2):

Dp¼ κλ
βcosθ

(2)

where k, λ, β, and θ are the constant (0.94), the wavelength of X-ray
(0.15406 nm), the peak full width half maximum (FWHM), and the angle
of reflection, respectively. The estimated average crystalline sizes were
6.30 nm, 5.64 nm, and 6.68 nm for TiO2, g-C3N4, and TiO2/g-C3N4
nanocomposite, respectively.

mailto:Image of Scheme 1|tif
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Figure 3. TGA curves of (a) g-C3N4, (b) TiO2/g-C3N4 nanocomposite, and
(c) TiO2.
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3.1.2. FTIR spectroscopy and TGA analysis
To further confirm the surface structural properties of synthesized

photocatalysts, FTIR analysis was conducted, and the results are dis-
played in Figure 2. The FTIR spectrum of g-C3N4 (Figure 2a), shows
strong characteristics peaks at the frequency range of 1700–1200 cm�1

which were accredited to the typical stretchingmode of C–N heterocycles
of g-C3N4 [11]. The strong intense peak observed near 810 cm�1 was
assigned to the out-of-plane bending vibration mode of triazine units
[27]. The broad absorption band around 3700–3000 cm�1 can be
attributed to the OH stretching vibration corresponding to the adsorbed
H2O on the surface of g-C3N4 and NH2 or NH groups at the defect sites of
the aromatic ring [44, 45]. The spectrum of TiO2 (Figure 2c) displays a
broad band at around 800–400 cm�1 which is assigned to the Ti–O–Ti
and Ti–O stretching vibration modes in anatase crystals [40, 44]. The
absorption bands observed around 3400 cm�1 and 1636 cm�1 were
ascribed to the bending and stretching vibration of surface adsorbed OH
groups and H2O, respectively. As evident from the spectrum of
TiO2/g-C3N4 nanocomposite (Figure 2b), all the typical peaks of both
compounds are observed as expected, confirming an effective coupling of
TiO2 with g-C3N4.

The thermal stability of the as-prepared photocatalysts was studied
using gravimetric analysis and the results are displayed in Figure 3. The
TGA spectrum of g-C3N4 (Figure 3a) shows a substantial weight reduction
at 580–700 �C due to the decay of g-C3N4 to form CO2 and graphite [11,
44]. The spectrum of TiO2/g-C3N4 nanocomposite (Figure 3b) shows a
rapid weight loss in the range of 500–600 �C, which can be accredited to
the decomposition of g-C3N4. The retained weight loss in the nano-
composite spectrum is due to TiO2 weight. The decay of g-C3N4 occurs at
a lower temperature in nanocomposite as compared to that of pristine
g-C3N4 which is due to the distribution of TiO2 nanoparticles onto the
surface of g-C3N4 which results in weakening the van der Waals forces
between g-C3N4 layers [43]. The TGA spectrum of TiO2 (Figure 3c) shows
no significant weight loss indicating higher thermal stability properties of
TiO2 nanoparticles. In addition, both spectra show a smaller weight loss
at the temperature region of 0–250 �C, which can be accredited to the
evaporation of water molecules adsorbed on the surface of the catalysts.

3.1.3. BET analysis
Nitrogen adsorption-desorption analysis were carried out to deter-

mine the nature of the porous structures and the surface area of the
produced photocatalysts and the results are shown in Figure 4a. All
synthesized photocatalysts resemble type IV isotherms according to the
IUPAC description [16, 17], which implies that all samples possess
mesoporous structures (2–50 nm). The isotherms of TiO2 nanoparticles
had an H2-type hysteresis loop indicating ink-bottle pore structure, while
Figure 2. The FTIR spectra of synthesized samples (a) g-C3N4, (b) TiO2/g-C3N4

nanocomposite, and (c) TiO2.
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the isotherms of g-C3N4 and the nanocomposite had an H3-type hyster-
esis loop designating the emergence of slit-like pore structure [46].
Table 1 demonstrates the measured surface areas, total pore volumes,
and average pore radius of the synthesized photocatalysts.

The highest surface area is observed for TiO2 nanoparticles in com-
parison with pristine g-C3N4 and TiO2/g-C3N4 nanocomposite. Upon
coupling, the surface area of TiO2 decreases drastically, owing to the
blocking of surface-active sites of TiO2 by g-C3N4 [44]. The surface area
of TiO2/g-C3N4 nanocomposite is observed to be superior to g-C3N4.
Furthermore, the pore size distribution was also measured by
Barrett-Joyner-Halenda (BJH) method as shown in Figure 4b. The results
show that the pore size distributions of synthesized photocatalysts are
predominantly between 2 and 30 nm, and that is the characteristic
feature of a mesoporous configuration. A higher surface area enhances
the adsorption capability because of the presence of more active sites,
while a larger pore structure allows for more dye contaminants to be
adsorbed on the surface of the photocatalysts.

3.1.4. UV-vis analysis
Figure 5 illustrates the UV–visible diffuse reflectance spectra (DRS) of

synthesized photocatalysts. As illustrated in Figure 5a: TiO2 nano-
particles exhibit robust ultraviolet (UV) light absorption with an ab-
sorption edge at 388 nm. Pristine g-C3N4 shows intensive light absorption
capability in both ultraviolet and visible light regions with an absorption
edge at 459 nm. The light absorption of pristine g-C3N4 in the ultraviolet
is lower than that of TiO2 and these results are compatible with the
previous work conducted by Wang et.al [41]. Meanwhile, upon coupling
TiO2 with g-C3N4, the nanocomposite exhibits a little improvement in
visible light absorption as equated to TiO2 owing to the strong and wide
absorption band of g-C3N4 in the visible region. The absorption edge of
the nanocomposite is around 400 nm which shows a red shift as
compared to pure TiO2, which can be credited to the interaction between
g-C3N4 and TiO2. The enhancement of light absorption of the nano-
composite in both ultraviolet and visible regions is crucial for photo-
catalytic activity under solar light irradiation. Further, the energy band
gaps of synthesized photocatalysts were measured using the Tauc plot
according to Eq. (3) [47]:

ðαhνÞ2 ¼A
�
hν�Eg

�
(3)

where α is the absorption coefficients, h is Planck's constant, ʋ is the light
frequency, Eg is the energy band gap, and A is a constant. The estimated
energy bandgaps ((Figure 5b).) for TiO2, g-C3N4, and TiO2/g-C3N4
nanocomposite were 3.2 eV, 2.7 eV, and 3.1 eV, respectively. The
decrease in the energy band gap of TiO2 upon coupling was attributed to

mailto:Image of Figure 2|tif
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Figure 4. (a) N2 adsorption-desorption isotherm and (b) Pore size distribution of g-C3N4, TiO2/g-C3N4 nanocomposite, and TiO2.

Table 1. BET analysis results of g-C3N4, TiO2/g-C3N4 nanocomposite, and TiO2.

Photocatalysts Surface
area (m2 g�1)

Total pore
volume (cm3 g�1)

Average pore
radius (nm)

g-C3N4 10.41 0.23 8.66

TiO2 162.76 1.47 19.47

TiO2/g-C3N4 32.53 0.03 2.60
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the addition of the g-C3N4 phase, which stimulates the generation of
more charge carriers in the nanocomposite under visible light radiation.

3.1.5. Photoluminescence (PL) analysis
To examine the rate of recombination of charge carriers in the syn-

thesized photocatalysts, photoluminescence (PL) analysis was conducted
at the excitation wavelength of 340 nm. Higher emission intensity in PL
spectra indicates a high recombination probability [48]. Figure 6 exhibits
the PL emission spectra of pristine g-C3N4, TiO2/g-C3N4 nanocomposite,
and pure TiO2. The PL spectrum of g-C3N4 exhibits a strong photo-
luminescence signal, demonstrating a high recombination rate of
electron-hole pair. The main emission peak of g-C3N4 is at about 455 nm,
which is accredited to the band-band PL sensation, with the photon en-
ergy roughly equivalent to the g-C3N4 energy band gap (2.7 eV). The
band-band PL signal arises from excitonic PL caused by n→ℼ electronic
transitions due to the lone pairs of nitrogen atoms in g-C3N4 [41]. The PL
spectra of TiO2 nanoparticles and TiO2/g-C3N4 nanocomposite show a
lower photoluminescence signal indicating a low recombination rate of
Figure 5. (a) UV-vis spectra of g-C3N4, TiO2/g-C3N4 nanocomposite, and TiO2, and
determined from Tauc plot.
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electron-hole pairs which is beneficial in photocatalysis. In comparison,
TiO2/g-C3N4 nanocomposite shows a higher recombination rate of
electron-hole pairs and broader luminescence peak than TiO2, as a result
of g-C3N4 visible light absorption capability.

3.1.6. HRTEM analysis
The morphological structure of synthesized TiO2/g-C3N4 nano-

composite was explored by HRTEM, and the results are displayed in
Figure 7. As evident from Figure 7a, pristine g-C3N4 has a transparent 2D
nano sheet-like structure, while TiO2 appears as spherical nanoparticles.
On the other hand, since the nanoparticles show a well-defined
morphology, the average grain size was estimated to be 14.4 nm
(Figure 7b). The lattice fringe of TiO2 in the nanocomposite was
measured to be 0.348 nm (Figure 7c). The measured lattice fringe of TiO2

correspond to the (101) plane of anatase TiO2, and the pristine g-C3N4
shows no clear lattice fringes [49]. These findings show that TiO2 binds
closely to g-C3N4 to form a heterojunction structure that is advantageous
for improving charge separation and photocatalytic activity [50]. The
SAED pattern (Figure 7d), confirms the crystalline nature as well as the
purity of the nanocomposite.
3.2. Photocatalytic activity measurements

3.2.1. Photodegradation of RhB and MB dye molecules
The photocatalytic performance of synthesized photocatalysts was

observed by monitoring the main absorption peak of RhB and MB at 553
nm and 664 nm, respectively. Figure 8(a and b) show the UV-vis spectra
(b) the bandgap estimation of g-C3N4, TiO2/g-C3N4 nanocomposite, and TiO2

mailto:Image of Figure 4|tif
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Figure 6. Photoluminescence spectra of g-C3N4, TiO2/g-C3N4 nanocomposite,
and TiO2.
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of RhB and MB over TiO2/g-C3N4 nanocomposite and it can be seen that
the maximum absorbance peak of RhB and MB decreases with an in-
crease in irradiation time. The comparison of the photodegradation rates
is given in Figure 8(c and d) together with the adsorption and photolysis
study experiments. The photolysis study reveals that both RhB and MB
degradation are photocatalyst-assisted processes since only a slight
removal of RhB and MB was observed in the absence of a photocatalyst.
The adsorption study experiments were carried out for TiO2/g-C3N4
nanocomposite and the results reveal that the degradation of RhB andMB
is a light-supported system, since only 30% (RhB) and 29% (MB) removal
efficiency were attained after 120 min and 150 min, respectively. The
degradation efficiencies of RhB and MB over nanocomposite were ob-
tained to be 96% (120 min) and 95% (150 min), respectively, calculated
Figure 7. (a) TEM image, (b) the grain size distribution, (c) HRTEM

6

using Eq. (1). In the comparison, TiO2/g-C3N4 nanocomposite show
higher degradation efficiency of RhB, and MB as compared to pure TiO2
and pristine g-C3N4. The improved photocatalytic activity of the nano-
composite can be credited to the enhancement in photogenerated charge
separation due to the development of the S-scheme heterojunction
structure.

Figure 8(e and f) illustrate the linear pseudo-first-order kinetic reac-
tion of RhB and MB, respectively. The photocatalytic degradation reac-
tion rate constants for RhB are 0.02448, 0.00657, and 0.00601 min�1,
while for MB are 0.01718, 0.00680, and 0.00421min�1 for TiO2/g-C3N4,
TiO2, and g-C3N4, respectively. The nanocomposite rate constants for
RhB are 3.7 and 4.1 folds higher than TiO2 and g-C3N4; and 2.5 and 4.1
folds more than TiO2 and g-C3N4 for MB degradation, respectively.
Table 2 lists the apparent rate constants of the developed photocatalysts
as well as a summary of photodegradation efficiencies.

3.2.2. Re-usability study
The re-usability study was also conducted to examine the stability of

synthesized nanocomposite during photocatalysis. After each reaction,
the nanocomposite was recycled and employed in a subsequent experi-
ment. As illustrated in Figure 9(a and b), the photocatalytic degradation
efficiency of RhB decreases from 96% to 88% (Figure 9a), while the
degradation efficiency of MB decreases from 95% to 87% (Figure 9b)
after four cycles. Furthermore, the XRD pattern, and FTIR spectra of the
nanocomposite after four degradation cycles of MB was compared to that
of the fresh nanocomposite. No phase change was observed in the XRD
pattern (Figure 9(c)) of TiO2/g-C3N4 nanocomposite after 4 cycles
demonstrating good stability of the nanocomposite. The FTIR spectrum
of nanocomposite after four degradation cycles (Figure 9(d)) shows an
additional functional group around 1646 cm�1 due to the C¼N stretching
vibration of adsorbed MB in the nanocomposite [51, 52]. Therefore, a
slight reduction in degradation effectiveness after four cycles can be
associated with the loss of surface-active sites of the catalyst as a result of
the pollutants' adsorption, which prevents proper light absorption. The
degradation efficiencies after four cycles remained above 85% of their
initial value, demonstrating the nanocomposite's high level of stability.
image, and (d) SAED pattern of TiO2/g-C3N4 nanocomposite.
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Figure 8. UV-vis absorbance spectra of (a) RhB, (b) MB, the photocatalytic degradation rate of (c) RhB, (d) MB, and the pseudo-first-order kinetic plots of (e) RhB, and
(f) MB, over synthesized photocatalysts.

Table 2. Summary of photocatalytic degradation activities of RhB and MB:
degradation efficiency, and apparent rate constant (kapp) over synthesized
photocatalysts.

Photocatalysts RhB MB

Degradation
efficiency (%)

Kapp (x10�2

min�1)
Degradation
efficiency (%)

Kapp (x10�2

min�1)

TiO2/g-C3N4 96 2.448 95 1.718

TiO2 60 0.657 70 0.680

g-C3N4 56 0.601 50 0.421
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3.2.3. Radical scavengers test
To distinguish which reactive oxygen species (ROS) plays the major

role in the photodegradation process of RhB and MB dyes over the syn-
thesized TiO2/g-C3N4 nanocomposite different quenchers of ISP, AA, and
FA were employed to trap the hydroxyl radical (OH�), superoxide radi-
cals (O2

��) and hole (hþ), respectively and results are displayed in
Figure 10. For photodegradation of RhB (Figure 10a), the introduction of
FA shows no significant reduction in photocatalytic performance indi-
cating that hþ is not the dominant ROS; while adding AA and ISP shows a
drastic decline in photodegradation efficiency indicating that both OH�

and O2
�� radicals are primarily ROS responsible for the degradation of

RhB dye. Meanwhile, for the photodegradation of MB (Figure 10b), the
7

addition of ISP did not affect the photodegradation efficiency of the
nanocomposite which indicates that OH� radicals did not play an
astounding role in the degradation of MB. The addition of FA and AA
results in a significant decrease in photocatalytic activity of the nano-
composite, indicating that both O2

�� radicals and hþ are two key ROS
dominating degradation of MB dye.

3.2.4. Proposed photocatalytic degradation mechanism
To understand the mechanism behind the photocatalytic degradation

of RhB and MB the results of the radical scavenger test were used. Firstly,
the conduction band (CB) and valence band (VB) potentials of TiO2 and
g-C3N4 were obtained using Eqs. (4) and (5), respectively [53]:

ECB ¼Х � EC � 0:5EG (4)

EVB ¼ECB þ EG (5)

where Х, EC, Eg, ECB, and EVB are the absolute electronegativity of
semiconductors (Х for g-C3N4 ~ 4.72 and TiO2 ~ 5.81), the energy of
free electrons on the hydrogen scale (~4.5 eV), the energy band gap of
the photocatalyst, CB potential and VB potential, respectively. The esti-
mated CB and VB potentials for TiO2 and g-C3N4 are �0.3 eV and 2.9 eV,
�1.1 eV and 1.6 eV, respectively. The CB potential of TiO2 (�0.29 eV) is
less than the potential of O2/O2

�� (�0.33 eV vs. NHE), so the CB photo-
generated electrons of TiO2 cannot reduce dissolved oxygen and yield

mailto:Image of Figure 8|tif


Figure 9. (a and b) reusability study, (c) X-ray diffraction patterns, (d) FTIR spectrum, of TiO2/g-C3N4 nanocomposite before and after 4 circulating runs.

Figure 10. Photodegradation efficiency of (a) RhB, and (b) MB, over TiO2/g-C3N4 nanocomposite with different scavengers.
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O2
�� radicals, whereas the CB potential of g-C3N4 (�1.1 eV) is more

negative than the potential of O2/O2
�� (�0.33 eV vs. NHE), and thus the

photoinduced electrons on the CB of g-C3N4 can reduce O2 to O2
�� radi-

cals. Meanwhile, the redox potential of OH�/H2O (2.68 eV vs. NHE) is
less positive than the VB potential of TiO2 (2.9 eV) so the VB holes of TiO2
can oxidize the water molecules to form OH� radicals, while the holes in
VB of g-C3N4 cannot oxidize adsorbed H2O molecules to form OH� rad-
icals due to its VB potential being more negative than the potential of
OH�/H2O (2.68 eV vs. NHE) [54]. Based on the above findings, an
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S-scheme heterojunction photocatalytic mechanism can be constructed
as depicted in Scheme 2, which is in line with the findings of the afore-
mentioned quenching experiment.

Therefore, when exposed to solar light, TiO2 and g-C3N4 simulta-
neously absorbed photon energy. As a result, electrons are driven from the
VB to the CB and leave positively charged holes in the VB, creating
electron-hole pairs. The photogenerated electrons in g-C3N4 get donated to
an electron acceptor such as dissolved O2 resulting in the production of
O2
�� radicals which then degrade MB and RhB dye molecules. Since the

mailto:Image of Figure 9|tif
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Scheme 2. S-schematic diagram of photogenerated charge transfer between TiO2 and g-C3N4.

Figure 11. (a) UV-vis absorption spectrum of co-dyes photocatalytic degradation, and (b) photocatalytic degradation of RhB and MB for various irradiation times.
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photogenerated electrons in the CB of TiO2 cannot reduce O2 to O2
�� rad-

icals, they recombine with the VB holes of g-C3N4. The transfer of electrons
of TiO2 to the VB of g-C3N4 reduced the rate of electron and hole recom-
bination in TiO2, which subsequently increased the photocatalytic activity
of the nanocomposite. Additionally, the recombination of TiO2 electrons
with g-C3N4 holes leads to the accumulation of holes and a lengthening of
their lifespan in TiO2 VB. Then the accumulated holes react with H2O
molecules to yield hydroxyl radicals, which are the main ROS accountable
for RhB degradation. The holes TiO2 VB can also degrade MB into by-
products.

3.2.5. RhB and MB co-dye photocatalytic degradation
To conceptualize the discharge of actual water pollutants, RhB and

MB dye pollutants were mixed, and the photocatalytic degradation of
the mixed system was conducted for TiO2/g-C3N4 nanocomposite. The
9

condition for mixed system degradation was as follows: 50 mg of
TiO2/g-C3N4 nanocomposite was mixed with a 100 mL solution con-
taining 10 mg L�1 RhB and 10 mg L�1 MB (50 mL each). Other
photocatalytic conditions were kept the same as the one for individual
dye degradation. The results of mixed system degradation are given in
Figure 11. As evident from Figure 11a, the maximum absorbance peaks
of RhB and MB decrease with an increase in irradiation time. The
degradation efficiency of the mixed-dye system was obtained to be 97%
and 92% for RhB and MB after 240 min of solar light irradiation,
respectively (Figure 11b). The nanocomposite photocatalytic activity
was more selective to RhB than MB, even though the adsorption favors
MB over RhB. This can be ascribed to the difference in molecular
weight. Additionally, although the irradiation time increases for mixed
dye systems, the nanocomposite can still be considered an outstanding
photocatalyst for insinuation in real applications.

mailto:Image of Scheme 2|tif
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Table 3. The distinction between the current study and previous studies on the synthesis of TiO2/g-C3N4 photocatalyst for the photodegradation of organic dyes.

Synthetic method Pollutants, Concentration Degradation efficiency (%) Irradiation time, Light source Refs

Solvothermal (180 �C, 6 h)a MB
10 mg L�1

97.6 240 min
350 W Xenon lamp

[6]

Hydrothermal (180 �C, 4 h) –
Calcination (500 �C, 2 h)b

RhB by 1 � 10�5 M 95.2 80 min
Visible light

[55]

Hydrothermal (130 �C, 24 h) –
Calcination (500 �C, 2 h)c

RhB
10 mg L�1

99.9 60 min
500 W Xenon lamp

[54]

Pyrolysis (550 �C, 2 h)d RhB
10 mg L�1

97 40 min
300 W Xenon lamp

[56]

Hydrothermal process (180 �C, 12 h)e RhB
20 mg L�1

45 12 h,
5 W LED

[57]

Atomic layer deposition – Calcination
(500 �C, 1 h)f

MO
4 mg L�1

98.2 90 min
300 W Xenon lamp

[58]

Calcination method (350 �C, 5 h)g RhB
10 mg L�1

96 120 min
300 W Xenon lamp

Present work

MB
10 mg L�1

95 150 min
300 W Xenon lamp

Calcination method (350 �C, 5 h)g RhB þ MB >90% 240 min
300 W Xenon lamp

Present work

a Require higher pressure reactor, longer synthetic time, and utilize many chemical precursors.
b Higher temperature, long synthesis time, and some ice bath.
c Higher temperature and long synthesis time.
d Require higher temperature.
e Higher temperature required, long synthesis time, and utilize many precursors.
f Higher temperature, longer synthesis time, ice bath, and utilize many chemical precursors.
g Low-temperature synthesis route utilizing Guava leaf extracts as TiO2 reductor.
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The comparison of the current study with several previous literature
reports is shown in Table 3. It can be noted that even though the reported
literature shows relatively higher photodegradation efficiency in a
shorter time, the synthetic methods used are time-consuming and require
higher temperature, whereas the present work showed similar efficiency
in a reasonable time, and the synthetic method utilizes low temperature
with less chemical precursors used.

4. Conclusion

In this study, the degradation of RhB and MB on a formed direct S-
scheme TiO2/g-C3N4 heterojunction nanocomposite from simultaneous
calcination of the TiO2 precursors and pristine g-C3N4 was presented. The
S-Scheme TiO2/g-C3N4 nanocomposite demonstrates higher photo-
catalytic performance with high degradation efficiency for RhB (96%)
and MB (92%) attained in 120 and 150 min of simulated solar light
irradiation, respectively. The enhancement in photocatalytic perfor-
mance of nanocomposite was accredited to the construction of the S-
scheme heterojunction structure between TiO2 and g-C3N4 which pro-
mote the enhancement of charge separation. The apparent reaction rate
constant of the nanocomposite was 3.7 and 4.1 folds higher than TiO2
and g-C3N4 for RhB degradation, and 2.5 and 4.1 folds higher than TiO2
and g-C3N4, for MB degradation, respectively. The degradation effi-
ciencies of RhB and MB remain above 85% after 4 degradation cycles.
The trapping agent inhibition results illustrated that OH� and O2

�� radi-
cals are dominant ROS responsible for the photodegradation of RhB,
while hþ and O2

�� radicals are dominant in the photodegradation of MB.
The nanocomposite also shows remarkable photocatalytic degradation
efficiency in the degradation of mixed dye pollutants with more than
90% degradation efficiencies achieved in 240 min for both dyes under
simulated solar light irradiation, indicating that the nanocomposite could
be employed in real wastewater treatment. This study simply explored a
novel approach for constructing a high-efficiency S-scheme hetero-
junction photocatalyst for water purification under solar light
irradiation.
10
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