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Abstract

A broadly used dye, methylene blue (MB), adversely impacts human health and water resources, which triggers efficient
methods for its elimination. Semiconductor-based heterogeneous photocatalysis is an environmentally friendly approach
that effectively degrades organic pollutants. The purpose of the current work is to elucidate and validate the application of
a promising g-C;N,/GO/SnFe,0, (CGS) composite for the environmental remediation of methylene blue dye. The ternary
CGS composite has been synthesized using a solvothermal approach. The fabricated composites were analyzed through FTIR,
XRD, SEM/EDX, UV-VIS spectroscopy, TEM, and XPS. The photoactivity of composites and affecting parameters (pH,
H,0, dosage, composite amount, initial dye concentration, and irradiation time) were observed in sunlight illumination. The
optimal conditions for photocatalytic degradation were pH = 5, photocatalyst dosage = 30 mg/100 mL, H,0, dosage = 6
mM, and initial dye concentration (IDC) of 10 ppm employing ternary CGS composite, and MB dye was degraded effectively
within 1 h. Ninety-eight percent degradation efficacy was attained by employing ternary CGS composite under the optimized
conditions. Scavenging analysis suggested that *OH radicals were the key reactive oxygen species (ROS) responsible for the
photodegradation of MB dye. Furthermore, the CGS nanocomposite exhibited outstanding recyclability of 84% after five
consecutive runs, demonstrating its potential for use in practical applications, particularly pollutant removal.

Keywords Wastewater treatment - Heterogeneous photocatalysis - Metal ferrite - Heterojunction - Graphene oxide -
Photodegradation

Introduction

With the rapid population growth and industrialization, envi-
ronmental issues and energy shortages are getting increas-
ingly worse worldwide (Zhang et al. 2019). A larger quantity
of various pollutants such as pesticides, dyes, heavy metals,
personal care products, and pharmaceuticals, are inevita-
bly discharged into natural aquatic bodies mainly from the
industrial sector which causes a great threat to human health
and ecological systems (Wactawek et al. 2017). Synthetic
organic dyes are harmful contaminants, participating in up
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to 0.7 million tons of worldwide annual production (Mar-
tinez-Huitle and Brillas 2009). The food, textile, cosmetics,
electronic, hair color, and leather industrial units have raised
approximately 0.28 million tons of organic dyestuff world-
wide (Solis et al. 2012). Dyes inhibit aquatic photosynthetic
activity and reduce dissolved oxygen, leading to toxicity to
fauna, flora, and human beings. Methylene blue, commonly
termed MB, is a cationic, water-soluble dye utilized to dye
wool, silk, cotton, jute, and plastic (Ma et al. 2009). MB has
numerous hazardous effects on human beings, like vomiting,
increased heartbeat, cyanosis, jaundice, and tissue necro-
sis, and poses a risk to the environment as well (Zhan et al.
2015).

Since dyes are toxic and comparatively resistant to
degradation by conventional wastewater remediation pro-
cesses, hence advanced oxidation processes (AOPs), green
technology is the suitable approach (Pooladi and Bazargan-
Lari 2023). Because of the robust mineralization capability,
AOPs are extremely appealing for practical implementation,
typically arising from generated ROS such as *OH, *HO,,
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and *0,~ (Miklos et al. 2018). In AOPs, *OH radicals are
extremely reactive species and are produced in situ that
induce non-selective oxidation of organic contaminants to
H,0, CO,, and particular inorganic ions. Semiconductor-
based heterogeneous photocatalysis is a promising technol-
ogy among AOPs which is believed to be an outstanding
solar energy transformation operating at ambient tempera-
ture and pressure in the field of pollutant elimination (Bam-
baeero and Bazargan-Lari 2021).

Graphitic carbon nitride (g-C;N,), a metal-free 2D poly-
meric semiconductor, has achieved huge attraction due to
its interesting inherent properties, such as low cost, simple
synthesis, tunable electronic structure, suitable band gap,
high elemental abundance, ecofriendly nature, and superior
thermal and chemical stabilities (Fu et al. 2018). g-C;N,, has
extensively been explored for the degradation of recalcitrant
contaminants in visible light owing to its moderate band
gap ranging between 2.4 and 2.8 eV (Kong et al. 2016).
Though, due to quick recombination rate of photoinduced
e~/h™ pair, photoactivity of g-C;N, is limited (Schwingham-
mer et al. 2014). Numerous g-C;N,-based heterojunctions,
for example, g-C;N,/GO (Wan et al. 2016), g-C3N,/CeVO,
(Ren et al. 2016), Bi,O4/g-C3N, (He et al. 2018), g-C;N,/
WO; (Yu et al. 2017), and CulnS,/g-C;N, (Guo et al. 2019)
with remarkably improved photocatalytic activity, have been
reported which reduces the rate of e /h* pairs. However,
recycling and separation of catalysts is a significant task for
their utilization in wastewater treatment.

Moreover, the coupling of g-C;N, with metal ferrites
(M-Fe,O,, M = Mn, Zn, Co, Cu) has been established not
merely to enhance photocatalytic activity but also ease to
magnetically recycle the photocatalyst (Chen et al. 2016).
Based on the comparison with other M-Fe,O,, SnFe,0O, can
be deemed as a best option, due to its non-toxic, magnetic
behavior and plenty of Fe and Sn elements on the globe (Rai
et al. 2015). Owing to the attractive properties of SnFe,O,, it
is employed in numerous applications like hydrogen produc-
tion (Jo et al. 2020), photocatalytic CO, reduction (Jia et al.
2020), potentiometric nonenzymatic H,O, sensor (Bindu
et al. 2016), lithium-ion batteries (Zhang et al. 2021), and
photodegradation of dyes (Jia et al. 2017). Also, the reported
band gap of SnFe,0, is 2.53 eV, which is highly efficient for
the photocatalytic degradation of recalcitrant contaminants
because of its absorption in the visible light region (Chen
et al. 2016).

Currently, Z-scheme-based photocatalysts have been
fabricated for enhanced redox capability and charge carrier
separation efficacy during photocatalytic reactions (Fu et al.
2019). To improve the efficiency of the electron relay, it
is essential to introduce an electron mediator between two
semiconductors in the Z-scheme photosystem (Liu et al.
2018). GO is one of the efficient electron mediators because
of its effective electron transferring mobility achieving up to

200,000 cm? V™! S7!, unique mechanical strength, stability,
and biocompatibility (Gebreslassie et al. 2019). Graphene
oxide (GO) is a single-atom-thick and 2D carbon-based
nanomaterial that is organized in a hexagonal matrix (Tahir
et al. 2022). GO has a higher capability to trap electrons
from semiconductor photocatalysts and improves photoac-
tivity due to its higher specific surface area and excellent
electrical, and thermal features (Wu et al. 2018). Lu and
his colleagues reported Z-scheme composite g-C;N,/rGO/
WO; with rGO as an electron facilitator between g-C;N, and
WO, for degradation of ciprofloxacin (Lu et al. 2019). The
g2-C;N,/rGO/WO; nanocomposite displays a 2 times higher
degradation efficiency than binary g-C;N,/WO; To the best
of our knowledge, g-C;N,/GO/SnFe,0, composite has not
been reported.

In the present study, we report the g-C;N,/GO/SnFe,0,
(CGS) ternary composite, where g-C;N,/SnFe,0, as photo-
catalysts and GO as electron mediator was employed. The
in situ solvothermal method was used for the synthesis of a
novel CGS composite and was utilized for the MB dye deg-
radation in sunlight. The analysis of synthesized composites
using XRD, XPS, SEM/EDX, FTIR, UV-Vis spectroscopy,
and TEM/HR-TEM was employed to explore the crystal-
line structure, chemical composition, morphology, purity,
functional group, and optical features of the prepared sam-
ples. The study showed that GO-supported g-C;N,/SnFe,0,
provides improved surface area and photoinduced charge
carrier separation, which efficiently increases photocatalyst
visible light behavior.

Materials and methods
Chemicals

All the chemicals and reagents employed in the present work
were of analytical grade. Ethylene glycol (99.8%), hydro-
chloric acid (HCl, 35% w/w), sodium hydroxide (NaOH pel-
lets, 98%), potassium permanganate (KMNO,, 99%), sodium
nitrate (NaNO;, 98%), hydrogen peroxide (H,0,; 35% w/w),
and sulfuric acid (H,SO,, 98%) were attained from Sigma-
Aldrich. Graphite powder (99%) from Scharlau, ethanol
(C,H5OH, 95.6%) from Merck, and melamine (C;N;(NH,)5),
99%) was obtained from DAEJUNG. Tin chloride (SnCl,,
99%) and iron (II) chloride tetrahydrate (FeCl,e4H,0, 99%)
were obtained from Glentham Life Sciences. Distilled water
was utilized during the research work.

Preparation of GO
Using modified Hummers method, GO was prepared,

which was earlier described in our study (Tabasum et al.
2018). Sodium nitrate (2.5 g) and graphite (5 g) were
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combined in an Erlenmeyer flask, and dropwise, sulfuric
acid was added with continuous stirring. Then, 30 g of
KMnO, was gradually added to above mixture by main-
taining the temperature of reaction mixture near 0 °C.
After that, the solution was diluted with distilled water
keeping the temperature at 90 °C. After centrifugation,
the pH of obtained suspension was neutralized. The thick
dark brown paste was sonicated to obtain the GO layers
and followed by drying in an electric-oven at 70 °C. The
incorporation of oxygenated groups in GO by modified
Hummers method using graphite is shown in Fig. 1.

Preparation of g-C;N,

g-C;N, was prepared through a thermal polymerization
approach (Saher et al. 2021). Ten grams of melamine was
taken in the crucible and then placed in a muffle furnace
for 3 h at 550 °C with a ramping rate of 5 °C/min. Then,
the yellow-colored g-C;N, was obtained. Figure 1 shows
the structural transformation involved during the synthesis
of g-C;N, using melamine (Sudhaik et al. 2018).

Synthesis of g-C;N,/SnFe,0, composite (CS)

g-C;N,/SnFe,0, (CS) binary composite was synthesized by
in situ solvothermal method (Jia et al. 2020). The precursors
of metal ferrite such as iron salt FeCl,#4H,0 (3.4 mmol)
and metal salt SnCl, (1.7 mmol) were dissolved in 50 mL
ethylene glycol with constant stirring. Afterwards, 0.2 g of
g-C;N, was dispersed in 50 mL distilled water and subjected
to ultrasonic irradiation for 20 min was added into the above
mixture. Then, slowly, 3M NaOH was added to maintain the
pH of the mixture at 10. After that pour, the mixture into an
autoclave lined with Teflon covering for 15 h at 200 °C and
subsequently naturally cool down. The resultant slurry was
rinsed with ethanol and deionized water and followed by
drying in an oven at 70 °C.

Synthesis of GO/SnFe,0, composite (GS)

GO/SnFe,0, (GS) binary composite was synthesized
by in situ solvothermal method. SnCl, (1.7 mmol) and
FeCl,e4H,0 (3.4 mmol) dissolved in the 50 mL ethyl-
ene glycol were stirred for 60 min. Then, 0.2 g of GO was
dispersed in 50 mL distilled water subjected to ultrasonic

Reaction pathway of g-C;N, using thermal polymerization method
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Fig. 1 Reactions involved during the synthesis of g-C;N,/GO/SnFe,0, (CGS) composite
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irradiation for 20 min and introduced into the above mixture.
Afterwards, 3M NaOH was slowly added, and the pH of the
mixture was maintained at 10. Then, pour the mixture into
an autoclave for 15 h at 180 °C and subsequently naturally
cool down. The resultant product was rinsed with distilled
water and ethanol and then oven-dried at 60 °C (Jia et al.
2017).

Synthesis of ternary g-C;N,/GO/SnFe,0, (CGS)

CGS ternary composite was synthesized by the in situ sol-
vothermal method. In a usual method, (3.4 mmol) SnCl,
and (6.8 mmol) FeCl,e4H,0 dissolved in the 50 mL ethyl-
ene glycol were stirred for 60 min. Then, 30 wt% (0.3 g) of
g-C;N, and 20 wt% (0.2 g) of GO were separately dispersed
in 50 mL distilled water and subjected to ultrasonic radiation
for 20 min. Afterwards, 3M NaOH was slowly added, and
the pH of the mixture was adjusted to 10. Then, pour mix-
ture into an autoclave lined with Teflon covering at 180 °C
for 12 h and consequently naturally cool down. The result-
ant product was rinsed with ethanol and distilled water and
then oven-dried at 60 °C and labelled as CGS. The obtained
product was ground and transformed into powder form for
further use. The schematic diagram for the fabrication of
CGS composite using the solvothermal method is shown in
Fig. S1. The chemical reactions involved in the formation
of SnFe,0, NPs in CGS composite are presented in Fig. 1
(Jia et al. 2017).

Characterization and equipment

The as-synthesized binary and ternary composites were
analyzed through various techniques. Crystalline and phase
study of synthesized composites was done employing an
X-ray diffractometer (Bruker D8-Advanced equipment)
provided with Cu-Ka radiation over a range of 26 values
from 5 to 80°. X-ray photoelectron spectroscopy (XPS) was
used for the evaluation of surface chemical composition and
elemental analysis. Surface morphology of composites was
established utilizing scanning electron microscopy (SEM)
coupled with EDS for the identification of elemental com-
position of composites. Functional group detection of com-
posites was performed employing Fourier-transform infrared
spectroscopy. The assessment of percentage degradation and
band gap evaluation was done by UV-visible spectroscopy
(CECIL CE 7200). HR-TEM analysis was employed for sur-
face morphologies (HR-TEM, JEOL-JEM 100CX).

Estimation of photodegradation experiment
The photodegradation experiments of MB dye were per-

formed in sunlight utilizing binary GS, CS, and ternary
CGS composites for 1 h. Figure S2 shows the schematic

diagram of a sunlight-driven photodegradation experiment
using photocatalysts. The impact of numerous parameters
comprising composite dose (10-100 mg/100 mL), pH (2-9),
IDC (2-20 ppm), oxidant dose (2-20 mM), and contact time
(10-60 min) was observed. In the present work, MB was
chosen as a model pollutant. Using a pH meter, 0.1 M solu-
tions of NaOH and HCI were utilized to maintain the pH of
MB dye solutions. The desirable amount of photocatalysts
was dispersed in 10 ppm MB dye having 100 mL solution
and subjected to ultrasonication for approx. 2-3 min. After
sonicating MB dye solutions, beakers were kept in dark for
approx. 30 min, to attain adsorption-desorption equilibrium
phase between catalyst surface and MB dye molecules.
Then, H,0, in a particular concentration was added to the
reaction mixture. Under sunlight, MB solutions were placed
for 1 h at 180 rpm in an electrical orbital shaker (Pamico
Technologies). Using an external magnet, a composite was
separated from the MB solution, and absorbance was esti-
mated by employing a UV-visible spectrophotometer at
664 nm. Percentage degradation was evaluated, afterwards
comparing the absorbance of untreated and treated MB dye
solutions. The % degradation was evaluated employing the
formula given in Eq. (1).
Degradation(%) = 1 — A x 100 1)
AO

Herein, initial absorbance is denoted as A, and A is
absorbance afterwards degradation under sunlight. The sun-
light intensity and the brightness were measured employing
a solar power meter and a light meter.

Characterization of synthesized composites
FTIR analysis

For detecting the functional group of the prepared GS, CS,
and CGS composites, FTIR analysis was carried out. Fig-
ure 2a displays FTIR spectrum of binary CS composite and
shows that a peak at 810 cm ™' was ascribed to triazine units.
The band peaks ranging between 1200 and 1600 cm™ are
linked to stretching vibrations of C—N and C=N, which con-
firm the presence of g-C;N, (Zhang et al. 2018). The band
ranging from 2950 to 3386 cm™! indicates the occurrence
of uncondensed -NH, and -NH groups. The lower intensity
g2-C;N, peaks in CS composite may be because of the con-
sumption of g-C;N, by reacting with OH™ during the solvo-
thermal method. The representative absorption peaks at 574
and 640 cm™! were because of Fe-O and Sn-O vibrations,
supporting the existence of SnFe,0, (Xu et al. 2017). Fur-
thermore, all peaks of g-C;N, and SnFe,O, were displayed
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in the CS nanocomposite, which showed the effective prepa-
ration of binary composite.

FTIR spectrum of binary GS composite shows the peaks
of GO at 1038 (C-O-C), 1215 (C-OH), and 1645 cm™!
(C=C) groups, in Fig. 2b (Ossonon and Bélanger 2017).

@ Springer

The band is approx. 3100-3500 cm™! which might be attrib-
uted to adsorbed H,O molecule vibrations. The peaks at 565
and 630 cm™! noticed for SnFe,0, were because of Fe-O
and Sn-O vibrations (Cai et al. 2016). Hence, it verifies the
concurrence of SnFe,O, NPs on the GO sheets.
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FTIR spectrum of ternary CGS composite presented a
minor peak at 569 cm™! ascribed to Fe-O while an intensive
peak at 635 cm™~! ascribed to Sn-O vibration, which verifies
the presence of SnFe,O, (Fig. 2c) (Lee and Lu 2015). The
peak at about 807 cm™! is responsible for the tris-s-triazine
unit, which strongly supports the formation of g-C;N, (Deng
et al. 2017). The various peaks at 1233, 1318, and 1410
cm™! are credited to C-N stretching, and the peak at 1559
cm~! belongs to C=N vibrations (Gebreslassie et al. 2019).
For the GO, the peaks occur at 1050 cm~! (C-0-C), 1210
(C-OH), 1626 cm™! (C=C), and 3315 cm™! (-OH) groups,
respectively (Hu et al. 2019). The presence of numerous
oxygenated functional groups on GO nanosheet shows that
graphite was well oxidized to GO (Singh et al. 2017). All
distinctive peaks of GO, g-C;N,, and SnFe,0, were found in
novel ternary CGS nanocomposite and suggest that SnFe,0,
is successfully bonded to the g-C;N, and GO.

XRD analysis

The crystalline structure of synthesized nanocomposites
was investigated using XRD in 26 range of 5-80°. Figure 3
presents the XRD patterns of binary composites, namely,
GS and CS, and ternary CGS nanocomposites. XRD pat-
tern of the binary CS composite showed various intense dif-
fraction 20 angles at 18.1°, 30.7°, 35.3°,43.1°, 52.5°, 56.8,
and 62.3° corresponding to the (111), (220), (311), (400),
(422), (511), and (440) planes of the SnFe,O,. The typical
peak at 260 = 27.3°, which is indexed to (002) diffraction
plane of g-C;N, (Borthakur and Saikia 2019). XRD pat-
tern of binary GS composite shows evident diffraction peaks
of SnFe,0, and GO. The diffraction peak of GO (002) is
observed at 26.3° (Ahmad et al. 2021). This shows that dur-
ing the solvothermal method, GO was reduced into graphene

Intensity (a.u.)

206 (Degree)

Fig.3 XRD pattern of GS, CS, and CGS composites

(Fu et al. 2012). The diffraction peaks positioned at 18.5°,
30.5°, 35.7°, 42.6°, 53.1°, 56.6, and 62.8°, corresponding
to the (111), (220), (311), (400), (422), (511), and (440)
planes of the SnFe,O,. The lack of other diffraction peaks
proves the higher purity of the nanocomposite without any
noticeable by-products.

The ternary CGS nanocomposite displays the diffraction
peak of g-C;N, at 27.1° which corresponds to the (002)
plane (JCPDS card no. 87-1526) (Jia et al. 2017). This is
related to the in-planar arrangement of conjugated aromatic
networks (Jo et al. 2020), while the peak at 13.1° for (001)
diffraction plane of GO relates to the incorporation of oxy-
gen-containing groups on graphite sheets (Paulchamy et al.
2015). The SnFe,0, displayed various diffraction 26 angles
at 18.3°, 30.2°, 35.5°,37.1°, 42.9°, 53.4°, 57.1, 62.5°, and
74.1° corresponding to the (111), (220), (311), (222), (400),
(422), (511), (440), and (533) planes of the SnFe,0,, that
was well-suited with JCPDS Card No. 71-0694 (Zhang et al.
2021). XRD of synthesized novel CGS composite shows
peaks attributable to GO, g-C;N, and SnFe,O,, demonstrat-
ing the successful formation of ternary composite. No con-
siderable diffraction peaks of any impurities were noticed
in g-C3N,/GO/SnFe,0, composite, demonstrating that the
synthesized composite is pure. Using Debye-Scherrer for-
mulae equation, average particle size was calculated.

D = KA/pcos6 2

D is crystallite size, 4 is the wavelength of CuKa (0.154
nm), f is associated with FWHM of photocatalysts, 6
refers to the diffraction angle, and Scherrer constant K with
0.94 value. Average crystallite sizes for CS, GS, and CGS
nanocomposites were discovered to be 38, 45, and 28 nm,
respectively.

SEM/EDX analysis

The morphologies of GS, CS, and CGS composites were
noticed by SEM, and images are presented in Fig. 4. In
Fig. 4a, SnFe,0, NPs were well scattered and anchored on
g2-C;N,, nanosheets (Jia et al. 2017). The graphene oxide
looked like a sheet, while the SnFe,O, nanoparticles were
seen as spherical shapes as established in Fig. 4c. It is appar-
ent from Fig. 4c that SEM micrographs of GS composite
that aggregated spherical-shaped SnFe,O, nanoparticles
were dispersed on GO sheets, which can be ascribed to fab-
rication of binary composite by immobilization (Akhundi
and Habibi-Yangjeh 2016). Graphene oxide is comprised
of large sheets having a paper-like configuration with thin
layers, which certainly offer an adequate surface area for the
SnFe,0, NPs to be loaded, as seen in Fig. 4e. The aggre-
gated SnFe,O, NPs with various cluster sizes and GO sheet
morphology and g-C;N, were well-preserved on novel
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Fig.4 SEM/EDX analysis of CS (a, b), GS (¢, d), and CGS (e, f) composites

ternary CGS composite. There is a morphological altera-
tion among CS, GS, and CGS in which ternary CGS com-
posite comprises both spherical particles of SnFe,O, and
nanosheets of GO and g-C;N,.

EDS analysis was used to investigate the elemental con-
figuration and purity of the binary and ternary nanocompos-
ites. The formation of a novel ternary CGS composite was
verified through EDX study as well, which confirmed the
presence of Fe, Sn, C, O, and N in prepared sample (Fig. 4f).

@ Springer

The atomic weight percentage of CGS composite shows that
it is composed of Fe (23.1%), O (25.3%), C (28.2.59%), Sn
(22.2%), and N (1.2%). Hence, it can be concluded that the
CGS composite is prepared without impurities.

TEM and HR-TEM analysis

The morphological and crystallographic features of prepared
binary and ternary nanocomposites were characterized using
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TEM and HR-TEM analysis. Figure 5a TEM analysis of
CGS shows the existence of a ternary heterojunction inter-
face with very small SnFe,O, nanoparticles forming an intri-
cate pattern, randomly dispersed over wrinkled layer struc-
tures of g-C;N,-GO. Both g-C;N, and GO are tiny-layered

structures made up of graphitic planes having conjugated
aromatic structures. Several small depositions of g-C;N,
structures, with layers stacked over each, are evident from
TEM analysis. The single-layered GO sheets with enhanced
surface area are present at the edges in ternary CGS as well

b T
— T T

p—————1 100 nm

Fig.5 TEM and HR-TEM micrographs of a, b CGS, ¢, d CS, and e, f GS
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as in binary nanocomposite GS (Fig. 5e), providing more
adsorption sites and hence enhanced charge separation by
ternary CGS composite. In Fig. 5b, the HR-TEM analysis
of CGS shows lattice fringes with (002) and (111) planes of
SnFe,0, and g-C;N, having interplanar distances of (0.32
nm) and (0.488 nm), well-matched by the earlier reports (Jia
et al. 2020). The obvious lattice fringes with an interplanar
spacing of 0.49 and 0.32 nm are assigned to the (111) of
SnFe,0, and (002) of g-C;N, in CS composite (Fig. 5d), and
lattice fringes of GS composite with an interplanar spacing
of 0.489 nm to the (111) plane of SnFe,0, (Fig. 5f). The
SAED patterns of ternary and binary nanocomposites in Fig.
S3 show bright diffraction rings indicating the polycrystal-
line nature of all synthesized nanocomposites. The bright
rings of ternary CGS are indexed to planes (400), (111),
and (220) of SnFe,0, and (002) plane of g-C;N, shown in
Fig. S3 (a). The ternary CGS nanocomposite shows all com-
ponents in comparison with binary composites. Hence, the
results of FTIR, XRD, SEM, and TEM proved the success-
ful synthesis of CGS composite through the solvothermal
method.

XPS analysis

XPS analysis was performed to observe surface chemical
state of elements and atomic weight percentages of ter-
nary CGS, and binary CS, and GS composites in Fig. 6.
The signals of Sn 3d5 (486 eV), Fe 2p3 (712.3 eV), O 1s
(532.5eV), N 1s (400.1 eV), and C 1s (287.4 eV) were
identified from the survey scan of binary CS composite
as shown in Fig. 6a, and no apparent peaks of additional
elements were noticed. The binding energy peaks are well-
matched with the previous studies (Jia et al. 2020). Fig-
ure 6b shows atomic percentages of identified elements
such as C 1s, Ols, Sn 3d5, N 1s, and Fe 2p3 which reveals
the successful synthesis of CS. XPS analysis of the binary
GS composite shows that the signals of Sn 3d5 (485.5
eV), Fe 2p3 (711.1eV), O 1s (531.5eV), and C 1s (285.1

eV) were identified from the survey scan of GS (Fig. 6a),
which was well matched with previous studies (Xu et al.
2017). The high-resolution XPS spectra of binary GS and
CS composites are presented in Figs. S4 and S5.

The survey scan of ternary CGS composite in Fig. 6a
shows five various obvious binding energy peaks at 285,
401, 485, 530.7, and 710 eV which show the existence
of C, N, Sn, O, and Fe elements. As reported, chief ele-
ments of graphene oxide are carbon and oxygen (Hu et al.
2016). Thus, carbon chiefly originates from g-C;N, and
GO, whereas oxygen mostly originates from SnFe,O, and
GO. While in CGS, the relative percentages of O, C, Fe,
Sn, and N were found to be 46.8, 24.3, 15.2, 11.7, and
2.0%, respectively (Fig. 6b).

The high-resolution XPS spectrum of C 1s for CGS
composite (Fig. 7a) shows three peaks at 284.1, 285.4,
and 287.5 eV credited to sp® bonded carbon of g-C;N,
(C=C/N-C=N) and GO functionalities (C=0) (Yadav
et al. 2019). The deconvoluted spectrum of N 1s attained
with three various peaks situated at 401.3, 402.1, and
403.2 eV which belong to sp? bonded nitrogen (C-N=C),
N-(C);, and N-H bonding units, respectively (Fig. 7b)
(Chen et al. 2019). O 1s spectrum suited into two peaks,
relating to Fe-O bond (530.7 eV) and -OH group (532.9
eV) of GO in CGS composite (Fig. 7c) (Shen et al. 2017).
Sn 3d deconvoluted spectrum of CGS shows two peaks at
485.3 and 494.2 eV which can be assigned to Sn 3ds,, and
Sn 3d,,, implying that Sn exists primarily as Sn**, pre-
sented in (Fig. 7d) (Luo et al. 2012). The two other peaks
at 486.9 eV and 495.1 eV resulted from Sn** oxidation
state (Liang et al. 2018). Hence, XPS results verify that
both Sn** and Sn** ions occur in CGS composite. Fe 2p
spectrum displays that the peaks at 710.1 and 723.3 eV
with a spin—orbit splitting of 13.2 eV are designated to Fe
2p;, and Fe 2p, ), (Fig. 7¢). The strong satellite peak indi-
cates the Fe** valence state in CGS composite (Wang et al.
2013). The above analysis shows the effective fabrication
of a novel CGS composite.

Fig.6 XPS analysis of GS, CS,

and CGS composites. a Survey
scans and b atomic percentages
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Fig. 7 High-resolution XPS spectra of a C 1Is, b N 1s, ¢ O 1Is, d Sn 3d, and e Fe 2p spectra of ternary CGS composite

Optical analysis

By examining UV-Visible absorption spectra and figuring
out band gap energies of binary GS, CS, and novel CGS
nanocomposites in the 200-800-nm region, the optical
response was evaluated. As illustrated in Fig. 8 using a Tauc
plot, absorption edge of ternary CGS composite was located

in a visible zone. Equation (3) was employed to evaluate the
band gap energies of catalysts.

(ahv)? = B(hv — Eg) (3)

wherein Eg = hv when ahv = 0. While energy (eV) is plotted
versus (ahv)?. As illustrated in Fig. 8, calculating absorption
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Fig.8 Band gap energy estima-
tion of binary CS, GS, and
ternary CGS nanocomposites
utilizing Tauc plot approach,
and inset displays absorption
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energy at the hv value leads to an extrapolation of a = 0.
It was revealed that the calculated band gap energies were
2.26, 2.86, and 2.97 eV for CGS, GS, and CS composites.
The absorption coefficient, proportionality constant, and
light frequency are denoted here by the symbols, a, B, and
v. All photocatalysts exhibit strong absorption in the visible
light spectrum, according to optical analysis.

Influence of degradation parameters
Effect of pH

Solution pH is a vital parameter in photo-Fenton-like reac-
tions for the photodegradation of dyes (Bazarqan-Lari
et al. 2011). It acts as an important part in the reaction
mechanisms, containing an attack of *OH radical, oxida-
tion through holes, and instant reduction by CB electrons
(Alkaim et al. 2014). Also, the catalyst surface charge alters
with varying pH values (Singh et al. 2020). The photodeg-
radation of MB in a wide pH range (2-9) has been studied,
illustrated in Fig. 9a. The highest photodegradation of MB
using CGS, CS, and GS composites was attained at pH 5
and 4. In MB photodegradation, solution pH influenced the
surface characteristics of photocatalysts. It was noticed that
with a specific pH of dye solution, more degradation was
observed. Using CGS composite the degradation efficacy of
MB was 98% at pH 5 in 1 h. Increasing the pH of a solution
results in a decrease in degradation efficacy.

@ Springer
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This consequence could be because of the generation of
Fenton’s reagent at low pH to yield *OH radicals, which
is the chief effective ROS for photodegradation of dyes
(Sharma et al. 2015). The estimated pHpzc of CGS, GS,
and CS was 4.76, 3.17, and 3.62. The pHpzc of binary CS,
GS, and ternary CGS composite is depicted in Fig. S6. This
outcome makes up a good agreement as the CGS composite
shows best activity at pH higher than pHpzc of the photo-
catalyst. The pH higher than pHpzc surface of composite
turn negatively charged which attracts MB (cationic dye)
adsorption; consequently, better adsorption with improved
photodegradation was attained (Nadeem et al. 2022). There-
fore, pH 5 was used for further experiments using the CGS
composite. While the binary CS and GS composite showed
85% and 87% degradation at pH 4 in sunlight with optimized
conditions.

Effect of catalyst amount

The photocatalyst amount employed in an application is a
significant factor related to both the photoactivity and the
economic cost (Azizli et al. 2023a). For understanding the
relationship between composite dosage and degradation
efficacy, photodegradation of 10 ppm MB solution was
examined within the range of 10-100 mg/100 mL, while
maintaining all other variables fixed (pH = 5) for CGS and
4 for binary GS and CS, photocatalyst dosage= optimal for
each photocatalyst, and contact time of 60 min. Figure 9b
depicts the effect of the catalyst amount using CGS, GS,
and CS on the photocatalytic removal of MB. The results
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Fig.9 Factors affecting the MB dye photodegradation rate of nanocomposites a pH, b composite amount, ¢ oxidant dosage,) initial dye concen-

tration, e time, and f reusability

indicate that degradation of MB was meaningfully affected
by photocatalyst dosage. The photodegradation efficacy of
CGS was enhanced from 77 to 98% as the composite dos-
age was enhanced from 10 to 30 mg. This is because addi-
tional active spots were accessible for catalytic breakdown of
H,O0, at a faster rate to produce additional hydroxyl radicals
(Guo et al. 2014). However, degradation efficiency slightly

declined from 98 to 90% when composite dose was raised to
50 mg, and drastically decreased beyond 50 mg. This might
be attributed to hindrance influence brought about by more
Fe ions in heterogeneous photo-Fenton approach that serves
as scavengers as displayed in Eq. (4) (Nadeem et al. 2021).
Furthermore, a higher catalyst dose would enhance reaction
turbidity and decrease sunlight radiation intensity necessary
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for photoreduction of Fe* in Eq. (5) (Guo et al. 2014). Fur-
ther, the Fe?* will combine with OH and produce Fe(OH),
(sludge) as shown in Eq. (6) (Bazargan-Lari et al. 2014).

Fe’*+ OH — Fe** + OH~ “)
Fe**sunlight irradiation(hv) — Fe?* 5)
Fe’* + 20H™ — Fe(OH), (6)

Both binary CS and GS nanocomposites exhibited
improved degradation at an ideal composite dosage of 40
mg/100 mL as presented in Fig. 9b. Therefore, compos-
ite dosage determines the photocatalyst limit for specific
organic contaminants in wastewater beyond which photo-
degradation efficiency ultimately declines.

Effect of H,0, dose

The oxidant dosage is a significant parameter for organic
contaminant photodegradation in heterogeneous photo-
Fenton method (Guo et al. 2015). The convenient way to
improve the degradation of dyes is to introduce a robust
oxidant into the reaction system (Mohammadzadeh et al.
2020). H,0, enhances the generation rate of *OH radicals
and improves organic pollutant degradation at lower concen-
trations. This is because of the effective production of *OH
radicals and prevents the e ~ /h™ pair recombination since
H,0, is an electron acceptor (Reza et al. 2017; Zhang et al.
2018). H,0, is deemed as an utmost strong oxidizing agent
and yields 2 mol of *OH (H,0, + Av = 2°0OH), accompanied
by contact with dye molecules (Khan et al. 2022b). H,0, is a
widely used oxidant because of its lower cost, higher activ-
ity, stability, and environment friendliness as it produces
H,O0 as a by-product (Tahir et al. 2021).

The optimization process of H,O, was carried out by fol-
lowing experimental conditions such as pH = 5 for CGS
and 4 for CS and GS, catalyst dosage = 30 mg for CGS and
40 mg/100 mL for CS and GS, 10 ppm MB dye concentra-
tion, and 60 min irradiation time. As illustrated in Fig. 9c,
the influence of H,0, dose on MB photodegradation was
observed by varying concentrations of H,0, from 2 to 20
mM.

Once H,0, dosage was raised from 2 to 6 mM, MB
elimination efficiency improved accordingly from 71 to
98% using CGS composite. Increasing the concentration of
H,0, in MB dye solution resulted in an enhancement in the
formation of *OH radicals (Naseem et al. 2016). Further,
increasing the concentration of H,0, above 6 mM could not
increase the MB degradation. This is because H,O, at higher
concentrations behaves as a scavenger of extremely strong
*OH radicals leading to production of lesser reactive species
for instance *OOH as shown in Eq. (7) (Wang et al. 2020).

@ Springer

Hydroperoxyl radicals showed much lesser oxidation
abilities and could not participate in the photodegradation
of MB Eq. (8), which led to a decline in degradation effi-
cacy (Rache et al. 2014). Such types of reactions decreased
possibility of attacking MB molecules by *OH radicals and
resulted in declining the photodegradation efficiency (Her-
ney-Ramirez et al. 2010). Consequently, a further increase
in H,0, concentration above its optimal level would drop
the photodegradation efficacy.

H,0,+ OH— OO0OH + H,0 @)

'OOH+OH — H,0 + 0, 8)

Both binary GS and CS nanocomposites displayed
improved degradation at an optimum oxidant dosage of 9
and 12 mM as shown in Fig. 9c. Hence, an optimal dosage of
H,0, is critical for attaining superior photocatalytic activity.

Effect of IDC

Dye degradation efficiency relies on its nature, concentra-
tion, and existence of other molecules in a solution (Salama
et al. 2018). The degradation efficacy of MB was observed
by altering MB dye dose from 2 to 20 ppm for CGS, CS,
and GS composites maintaining all other experimental con-
ditions constant (Fig. 9d). The degradation rate enhanced
quickly at initial MB concentrations, respectively. The pho-
todegradation rate improved with increasing MB dye con-
centration from 2 to 10 ppm owing to the availability of
additional active spots on photocatalyst surface (Alkaykh
et al. 2020). However, a negative impact on the degrada-
tion rate was noticed for the increase in MB dose above
10 ppm. This influence might be because of additional MB
dye molecules, which might be adsorbed on the surface of
photocatalyst and occupy photocatalyst active spots once
the dose of dye was increased (Ahmed et al. 2016). This led
to lesser *OH radicals at the photocatalyst surface (Rache
et al. 2014). Hence, a reaction between photocatalyst and
H,0, was repressed, which reduced the degradation rate of
MB (Bazargan-Lari et al. 2011). Consequently, this required
additional photocatalyst and a prolonged time of reaction for
increased MB dye concentration.

Effect of contact time

Contact time and adsorption equilibrium between photo-
catalyst and dye is an essential parameter that determines
the degradation (Ashrafi et al. 2020). Figure 9e shows the
impact of illumination time on MB elimination by CS, GS,
and ternary CGS. The results indicate that rate of dye elimi-
nation is linked directly to contact time, which implies that
photodegradation improves with increasing irradiation time
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(Prasert et al. 2020). Due to the greater contact time, an 4.0
enhanced rate of reaction takes place leading to enhanced 5K 1 m CGS -

photogeneration of e™/h* pair. Ultimately, this enhances
probability of contact between MB molecule and e /h* pairs
(Ebrahimi et al. 2021). The photoactivity of photocatalysts
increases with prolonged contact time, as contaminant mol-
ecules are exposed to more free radicals for a longer period,
which increases the photodegradation rate (Pooladi and
Bazargan-Lari 2020).

Reusability

From the economic and environmental point of view, it is
necessary to investigate the stability and reusability of a pho-
tocatalyst (Azizli et al. 2023b). Afterwards, the degradation
reaction was completed, and composites were restored using
the magnet washed three times with distilled water and oven
dried at 60 °C and used again for a later cycle. At the same
optimized conditions, all reusability study is performed for
each composite, i.e., pH 5, composite amount 30 mg/100
mL, oxidant dose 6 mM, IDC 10 ppm for CGS, and pH 4,
IDC 10 ppm, composite dosage 40 mg/100 mL for GS, and
CS composites. According to Fig. 9f, the photocatalyst can
be utilized up to five times and maintain 84% photocata-
lytic activity with minimal product yield loss. The outcomes
showed that CGS nanocomposite displays a higher degree
of reusability and mechanical stability.

Kinetics of photodegradation reaction

For the photodegradation of MB dye, first and second
kinetic models were studied by binary and ternary compos-
ites. In Egs. (9) and (10), the expression for each model is
represented.

[

C
First — order : InE =Kt ©)]

t

Second order :

1 1
¢ c " Kyt (10)
A linear relationship between reaction time and In (C,/C,)
is shown in Fig. 10, wherein C, and C, are initial concen-
trations, representing that degradation of MB by binary
and ternary composites follow first order. When time is
plotted versus C,/C,, a straight line is depicted, where the
slope of which linear regression becomes equivalent to rate
constant K of first order. A greater rate constant K of CGS
for first order than binary composites specifies that CGS
nanocomposite is highly efficient in solar light than binary
composites. R? values for first-order for binary CS, GS, and
novel CGS nanocomposites are 0.9773, 0.9831, and 0.9920,

3.0 4
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N
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Fig. 10 First-kinetic model using binary and ternary composites

proposing that CGS composite follows first-kinetic model
effectively. Values of R? for kinetic models are illustrated
in Table 1.

Radical scavenging and proposed
mechanism

The effects of scavenging agents on the dye degradation rate
were studied to estimate possible ROS that is accountable
for photodegradation process (Mushtaq et al. 2020). Several
reactive species, for example, electron ), hydroxyl radical
(*OH), and holes (h*), perform an essential part in the deg-
radation of dyes (Khan et al. 2022a). Therefore, to examine
the important species included in photocatalytic method, a
radical scavenging study was carried out under sunlight irra-
diation. Ten millimolar of EDTA, K,Cr,0,, and DMSO were
employed to scavenge holes, electrons, and *OH radicals.
Figure 11 shows that DMSO is main scavenger for MB dye
photodegradation using CGS composite, as DMSO addition;
the degradation rate reduced from 98 to 38%. The EDTA
reduced the photodegradation from 98 to 51% representing
that holes have also an influencing part in degradation pro-
cess. The addition of K,Cr,0; indicates that electrons play
a little role in MB degradation by CGS.

The proposed photocatalytic mechanism for the CGS
nanocomposite under sunlight irradiation is shown in
Fig. 12. Under sunlight, both SnFe,O, and g-C;N, are
excited, and photoinduced electrons from CB of SnFe,0,
move towards the g-CsN, VB through GO as an electron
mediator, causing segregation between VB holes of SnFe,O,
and CB electrons of g-C;N,. The photoinduced holes in VB
of SnFe,0, are captured through H,O to form *OH radicals.
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Table 1 Kinetic model fitting of first and second order for MB degradation using composites

Composites Optimized conditions

1st order 2nd order

pH Catalyst dose H,0, dosage (mM)

(mg/100 mL)

IDC (ppm) R? K, (min~!) R? K, (L

mol™!
min~")

CGS 5 30 mg 6 mM
GS 4 40 mg 9mM
CS 4 40 mg 12 mM

10 ppm 0.9920 0.05 0.6750 0.325
10 ppm 0.9831 0.037 0.7074 0.061
10 ppm 0.9773 0.033 0.7275 0.067

100

% (Degradation)

L)
No scavenger DMSO EDTA

Scavengers

Fig. 11 Scavenging study of ternary CGS composite

K2Cr207

Furthermore, photoinduced electrons in CB of g-C;N, are
captured via dissolved oxygen to produce *O, ~ radical
anion. Thus, *O, ~ anion reacts with the H,0, and forms the
hydroxyl radical which effectively degrades the MB dye.
After a series of reactions, MB eventually degrades into
CO,, H,0, and specific inorganic ions. Hence, it proposes
the CGS composite as a Z-scheme photocatalyst, which
owns longer charge carrier lifetime, higher charge separa-
tion efficiency, and efficient photocatalytic activity. Spe-
cifically, GO can promote the movement of electrons from
SnFe,0, to g-C;N, and repress reverse movement of elec-
trons to SnFe,0,. Consequently, photoactivity of Z-scheme
g-C;N,/SnFe,0, nanocomposite was significantly improved
afterwards incorporating the GO as a solid support electron
facilitator. Table 2 shows a comparison table of previously
reported SnFe,0,-based GO and g-C;N, composites.

Fig. 12 The possible photodeg-
radation mechanism of g-C;N,/
GO/SnFe,0, (CGS) composite

N
' OH )
3
.

Degraded Products

Degraded Products
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Table 2 Comparison table of SnFe,0,-based GO and g-C;N, composites

Sr. No. Photocatalyst ~ Preparation Light source Contact time ~ H,O, conc. Model pollut-  Other applica- References

approach (min) (mM) ant/degrada- tions
tion (%)

1. SnFe,0,/g- Solvothermal - - - - Photocatalytic ~ (Jia et al. 2020)

C3N, method CO, reduc-
tion

2. g-C3N,/ Solvothermal  Visible light 300 min - Chlorotetracy- - (Jia et al. 2017)
SnFe,0, method irradiation cline (67%)

3. SnFe,O,—gra-  Electrophoretic - - - - Anode for (Xu et al. 2017)
phene hybrid deposition lithium-ion
films (EPD) batteries

4. Sulfur-doped  Facile sol- Visible light 240 min - Chlorotetracy- - (Jia et al. 2017)
SnFe,0,/ vothermal irradiation cline (70%)
graphene method
nanohybrids

5. SnFe,0,/g- Facile in-situ ~ Visible-light - - Rh B, MO, Hydrogen (Jo et al. 2020)
C;3N, hybrid precipitation illumination MB production
photocatalyst ~ method

6. g-C3N,/ Solvothermal  Sunlight irra- 60 min 12 mM MB (85%) - This work
SnFe,0, method diation

7. GO/SnFe,0, Solvothermal  Sunlight irra- 60 min 9 mM MB (87%) - This work

method diation

8. g-C3N,/GO/ Solvothermal  Sunlight irra- 60 min 6 mM MB (98%) - This work
SnFe,0, method diation

Conclusion conceptualization, methodology, software, and writing—review and

In this work, for the first time, g-C;N, heterojunction
with SnFe,0, and GO as a supported electron mediator
is reported. Ternary CGS composite was observed as an
efficient photocatalyst for environmental remediation in
solar light irradiation. CGS composite was fabricated suc-
cessfully using an in situ solvothermal approach and was
well-characterized through numerous analyses, for instance,
SEM-EDX, XRD, FTIR, UV-vis spectroscopy, TEM, and
XPS. CGS composite was examined for photodegradation
of methylene blue in sunlight. Compared with binary CS
and GS composites, novel CGS composite exhibited 98%
improved photodegradation of MB in 1 h at ideal condi-
tions such as pH (5), composite dosage (30 mg/100 mL), dye
concentration (10 ppm), and H,0O, dosage (6 mM). Further-
more, the appealing features of CGS, for example, are easy
synthesis, outstanding photocatalytic performance, magneti-
cally separable and outstanding durability. Z-scheme ternary
CGS composite achieved in the present study offers a new
perceptive to improve the recyclability and photoefficiency
of g-C;N,-based photocatalyst.
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