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ABSTRACT: Water pollution engendered from textile dyes and antibiotics is a

globally identified precarious concern that is causing dreadful risks to human )‘
health as well as aquatic lives. This predicament is escalating the quest to oannbivice o u
develop competent photocatalysts that can degrade these water pollutants under % RF o\ gtncraed G I

o,
ooy o

solar light irradiation. Herein, we report an efficient photocatalyst comprising a
hierarchical structure by integrating the layered graphitic carbon nitride
(gC;N,) with nanoflakes of exfoliated BiFeO;. The coexistence of these two —
semiconducting nanomaterials leads to the formation of an S-scheme

heterojunction. This nanocomposite demonstrated its excellent photocatalytic 2410V~ (Cproductsy - .
activity toward the degradation of several textile dyes (Yel CL2R, Levasol PN
Yellow-CE, Levasol Red-GN, Navy Sol-R, Terq-CLSB) and various antibiotics
(such as tetracycline hydrochloride (TCH), ciprofloxacin (CPX), sulfamethox-
azole (SMX), and amoxicillin (AMX)) under the simulated solar light
irradiation. As this photocatalyst exhibits its versatile activity toward the
degradation of several commercial dyes as well as antibiotics, this work paves the path to develop a reasonable, eco-benign, and
highly efficient photocatalyst that can be used in the practical approach to remediate environmental pollution.

1. INTRODUCTION enhancing antibiotic growth promoters and antibiotic feed are
an integral part of the efficient farming process in dairy,
livestock, poultry, and fish farms which improves the overall
health, growth, and Zproduction and prevents transmission of
bacterial diseases.'”™'* However, the uncontrolled and
unregulated use of antibiotic products in farms has generated
effluents containing antibiotics and impacted the fragile natural
ecosystems of rivers and lakes. Another serious disadvantage of
antibiotic-containing effluents is the development of antibiotic-
resistant bacteria, which poses an extreme health risk and
complications in humans as well as animals."”~'® Hence,
antibiotic resistance has been considered as a major global
health crisis by the World Health Organization (WHO)."**°
The control and remediation of these serious water pollution
problems from dyes and antibiotics require the development of
wastewater treatment using economically and environmentally
friendly techniques. Environmental scientists and many
environmentally motivated startups have eagerly shown
interest and have innovated different water treatment systems

Water security is inextricably linked to the sustainable
development, social and economic welfare of humans, and a
healthy ecosystem.' Global climate change and water quality
are the major challenges faced in the world in the 21st
century.”” The human population has grown more than three
times larger than it was in the mid-twentieth century, and
urbanization of this population and economic progress ensued
rapid industrialization and expansion in particularly fabric,
dairy, poultry, livestock farming, fish farming, food, and
pharmaceuticals industries, which are the leading sources of
water pollution.”” Natural and industrial water polluting agents
such as dyes, chloro, and nitro phenols, antibiotics, and
antibiotic-resistant bacteria are irreversible hazards to human
and aquatic life and present a serious challenge for water to be
suitable for environment and human use such as drinking and
agricultural use, and undermine food security and contaminate
the food chain. Some of the industrial synthetic dye effluents
are extremely toxic, stable, and carcinogenic causing chronic
poisoning, nervous system damage, and cancer.’ The vivid and
vibrant chroma of the dyes and pigments from the effluents to
the acquiring aquatic ecosystem render ecological problems,
such as inhibition of benthic photosynthesis due to obstruction
of sunlight.”~"'

Another conspicuous pollutant present in water is various
types of antibiotics. The use of antibiotics and performance-
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for the effective treatment of water polluting agents such as
physical, chemical, hybrid, and artificial-intelligence-driven
methods. Various modern wastewater treatment techniques
include the use of physical methods such as adsorption,
membrane filtration (nanofiltration, ultrafiltration), coagula-
tion/flocculation), microwave (MW) irradiation, chemical
methods such as and UV assisted Fenton’s oxidation and
ozonation, etc, and biological methods (decomposition of
organic pollutants by microorganisms via aerobic or anaerobic
cycle) are utilized for different wastewater treatments.”
However, the use of these techniques is limited due to the
drawbacks associated with these techniques, such as the
generation of a large volume of sludge in physical techniques,
high-energy prerequisite in the membrane filtration technique,
maintenance demands, and high cost; chemical methods are
not economically viable for large-scale wastewater treatment
and also environmentally unfriendly techniques; and biological
treatment is a slow process and requires a suitable environment
and specialized laboratories for the maintenance of micro-
organisms.2 =

In this context, the use of photocatalysts to degrade the
pollutants by using semiconductors (e.g, TiO,, ZnO, WO,
etc.) as catalysts appears as an alternative. However, the wide
band gap energy of these abovementioned catalysts compels
the UV irradiation to exhibit their photocatalytic activity. The
UV light makes this process environment-unfriendly and
expensive, hence limiting its large-scale applications.'**™*
Although lowering the band gap energy of a semiconductor
photocatalyst to make it effective under visible light seems a
reasonable strategy, a low band gap also causes electron—hole
recombination which makes the photocatalyst inactive.

Therefore, the ongoing quest is developing a suitable
photocatalyst that is capable of demonstrating their activities
under visible light or sunlight exposure.“%_40 In this venture,
band gap engineering and eflicient absorption of light with a
wide range of wavelength plays the decisive role. To achieve
efficient photon absorption and effective excitation, semi-
conductor with a small band gap is preferable. However, the
redox potentials of reactions should be contained between
conduction band (CB) and valence band (VB) level potentials,
which demand a more negative CB potential and more positive
VB potential. Hence, it is expected that a photocatalyst should
synchronically possess a wide light-absorption range, Coulomb
field strength, efficient charge separation, and strong redox
ability. However, satisfying all of these criteria by a single-
component semiconductor is very difficult. Therefore, the
construction of heterostructures by combining two different
semiconductors, having unequal band structure, becomes an
attractive strategy to achieve heterojunctions where photo-
generated effective e” and h" remain spatially separated and
significantly restrain charge recombination. Different mecha-
nisms have been suggested to expound the charge dynamics of
different types of heterojunctions, such as Type I hetero-
junction, Type II heterojunction, p—n heterojunction,
Schottky junction, Z-scheme heterojunction, S-scheme hetero-
junction, etc.t' 70 Among various heterostructure photo-
catalysts, p—n heterojunctions with staggered band alignments
(Type II) have gained immense interest. In the type-II
heterojunction, photogenerated electrons accumulate on the
CB of semiconductor-I with weak reduction potential, while
photogenerated holes gather on the VB of semiconductor-II
with weak oxidation potential. This electron transfer process
results in the weakening of its redox ability, and the

heterojunction encounters dynamic and thermodynamic
limitations. To address these issues, Yu and co-workers have
proposed a novel step-scheme (S-scheme) heterojunction in
2018.* An S-scheme heterojunction is composed of an
oxidation photocatalyst (OP) and a reduction photocatalyst
(RP) with staggered band structures, which is similar to a type-
II heterojunction but with a completely different charge-
transfer pathway. Here, at the interface between the OP and
RP, an internal electric field (IEF) is generated, which plays a
critical role in the electron transfer. The important feature of
this charge-transfer process is that here, the photogenerated
pointless weaker reductive electrons and oxidative holes are
recombined, while the powerful photogenerated electrons and
holes are reserved in the CB of RP and VB of OP, respectively,
and maintain an efficient char%e separation and introduce a
strong redox potential.**~**7>!

For the last couple of decades, several researchers have
developed an enormous number of photocatalysts and reviews
have been published discussing these photocatalysts.”>*~>
However, to the best of our knowledge, to date, the
development of a single photocatalyst that can manifest
versatile performance by effectively degrading several industrial
dyes as well as various antibiotics is not yet reported. In this
present work, we have designed a photocatalyst which is a
nanocomposite composed of graphitic carbon nitride (gC;N,)
and BiFeO;. Because the astonishing photocatalytic activity of
gC;N, (band gap energy ~2.7 eV) has attracted colossal
attraction, we have chosen it as one of the components of the
nanocomposite”® > and enhanced its photocatalytic activity
by introducing BiFeO; (BFO) in the composition of the
nanocomposite. BFO has been chosen because of its
compatible band gap (~2.0-2.7 eV),°" strong photo
absorption properties, and multiferroic nature.

In this study, we report the synthesis of a nanostructured
photocatalyst by anchoring BFO nanoflakes on the surface, as
well as within the layers of gC;N,. We have evaluated the
photocatalytic activity of this catalyst toward a model dye
(Rhodamine-B), several commercial dyes used in textile
industries (Yel CL2R, Levasol Yellow-CE, Levasol Red-GN,
Navy Sol-R and Terq-CLSB), and various antibiotics (such as
tetracycline hydrochloride (TCH), ciprofloxacin (CPX),
sulfamethoxazole (SMX), and amoxicillin (AMX)) under the
simulated solar light irradiation. We have proposed an S-
scheme heterojunction mechanism to explain the photo-
catalytic activity of this catalyst and also proposed the
photodegradation pathways of the antibiotics.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the Photocatalyst. The synthesis of the
gC;N,-exfoliated BFO nanocomposite is depicted in Scheme 1.
To synthesize this nanocomposite, we have employed a three-
step process. Step 1: Pure gC;N, was synthesized by calcining
melamine at 550 °C for 2 h. Step 2: BFO particles were
synthesized using Bi(NO;); and FeCl; as starting materials.
From an aqueous mixture of these starting chemicals, a
precursor was prepared by using NaOH as the precipitating
agent. This precursor was then hydrothermally treated at 145
°C for 24 h. This resulted in the formation of cubic-shaped
BFO particles, which were composed of thin lamella. Then,
BFO particles were exfoliated by stirring them in DMSO and
obtained exfoliated BFO (BFO(exf)) having a nanoflake-like
microstructure. Step 3: gC;N,—BFO(exf) nanocomposites
were prepared by refluxing the dispersion of pure gC;N, and
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Scheme 1. Synthetic Route of 95gC;N,-SBFO(exf)
Nanocomposites
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pure BFO nanoflakes in methanol, followed by drying the
resultant solid at 60 °C for ~10 h. The details of the synthesis,

characterization techniques, and instrumentation are given and
are provided in the Supporting Information.

2.2. Photocatalysis Reaction. We have carried out the
photocatalysis of different dyes (e.g., model dye (Rhodamine-
B), textile industries (Yel CL2R, Levasol Yellow-CE, Levasol
Red-GN, Navy Sol-R and Terq-CLSB)) and various antibiotics
(such as tetracycline hydrochloride (TCH), ciprofloxacin
(CPX), sulfamethoxazole (SMX), and amoxicillin (AMX))
under simulated solar light irradiation. The progress of the
reaction was monitored with time by using UV—vis spectros-
copy, apparent rate constant (k,,), and formal quantum
efficiency (FQE). The details of the photocatalysis reactions
are provided in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Structural Characterizations of the Synthesized
Materials. The crystalline phases and microstructures of the
synthesized materials (e.g, pure gC;N,, BFO (unexfoliated),
BFO (exfoliated), and gC;N,—BFO nanocomposites) were
determined by performing X-ray diffraction (XRD) and field
emission scanning electron spectroscopy (FESEM) study.
Figure la displays the XRD patterns of the nanocomposite,
pure gC;N,, pure BFO(exf), and 95gC;N,-SBFO(exf) nano-
composite. The XRD pattern of pure gC;N,, diffraction peaks
at 260 = 13.1° and 27.4°""** correspond to its (100) and (002)
planes.”* The XRD pattern of BEO(exf) presents the peaks at
20 = 22.3° 31.7°, 32.14°, 38.88°, 39.53°, 45.8°, 51.2°, 51.8°,
56.41°, 57.03°, 66.3°, 67.1°, 71.4°, and 76.01° which
correspond to (101), (012), (110), (003), (021), (012),
(113), (211), (104), (122), (024), (220), (303), and (214)
(JCPDS card no: 20—0169) and indicates its rhombohedral
distorted perovskite structure with space group R3¢ and lattice
parameters of a = b = ¢ = 562043 Aand a = f = A =
59.35381°.%° In the case of the 95gC;N,-SBFO(exf) nano-
composite, the presence of peaks 26 = 13.1° and 27.4°
(indicating the presence of gC;N,) along with peaks at 20 =
22.1°, 31.6° 39.28° 45.6°, 51.2° and 56.6° (affirming the
presence of BFO) were observed. The XRD pattern of the
90gC;N,-10BFO(exf) nanocomposite also shows the presence
of characteristic peaks of gC;N, and BFO(exf) (Figure S1).
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Figure 1. (a) XRD pattern of pure gC;N,, BiFeO;(exf), 95gC;N,-SBFO(exf) nanocomposite, (b) Raman spectra of pure gC;N,, BiFeO;(exf),

95¢C;N,-SBFO(exf) nanocomposite.
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Figure 2. FESEM micrographs of (a,b) BFO, (c) early stage of BFO exfoliation, (d) nanoflakes of BFO obtained after exfoliation(BFO(exf)), (e,f)
gC;N, with layered structure, (g) 95¢C;N,-SBFO(exf), and (h) EDX spectra of 95¢C;N,-SBFO(exf) nanocomposite.

The Raman spectra of pure gC;N, (Figure 1b) exhibit peaks
which can be attributed to (i) layer—layer deformation
vibrations or the correlation vibrations (462, 578, 693 cm™!),
(ii) out-of-plane bending mode of the graphitic domain (746
cm™'), (iii) breathing mode of the s-triazine ring (963 cm™"),
(iv) lattice vibration of gC;N, (1253 cm™), (v) D band 1465
ecm™!), G band (1558 cm™'), and (vi) heterocyclic CN
vibrations (1616 cm™').'"**%°7% The Raman spectra of
BFO(exf), where the appearance of phonon modes at 133,
162, 211, and 475 cm™ (for A, modes) and at 260, 360, 475,
513, 614, and 1262 cm™ (for E modes) were observed.’””°
95¢C;N,-SBFO(exf) exhibited a very broad spectrum where
the bands at 570, 681, 756, 971, 1215, 1309, 1440, and 1574

cm™" were present and indicated the presence of gC;N, and

BFO in the nanocomposite. However, as 95gC;N,-SBFO (exf)
contains only S wt % BFO, the peaks for BFO were very small.
In the FTIR spectra (Figure S2), the following IR bands were
observed for both gC;N, and 95gC;N,-SBFO(exf): (i) 1635
cm™' (C=N stretching vibration), (ii) 1566 and 1414 cm™
(s-triazine ring vibrations), (iii) 1326 and 1249 cm™! (C-N
stretching), and (iv) 801 cm™ (s-triazine ring vibration)."!
We have investigated the microstructures of the synthesized
materials by using FESEM and the micrographs are displayed
in Figure 2. Figure 2a,b shows the as-synthesized unexfoliated
BFO particles, which are cubical in structure, and these
micrometer size cubes are formed by assembling nanometer-
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thin lamella. To anchor the BFO on the surface of the C;N,
layers, BFO cubes were exfoliated to nanoflakes. Figure 2c
shows the early stage of the exfoliation process, where the
expansion of interlayer spacing occurred due to the
intercalation of DMSO molecules. Finally, nanoflakes of
BFO(exf) were formed as shown in Figure 2d. FESEM
micrographs Figure 2ef exhibits the stacking of nanometer-
thin layers in the microstructure of gC;N,. In the 95gC;N,-
SBFO(exf) nanocomposite, deposition of nanoflakes of
exfoliated BFO on the surface of the gC;N, layers is observed
in Figure 2g. In the EDS spectra of the nanocomposite (Figure
2h), the presence of peaks for C, N, O, Fe, and Bi was
observed.

The HRTEM micrographs of 95gC;N,-SBFO(exf) are
presented in Figure 3a. In Figure 3b, the lattice fringes

0.333nm
$(002)

$gC;N,
# BFO(exf)

#(110) -
$ (002)

#(101) o

#(110)

Figure 3. (a) HRTEM micrograph of the 95gC;N,-SBFO(exf)
nanocomposite (inset FFT pattern), (b) the lattice fringes, and (c)
SAED patterns of gC;N, and BFO(exf) in the nanocomposite.

corresponding to (012), (110), and (101) planes of SBFO-
(exf) and (002) plane of gC;N, were observed, which
confirmed the presence of BFO and gC;N, in the nano-
composite. The selected area electron diffraction (SAED)
pattern of the nanocomposite (Figure 3c) also exhibits the
presence of characteristic diffraction spots corresponding to
BFO and gC;N,.

The elemental compositions and their chemical states
present in the 95gC,N,-SBFO(exf) nanocomposite were
studied by using XPS analysis. The obtained XPS survey
spectrum is presented in Figure S3 which depicts the presence
of Bi 4f, Fe 2p, O 1s, C 1s, and N 1s peaks. Figure 4a presents
the high-resolution Bi 4f spectrum consisting of two intense
peaks at 158.8 and 164.1 eV which correspond to Bi 4f,/, and
Bi 4f,,,.”"”* This indicated the presence of Bi in its +3
oxidation state in the nanocomposite. The high-resolution Fe
2p spectra shown in Figure 4b revealed two peaks at 710.7 and
724.1 eV corresponding to Fe 2p;/, and Fe 2p,,, along with
their corresponding satellite peaks at 717.7 and 733.2 eV.””
This showed the existence of Fe*". Figure 4c displays the
deconvoluted O 1s spectrum, composed of two peaks at 529.6
and 532.3 eV which revealed the presence of O in two different
kinds of chemical states. The peak at 529.6 eV can be
attributed to the lattice oxygen (Op) of BiFeO;, and the peaks

at 532.3 eV can be attributed to the chemisorbed oxygen
caused by oxygen vacancies (Oy) of BiFeO,.”” The C 1s XPS
spectrum shown in Figure 4d was deconvoluted into three
peaks at 284.8, 286.4, and 288.6 eV, due to the presence of C—
C, N—C=N, and C-(N); bonds, respectively.”*”* A satellite
peak was also observed at 294.2 eV as a result of 7x*
excitations. The high-resolution N 1s spectrum shown in
Figure 4e was fitted with three peaks at 399, 400.8, and 404.7
eV which were credited to C=N-C, N—(C),, and N-H
bonds, respectively.”®””

BET surface area and BJH pore size of gC;N, were
determined by performing N, adsorption—desorption analysis.
Isotherms of both the samples showed type IV isotherm with
H; hysteresis loop indicating the nonrigid aggregates of
platelike particles (Figure S4a). Although the addition of S
wt % BFO with 95 wt % gC;N, (95gC;N,-SBFO) caused a
slight increase in the specific surface of gC;N, (from 4.4 to 4.5
m*/g), the BET average pore diameter was increased from
120.08 to 178.23 A (Figure S4b) This enhancement of the
pore size could be due to the incorporation of BFO nanoflakes
within the layered structure of gC3N,.

These aforementioned characterization techniques indicate
the presence of BFO and gC;N, in the nanocomposite. The
reaction involved in the formation of gC;N, by the calcination
of melamine can be presented as Scheme 2.

In the first step of the BFO synthesis, (Bi,O,)(OH)Cl and
Fe(OH), form as precipitates in the coprecipitation process.
Hydrothermal treatment of these precipitates leads to the
formation of BiFe,0; and the reactions can be presented as eq
1 and 2.

2Bi(NO,); + FeCly + 7NH,OH
- (Bi,0,)(OH)Cl + Fe(OH); + 6NH,NO,
+ NH,CI + H,0 + HCl (1)

(Bi,0,)(OH)CI + Fe(OH), — 2BiFeO, + 3H,0 + HCI
(2)

Intercalation of DMSO within the layers of BFO resulted in
the formation of nanoflakes of BFO through the exfoliation of
BFO layers.

We studied the optical absorption properties of the as-
synthesized materials by using UV—vis diffuse reflectance
spectroscopy. Figure 4f(i) represents the UV—Vis DRS spectra
and Tauc plot of pure gC;N,, pure BFO(exf), and the
95¢C;N,-SBFO(exf) nanocomposite. Pure gC;N, shows an
absorption edge at ~460 nm, whereas in the case of 95gC;N,-
SBFO(exf) nanocomposite, absorption was broadened in the
range of 200 to 730 nm (a broad absorption peak (highest
peak intensity at 480 nm) with an absorption edge extended up
to 650 nm. This result indicated that the presence of 5 wt %
BFO(exf) in the 95gC;N,-SBFO(exf) nanocomposite caused
enhanced visible light absorption capability of the nano-
composite compared to pure gC;N,. The value of the direct
band gap energy (Eg) was determined from the Tauc Plot
(Figure 4f(ii)). The values E, of BFO(exf) and pure gC;N,
were 2.1 and 2.9 eV respectively. The reduction of E, in
95gC;N,-SBFO (Eg = 2.7 eV) compared to pure gC;N,
implies the existence of an electronic interaction and interfacial
interaction between BFO(exf) and gC;N, in the nano-
composite. In the present study, this property of the
nanocomposite was exploited for the photodegradation of
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Scheme 2. Formation of gC;N, from Melamine
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industrial dyes and antibiotics which are present as pollutants
in water.

3.2. Photocatalytic Activities of the Synthesized
Catalyst. To assess the photocatalytic activities of the
synthesized materials, we initially performed the photo-
degradation of a synthetic model dye Rhodamine-B (RhB)
under the exposure of a simulated solar light. Before
performing the reaction, we collected the UV—vis spectra of
the stock solution of RhB (0.01 mmol). Another UV—vis
spectrum was collected after stirring the solution with the
appropriate amount of catalyst for 30 min in the dark. It was
observed that ~7% of RhB was absorbed on the surface of the
catalyst, which was reflected in the decrease of intensity of 4.,
(nm) after stirring in the dark with the catalyst compared to
the initial stock solution (Figure S5a). It was observed that the
intensity of A, of RhB has been decreased, indicating the
adsorption of RhB molecules on the surface of the catalyst.
From this depletion of the A, intensity, the amount of dye
adsorbed in the dark by the catalyst was found to be ~7% in 30
min. To estimate the optimum amount of time required to
establish adsorption—desorption equilibrium between the dye
solution and catalyst, the same experiment was performed
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again, but this time, the solution was stirred for 1 h. However,
from the UV—vis spectra, it was observed that no significant
increase in dye adsorption occurred due to the increase of the
stirring time beyond 30 min. Hence, from now onward, we
have stirred the dye solution and catalyst for 30 min dark
before exposing it to the light for photocatalysis reaction.

In a typical photocatalysis reaction, the mixture of dye
solution, catalyst, and H,O, was exposed to the simulated solar
light after the dark reaction, and we recorded UV—vis spectra
periodically to monitor the percentage of photodecomposition
of RhB with the progress of time. To understand the effect of
the catalyst on the photodegradation reaction, we first
irradiated only dye solution with simulated solar light and
observed that no decomposition occurred even after 90 min of
light exposure (Figure SSb). Then, we performed the reaction
in the presence of H,O, and synthesized materials as catalysts.

Figure Sa displays the UV—vis spectra of the photo-
degradation of RhB when 95gC;N,-SBFO (exf) is the catalyst.
The UV—vis spectra of the photocatalysis reactions catalyzed
by pure gC;N, and pure BFO(exf) are presented in Figure S6.
Figure Sb shows the change of the degradation amount (C,/
C,) with the progress of time for photocatalysis reactions in
the presence of different catalysts. When pure gC;N, was the
catalyst, we observed that ~ 210 min was required for 100%
decomposition of RhB. To improve the efficiency of the
catalyst, a nanocomposite having a heterojunction was
prepared by combining gC;N, with BFO. Pure BFO
(unexfoliated) took ~ 325 min for 100% photodegradation
of RhB. To improve the photocatalytic activity of BFO, we
exfoliated the micrometer-size cubical structure of BFO which
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Figure 5. (a,c,d,e,f,g) Time-dependent UV—vis spectral changes of 95gC;N,-SBFO(exf)-catalyzed photodegradation reactions of several dyes and

corresponding (bh) C,/C, vs time plot.

is composed of thin lamella to nanometer-thin flakes
(BFO(exf)). We observed that the exfoliation resulted in the
enhancement of the photocatalytic activity of BFO and
BFO(exf) took 230 min to completely degrade RhB in the
presence of H,0,. Observing the better efficiency of BFO(exf),
we have prepared nanocomposites composed of gC;N, and
BFO(exf), such as 95gC;N,-SBFO(exf) and 90gC;N,-10BFO-
(exf).
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We have observed that the presence of S%BFO(exf) in the
composition of the nanocomposite enhanced its photo-
degradation efficiency dramatically. A duration of 130 min
was required for 100% photodegradation of RhB when
95¢C;N,-SBFO(exf) was used as the photocatalyst in the
presence of H,0,. However, a further increase in the BEO(exf)
content caused a reduction in the catalytic efficiency of the
nanocomposite. For example, the reaction completion time
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was increased to ~185 min when photodegradation was
catalyzed by 90gC;N,-10BFO(exf) (Figure S6d). Hence, we
have considered that the optimal composition of the catalyst is
95 wt % gC;N, with S wt % of BFO(exf) (i.e, 95gC;N,-
SBFO(exf). The 95gC;N,-SBFO(exf) catalyst reaction was
also performed without H,0O,, and under these conditions, we
have observed that ~60% of RhB was reduced in ~415 min
(Figure S6e). The apparent reaction constant (kapp) and formal
quantum efficiency (FQE) of 95¢C;N,-SBFO(exf) catalyzed
photodegradation of RhB in the presence of H,O, were 4 X
107* 57" and 1.4 X 107* respectively, which were greater than
those parameters when the reaction was performed only with
95gC;N,-SBFO(exf) and no H,0, was added k,,, = 3.45 x
10757 and FQE = 1.23 X 107°. After the completion of the
photocatalyzed degradation of RhB, the catalyst was recovered
and washed thoroughly with water and ethanol. The UV—vis
spectra of the solution obtained after washing showed the
presence of no RhB in the washing solution. The fact indicated
that ~7% of the dye, which was adsorbed on the catalyst
surface before the photocatalysis reaction, was completely
degraded during the photocatalysis reaction.

After observing the photocatalytic activity of 95gC;N,-
SBFO(exf) toward the degradation of a model dye Rhod-
amine-B, we have then tested its ability to photodegrade
several commercial dyes which are used in textile industries
and present in the effluents discharged from these industries.
The time-dependent UV—vis spectra of the photodegradation
reactions of these dyes are presented in Figure Sc—g. The
extension of photodegradation of different dyes with the
progress of time (C,/C, vs time) is presented in Figure Sh. The
time required by 95gC;N,-SBFO(exf) to completely degrade
these dyes as well as k,,, and FQE values are listed in Table 1.
These results demonstrate that 95gC;N,-SBFO(exf) efficiently
degrades commercial dyes.

Table 1. Photocatalytic Degradation of Industrial Dyes by
95gC;N,-SBFO (exf)

commercial time required for 100%
dyes decomposition Ko FQE
Yel CL2R 250 min 1x107*s™! 3.58 x 107°
Levasol 80 min 4x 107 s7! 143 x 107
Yellow-CE
Levasol Red- 70 min 12x 107%™t 430 % 107°
GN
Navy Sol-R 95 min 2Xx107*s7! 7.16 X 1075
Terq-CLSB 15 min 38x107*s! 136 x 107

To demonstrate the ability of 95gC,;N,-SBFO(exf) to
photodegrade different antibiotics (SMX, AMX, CPX, and
SMX TCH), the photocatalysis reactions were performed,
where the aqueous solutions of the antibiotics (concentrations
of [TCH], [CPX], [SMX] were 10 ppm and [AMX] was 50
ppm) were irradiated by the simulated solar light in the
presence of 95gC;N,-SBFO(exf) intensity of A, of the
antibiotic solutions (., of SMX, AMX, CPX, and TCH were
332, 333, 330, and 372 nm respectively) was gradually
diminished with the progress of the reaction and ultimately
reached zero when the antibiotics were fully degraded (Figure
S7).

The time required to completely degrade SMX, AMX, CPX,
and TCH were S, 5, 10, and 15 min, respectively. The
photocatalytic activity of 95¢C;N,-SBFO(exf) was comparable
and in some cases superior to the reported results (Table S1).
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LCMS analysis was also performed on the antibiotic solution
before and after photodegradation. The m/z values of the
SMX, AMX, CPX, and TCH which were obtained before
photocatalysis were 254, 365, 332, and 445, respectively. The
absence of these peaks in the LCMS spectra of the antibiotic
solutions after the photocatalysis reaction confirmed that the
antibiotics were photodegraded. By conducting the recycling
test of 95¢C;N,-SBFO(exf), we observed that it retained ~
96% of its catalytic efficiency up to S cycles. After the reaction
cycle, the catalyst was separated from the reaction mixture.
The XRD pattern (Figure S8a) and microstructure (Figure
S8b) were analyzed, and almost no change was observed. This
fact indicates the structural robustness of the 95gC;N,-
SBFO(exf).

After performing the photodegradation of the antibiotics, we
analyzed the fragments present in the solution by LC-MS
(Figures S9—S12) and proposed the reaction pathways.

3.2.1. SMX. The results of LC-MS analysis of the reaction
mixture after the degradation of SMX are discussed here.
Scheme 3 illustrates the feasible degradation pathway of SMX.
In pathway-1, the degradation of SMX began with the
elimination of oxygen atoms of the sulfonyl group and formed
I-1. Subsequently, from I-1 —NH, was lost and formed I-2.
Fragmentation of I-2 led to I-3. After the elimination of a
sulfonate group (-SH) and -NH from I-3 formation of I4
occurred. Further via acetylation and hydroxylation, I4
produced 1-5. Due to the addition, H I4 converted to I-6.
The acetylation and hydroxylation reactions of I-6 resulted in
the formation of I-7, which further fragmented into I-8. To
explain the formation of some of the intermediates that were
detected in LC-MS spectra, a pathway (Pathway-2) was
proposed which might proceed simultaneously with Pathway-1.
In pathway 2, intermediate I-1 was converted to I-9.
Furthermore, via the elimination of the sulfonate group, I-9
produced I-10. Reduction of I-10 formed I-11. Then by losing
the —OH group, I-9 decomposed to I-12. Finally, the
intermediates such as (I-8, I-11, I-12) were mineralized into
CO,, H,0, NO;7, etc. Tang et al. and Li et al. have also
proposed the formation of some of these intermediates during
the decomposition of SMX.”®””

3.2.2. AMX. The plausible degradation pathway of AMX is
presented in Scheme 4. In pathway 1, the hydrolysis of AMX
produced I-A; and I-A,. Decarboxylation of I-A; produced I-
A; which further transformed to I-Ag, which then fragmented
to I-Ag. Elimination of the —CO,H group by the attack of OH
I-A, produced I-A,. In pathway-2, I-A, formed from AMX via
C—C bond cleavage. Oxidation of I-A, as well as I-A, led to
the production of I-Ag. Finally, I-A,, I-A¢ and I-Ag could be
mineralized to CO,, H,O etc. Dou et al. and Gogoi et al. have
also proposed a plausible pathway for AMX decomposition.*’

3.2.3. CPX. The plausible degradation pathway of CPX is
presented in Scheme 5. In pathway 1, CPX was converted to I-
B, via intermediate I-B;. Cleavage of the C—N bond of I-B,
resulted in I-B;, which again underwent C—N bond breaking
and transformed into I-B,. Ring-opening followed by oxidation
of I-B, produced I-B;. The formation of I-B5 from CPX can
also be explained via pathway-2, where I-Bg formed via the
elimination of the carboxylate group from CPX. Then I-Bg
could be produced by the oxidation of I-Bg. I-B; can further be
fragmented into small molecules such as I-B4 followed by I-B.,.
Xing et al. and Yu et al. have also proposed the formation of
some of these intermediates during the decomposition of
CPX.51—%
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Scheme 3. Plausible Mechanism of the Degradation Pathway of SMX Antibiotics based on the LC—MS Spectra
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3.2.4. TCH. The plausible degradation pathways of TCH are
presented in Scheme 6. The decomposition of TCH might
proceed via Pathway 1 and Pathway 2. In pathway 1, the first
hydroxylation of TCH produced I-C,. N-demethylation of I-
C, produced I-C,. Through a deamination reaction, I-C,
transformed into I-C;. I-C; was converted into I-C, via
deamination and ring-opening reactions. Subsequently, the
dehydroxylation reactions of I-C, lead to the formation of I-Cs,

which further degraded into I-Cg4 via dealkylation. I-C¢ then
decomposed into I-C, through the loss of two hydroxyl groups.
Reduction of the carbonyl group as well as elimination of
—OH and —CHj; group I-C, produced I-Cg. In pathway 2, the
elimination of the amide group and H,O from TCH resulted
in the formation of I-C;,. TCH also fragmented to I-Cj3,
which produced I-C,, by ring opening and breaking of the C—
C bond. I-Cy, further disintegrated into I-C;5. I-Cg was
produced via the decomposition of I-C;, and I-C;s. I-Cg then
disintegrated into small molecules such as I-Cy, I-Cy, and I-
C,,. Wang et al. and Gogoi et al. have also proposed a plausible
pathway for TCH decomposition.***

3.2.4.1. Plausible Reaction Mechanism Involved in the
Photodegradation of Dyes and Antibiotics. In gC,N,—
BFO(exf) nanocomposite as gC;N, is an n-type semi-
conductor,*****” while BFO is a p-type semiconductor. 8891
In their interface, a p—n junction would be generated in the
nanocomposite, and e~ would flow spontaneously from gC;N,
to BFO. This process would continue until their Fermi levels
(Eg) (Egof gC3N, and BFO are 0.35 and 1.39 eV, respectively)
align. Pure gC;N, possesses the conduction band (CB) and
valence band (VB) positions at —1.13 and +1.57 eV,
respectively.'"”>”? Whereas, pure BFO has CB and VB values
of +0.31 and +2.47 eV, respectively. In this heterojunction
gC;N, and BFO play the role of RP and OP respectively. In
the nanocomposite, when these two come in contact with each
other, the electrons of gC;N, infuse into BFO as a result of
Coulombic attraction between them. Thus, at their contact
interface, an electron depletion layer arises on gC;N, and an
electron accumulation layer forms on BFO. This induces the
generation of an internal electric field (IEF) which assists in
the recombination of photoinduced electrons in the CB of
BFO and holes in the VB of gC;N,. Moreover, the Fermi
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Scheme 5. Plausible Mechanism of the Degradation Pathway of CPX Antibiotics based on the LC—MS Spectra
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the same energy level via downward and upward shifting, and
in this process, bending of CB and VB occurs due to the
formation of an IEF at the interface. This band bending also
facilitates the transfer of photoinduced electrons in the CB of
BFO downward and holes in the VB of gC;N, upward,
subsequently causing their recombination. On the other hand,
this band bending restricts the transfer of electrons from CB
(gC;N,) to CB (BFO) or holes from VB (BFO) to VB
(gC;N,) in the nanocomposite. Hence, the useless photo-
induced electrons and holes recombine leaving the powerful
photoinduced holes in the VB of BFO and electrons in the CB
of gC;N,, which is the S-Scheme electron transfer Scheme
7.1 #7995 These powerful photogenerated holes and
electrons produce hydroxyl radicals (*OH) and superoxide
radicals (0,®7). These active radicals degrade the dye and/or
antibiotic molecules to CO,, H,0, and other small degradable
products. The plausible reactions involved are presented in the
following eqs 3—8.

gCN, — BFO — gC\N,(e- — ——I)

— BFO(e- — ——h") (3)

O, +e — 02.- (4)

. +H*
0,- + H,0 T) 3-OH

()
H,0 + h" —» ®OH + H* (6)
H,0, + H' + e - ®OH + H,0 (7)
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To understand the role of different reactive species (such
0,®", ®OH, H') on the photocatalytic degradation of RhB,
we have performed the reactions in the presence of radical
tapping reagents separately (e.g., parabenzoquinone (pBQ),

isopropanol (IPA), 2NaEDTA) which scavenge 0,®, ®OH,
and H*, respectively).”*”*™"® The photodegradation of RhB
was adversely affected due to the presence of these scavengers.
We observed that 52, 48, and 70% photodegradation of RhB
was completed in 130 min in the presence of pBQ, IPA, and
2NaEDTA, respectively. One hundred percent photodegrada-
tion occurred within 130 min when these radical tapping
agents were absent (Figure S13). The k.pp and FQE values of
these reactions are listed in Table 2. As the presence of IPA
affected the reaction most, we have assumed that ®OH plays a
major role in this photocatalysis reaction. The dominant role of
®0H in the S-Scheme pathway has also been established by
several researchers by performing radical trapping experiments
using different radical scavengers.93’96’97’99_104

We have also recorded the photoluminescence (PL) spectra
of the synthesized materials and observed that the intensity of
the emission peak of gC;N, is significantly higher than that of
95¢C;N,-SBFO(exf) nanocomposite (Figure S14). It endorses
the prevention of electron—hole recombination because of the
formation of the S-Scheme heterojunction in the nano-
composite.”' 717

The aforesaid results clearly demonstrate that due to the
presence of S wt % BFO (exf), the photocatalytic activity of
95¢C;N,-SBFO(exf) significantly enhanced compared to pure
gC;N,. The deposition of BFO(exf) nanoflakes on and within
the 2D layered structure of gC;N, not only increases the
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Scheme 6. Plausible Mechanism of the Degradation Pathway of TCH Antibiotics based on the LC—MS Spectra
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Table 2. Effect of Different Radical Scavengers on the
Photocatalytic Degradation of Industrial Dyes by 95gC;N,-
SBFO(exf)

radical scavenger o FQE
pBQ 1.1x107*s™" 3.88 x 107°
2Na-EDTA 168 X 107+ S~ 6.025 x 107°
IPA 78%x 10758 2.80 X 107
no scavenger 4x107* Six 14 x 1074

interlayer distance but also generates an effective hetero-
junction at the interface between BFO and gC;N,. The
existence of strong electronic interaction within the CB and VB
of BFO and gC;N, augment the photo absorption character-

istics of the 95gC;N,-SBFO(exf) nanocomposite compared to
its individual components. Hence, 95gC;N,-SBFO(exf)
exhibits superior photocatalytic performance toward degrada-
tion of dyes and antibiotics under simulated solar light
irradiation.

4. CONCLUSIONS

We synthesized nanocomposites by immobilizing nanoflakes of
exfoliated BiFeOj; on the surface of layered gC;N,. 95gC;N,-
SBFO(exf) executed the efficient photocatalytic degradation of
several textile dyes (Yel CL2R, Levasol Yellow-CE, Levasol
Red-GN, Navy Sol-R, and Terq-CLSB) and various antibiotics
(such as tetracycline hydrochloride (TCH), ciprofloxacin
(CPX), sulfamethoxazole (SMX), and amoxicillin (AMX))
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under simulated solar light irradiation. The photocatalytic
activities of gC3N, were enhanced significantly after decorating
its surface with 5 wt % of exfoliated BFO. The enriched
photodegradation performance can be attributed to the
formation of S-scheme heterojunction at the interface between
gC;N, and BFO, where the useless photoinduced electrons
and holes recombine leaving the powerful photoinduced holes
in the VB of BFO and electrons in the CB of gC;N,. These
electrons and holes help in the formation of hydroxyl radicals
(®OH) and superoxide radicals (0,®), which subsequently
degrade the dyes and antibiotics. The ability of this catalyst to
efficiently degrade a variety of textile dyes and different types
of antibiotics under simulated solar light irradiation makes it an
attractive catalyst possessing enormous potential in the
wastewater treatment of antibiotic- and dye-containing
effluents discharged from industries.
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