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Abstract: Novel graphitic carbon nitride (g-C3N4) nanosheet/Bi5O7Br/NH2-MIL-88B (Fe) photocatalysts (denoted as GCN-NSh/Bi5O7Br/Fe-
MOF, in which MOF is metal–organic framework) with double S-scheme heterojunctions were synthesized by a facile solvothermal route. The
resultant materials were examined by X-ray photoelectron spectrometer (XPS), X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy  dispersive  X-ray  spectroscopy  (EDX),  transmission  electron  microscopy  (TEM),  high-resolution  transmission  electron  microscopy
(HRTEM), photoluminescence spectroscopy (PL), Fourier transform infrared spectroscopy (FT-IR), UV-Vis diffuse reflection spectroscopy
(UV-vis DRS), photocurrent density, electrochemical impedance spectroscopy (EIS), and Brunauer–Emmett–Teller (BET) analyses. After the
integration of Fe-MOF with GCN-NSh/Bi5O7Br, the removal constant of tetracycline over the optimal GCN-NSh/Bi5O7Br/Fe-MOF (15wt%)
nanocomposite was promoted 33 times compared with that of the pristine GCN. The GCN-NSh/Bi5O7Br/Fe-MOF (15wt%) nanocomposite
showed superior photoactivity to azithromycin, metronidazole, and cephalexin removal that was 36.4, 20.2, and 14.6 times higher than that of
pure GCN, respectively. Radical quenching tests showed that •O  and h+ mainly contributed to the elimination reaction. In addition, the nano-
composite maintained excellent activity after 4 successive cycles. Based on the developed n–n heterojunctions among n-GCN-NSh, n-Bi5O7Br,
and n-Fe-MOF semiconductors, the double S-scheme charge transfer mechanism was proposed for the destruction of the selected antibiotics.
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 1. Introduction

Global population growth and numerous industrialization
have a major impact on water pollution, which is one of the
most important environmental crises. The main source of this
pollution is the uncontrolled release of various organic pol-
lutants, including antibiotics, pesticides, herbicides, antipara-
sites, and organic dyes, into aquatic systems [1]. Therefore,
developing  efficacious  technology  is  imperative  to  thor-
oughly eliminate these pollutants from our environment [2].
Numerous  physicochemical  and  biological  methods  de-
veloped for water decontamination have some bottlenecks of
difficulty in scaling up, complicated operational systems, and
high cost [3]. Among these treatment technologies, advanced
oxidation processes using heterogeneous photocatalysts have
attracted  interest  owing  to  their  ability  to  work  at  ambient
conditions, cheap operational cost, and utilization of solar en-
ergy as a sustainable energy source [4–5].

Graphitic  carbon nitride (g-C3N4)  has recently been con-

sidered  as  one  of  the  most  promising  heterogeneous  pho-
tocatalysts  due  to  its  appealing  advantages,  including  re-
markable  stability,  biocompatibility,  nontoxicity,  low  price,
facile large-scale preparation, and middle band energy [6‒8].
Nevertheless,  g-C3N4 suffers from a large number of disad-
vantages,  including  poor  surface  area,  small  segregation  of
photoexcited e−/h+ pairs, and limited visible-light absorption
[6].  Hence,  many  researches  have  been  conducted  on  the
synthesis of mesoporous structures,  doping of different ele-
ments,  and  constructing  heterojunctions  with  various  semi-
conductors.  Furthermore,  nonstoichiometric  bismuth-rich
oxyhalides have attracted considerable interest for utilization
as  heterogeneous  photocatalysts  due  to  their  attractive  fea-
tures of high stability, suitable energy gap, and tunable light
absorption range [9]. As a nonstoichiometric bismuth-based
oxyhalide  semiconductor,  Bi5O7Br  has  shown  fascinating
features  of  unique  layered  crystal  structure,  high  chemical
stability, and wide visible-light response [10].

Metal–organic frameworks (MOFs) have a porous struc- 
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ture  and consist  of  cationic  nodes  and organic  linkers  [11].
These  promising  materials  have  presented  a  wide  range  of
applications  such  as  energy  storage,  drug  delivery,  cancer
therapy,  photocatalysis,  and  greenhouse  gas  capture  [12].
Despite  their  tunable  porous  structures,  wide  visible-light-
harvesting ability, and high specific surface, they suffer from
the fast recombination of photoinduced charges and poor sta-
bility  and  conductivity  [13–14].  Constructing  a  heterojunc-
tion with other semiconductors is one of the superior meth-
ods to improve their  photocatalytic performances and over-
come the above disadvantages [15].

We  report  novel  ternary  photocatalysts  exhibiting  im-
pressive  activity  synthesized  through  the  integration  of  g-
C3N4 nanosheets with Bi5O7Br and NH2-MIL-88B (Fe) as a
Fe-MOF.  The  fabricated  double  S-scheme  heterojunction
photocatalysts displayed exceptional performance in the pho-
tocatalytic removal of tetracycline hydrochloride (TC), met-
ronidazole  (MET),  cephalexin  (CFX),  and  azithromycin
(AZY) antibiotics under visible-light illumination. The integ-
rated n-type g-C3N4, Bi5O7Br, and NH2-MIL-88B (Fe) semi-
conductors formed n-n heterojunctions, which played a signi-
ficant  role  in  the  segregation  of  the  charges  and  produced
more reactive species, resulting in exceptional photocatalytic
activity.

 2. Experimental
 2.1. Fabrication of materials

g-C3N4 (GCN)  and  g-C3N4 nanosheet  (GCN-NSh)  were

synthesized as previously described [16]. For the synthesis of
GCN-NSh/Bi5O7Br (30wt%) photocatalyst, where 30wt% is
the weight percentage of Bi5O7Br, 0.35 g of GCN-NSh was
sonicated for 10 min in 100 mL of water. Meanwhile, 0.294 g
of bismuth nitrate (Bi(NO3)3⋅5H2O) was dissolved in 50 mL
of  water  and  added  to  the  suspension.  After  stirring  for  60
min,  0.012  g  of  NaBr  (dissolved  in  40  mL  of  water)  was
slowly appended to the above system. The pH was set to 8 by
the  addition  of  NaOH.  After  stirring  for  3  h,  the  resultant
product was rinsed with ethanol and water and dried at about
60°C  overnight.  Other  GCN-NSh/Bi5O7Br  nanocomposites
with different compositions of Bi5O7Br (10wt%, 20wt%, and
40wt%) were prepared under  the same conditions for  com-
parison.

The  synthesis  of  GCN-NSh/Bi5O7Br/NH2-MIL-88B (Fe)
nanocomposites  (denoted  as  GCN-NSh/Bi5O7Br/Fe-MOF)
was performed using a solvothermal method. For the prepar-
ation of GCN-NSh/Bi5O7Br/Fe-MOF (15wt%) nanocompos-
ite,  0.425  g  of  GCN-NSh/Bi5O7Br  (30wt%),  0.056  g  of  2-
aminoterephthalic acid (H2ATA), and 0.084 g of FeCl3⋅6H2O
in 70 mL of N,N-dimethylformamide (DMF) were sonicated
for  30  min.  Thereafter,  the  suspension  was  autoclaved  at
130°C for 24 h. In the last step, the slurry was rinsed out with
ethanol  and  water  and  dried  at  60°C.  The  GCN-NSh/
Bi5O7Br/Fe-MOF  nanocomposites  with  different  composi-
tions of Fe-MOF (5wt%, 10wt%, and 20wt%) were synthes-
ized  with  the  same  procedure.  The  method  utilized  for  the
fabrication  of  GCN-NSh/Bi5O7Br/Fe-MOF  nanocomposites
is depicted in Scheme 1.
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Scheme 1.    Preparation procedure for GCN-NSh/Bi5O7Br/Fe-MOF nanocomposites.
 

 2.2. Characterization

XRD  data  were  obtained  using  an  X-ray  diffractometer
with Cu Kα radiation (Philips X’pert). HRTEM and TEM im-
ages  used  for  microstructure  analysis  were  acquired  with  a
Talos  F200S  microscope  (Thermo  Scientific).  N2 sorption
data  were  assessed  using  a  BELSORP  mini  II  instrument.

FT-IR  spectra  were  recorded  with  a  Perkin  Elmer  spectro-
meter.  EDX  spectra  and  SEM  images  were  obtained  by  a
Mira 3 MIRA3 FEG-SEM analyzer.  PL analyses were per-
formed with an Agilent fluorescence spectrophotometer. UV-
visible DR spectra were measured with a Scinco 4100 spec-
trophotometer.  XPS  spectra  were  obtained  via  a  PHI  5000
Versa  Probe  II  XPS instrument.  Electrochemical  data  were
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recorded on an Autolab PGSTAT302N EIS analyzer. Ultra-
sound irradiation was executed with an HD 3100 ultrasound
processor.  Optical  absorptions  were  recorded  by  a  Nanom-
abna spectrophotometer.

 2.3. Evaluation of photoactivity

Photocatalytic  performances  were  studied  at  25°C under
visible light supplied by 50 W LED. In brief, 200 mL of TC
(6.75 × 10−5 M), MET (7.01 × 10−5 M), CFX (5.75 × 10−5 M),
and AZY (2.54 × 10−5 M) were monitored at wavelength of
357, 320, 261, and 208 nm. Details about photocatalysis tests
were described in the previous study [17].

 3. Results and discussion

Phase structures were examined by XRD patterns, and the
outcomes  are  presented  in Fig.  1(a).  The  distinct  peaks  of
GCN and GCN-NSh materials are identified at 13° and 27.4°,
which are related to the (100) and (002) planes, respectively,
implying in-planar  and interlayer  stacking reflections  (JCP-
DS PDF No. 87-1526) [18]. The lower intensity of the peaks
in  GCN-NSh  compared  with  the  bulk  one  indicates  that
GCN-NSh has reduced thickness and has been considerably
exfoliated  [19].  For  the  diffraction  peaks  of  GCN-NSh/
Bi5O7Br (30wt%) nanocomposite,  the  peaks  of  Bi5O7Br or-
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Fig. 1.    (a) XRD, (b) FT-IR, (c) UV-vis DRS, (d) Tauc plots, and (e) TG analysis for the selected photocatalysts.
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thorhombic phase were detected (JCPDS PDF No. 38-0493)
in  addition  to  the  peaks  of  GCN-NSh [20].  For  the  ternary
GCN-NSh/Bi5O7Br/Fe-MOF  (15wt%)  nanocomposite,  a
series  of  characteristic  peaks  of  Fe-MOF  was  observed
(Cambridge crystallographic data center: 647646) [21] along
with  the  diffraction  peaks  of  GCN-NSh  and  Bi5O7Br  com-
ponents,  denoting  the  successful  production  of  GCN-
NSh/Bi5O7Br/Fe-MOF  (15wt%)  nanocomposite.  After  the
integration  of  Fe-MOF  with  GCN-NSh/Bi5O7Br  (30wt%)
nanocomposite,  the peak related to the GCN-NSh compon-
ent  shifted  due  to  the  changing  interlayer  spacing  of  the
GCN-NSh layered structure [22]. Accordingly, the XRD res-
ults  affirmed  the  successful  preparation  of  GCN-NSh/
Bi5O7Br/Fe-MOF (15wt%) nanocomposite without impurity
peaks.

The  FT-IR  spectra  of  photocatalysts  were  depicted  to
identify the structures and their functional groups (Fig. 1(b)).
The band at 810 cm−1 is ascribed to the heptazine units, and
the  peaks  observed  at  1100–1700  cm−1 are  allocated  to  the
C=N and C–N groups  from the  GCN and GCN-NSh com-
ponents  [23–24].  Moreover,  the  broad  peaks  at  3000–3300
cm−1 are ascribed to the O–H and N–H stretching vibrations
derived from the adsorbed H2O [25]. The absorption bands at
504  and  1400  cm−1 in  the  spectra  of  Bi5O7Br-based  pho-
tocatalysts are ascribed to the vibrations of Bi–O and Bi–Br
bonds,  respectively  [26].  The  peaks  at  1255  and  769  cm−1

correspond to the C–N group stretching and C–H bending vi-
bration of the benzene ring, respectively [27]. In addition, the
peak at 541 cm−1 is relevant to Fe–O bond stretching [28].

Light  absorption abilities were evaluated,  and the results
are presented in Fig. 1(c). A blue shift occurred in the spec-
trum of GCN-NSh compared with that of the bulk one, which
is relevant to the quantum confinement effect resulting from
the  exfoliation  of  GCN  [16].  After  the  combination  of  Fe-
MOF with GCN-NSh/Bi5O7Br (30wt%), the intensity of ab-
sorption  in  the  visible  region  significantly  increased.  This
phenomenon  is  attributed  to  the  supreme  visible-light  ab-
sorption  capability  of  Fe-MOF nanocomposites.  The  relev-
ant  optical  gaps  of  the  materials  were  calculated  by  Tauc
plots  as  presented  in Fig.  1(d).  The  band  gaps  of  GCN-
NSh/Bi5O7Br/Fe-MOF  (15wt%),  GCN-NSh,  Bi5O7Br,  and
Fe-MOF samples were estimated to be 2.61, 2.81, 2.82, and
1.72  eV,  respectively  [16,29–30].  TG  analyses  were  per-
formed to review the thermal  stability  of  GCN, GCN-NSh,
GCN-NSh/Bi5O7Br  (30wt%),  and  GCN-NSh/Bi5O7Br/Fe-
MOF (15wt%) photocatalysts from 20 to 700°C, and the out-
comes are shown in Fig. 1(e). A slight weight loss was ob-
served up to 140°C because of the evaporation of water mo-
lecules  adsorbed  on  the  materials.  Thereafter,  a  significant
weight loss started after almost 400°C, which is assigned to
the combustion of the graphitic carbon nitride component of
the  samples  [31–32].  When Bi5O7Br and Fe-MOF particles
were anchored on GCN-NSh, the combustion stage started at
lower temperatures compared with those for GCN and GCN-
NSh  photocatalysts.  Ultimately,  the  weight  percentages  of
GCN-NSh  in  the  GCN-NSh/Bi5O7Br  (30wt%)  and  GCN-

NSh/Bi5O7Br/Fe-MOF (15wt%) nanocomposites were calcu-
lated to be about 70% and 68%, respectively.

The shape and morphology of GCN, GCN-NSh, Bi5O7Br,
Fe-MOF, and GCN-NSh/Bi5O7Br/Fe-MOF (15wt%) samples
were  observed  through  SEM  analyses  as  shown  in
Fig. 2(a–e), respectively. As displayed in the SEM and TEM
images  of  GCN-NSh/Bi5O7Br/Fe-MOF  (15wt%)  samples
(Fig. 2(e–f)), Bi5O7Br and Fe-MOF nanoparticles were well
stacked  over  GCN-NSh.  The  HRTEM  image  (Fig.  2(g))
showed the lattice fringe spacings of 0.326, 0.320, and 0.35
nm were well matched to the (002) plane of GCN-NSh, (312)
plane of Bi5O7Br, and (001) plane of Fe-MOF, respectively,
proving the  existence of  heterojunctions  among GCN-NSh,
Bi5O7Br, and Fe-MOF [33‒35]. EDX spectroscopy was util-
ized  to  analyze  the  elemental  composition  of  GCN-
NSh/Bi5O7Br/Fe-MOF  (15wt%)  nanocomposite. Fig.  2(h)
showed C, N, O, Fe, Br, and Bi elements in the photocatalyst.
Other  peaks  related  to  the  elements  applied  for  the  sputter
coating of the photocatalyst appeared on the EDX stage. Fur-
thermore, Fig. 2(i) ascertained the homogeneous distribution
of  elements  in  the  GCN-NSh/Bi5O7Br/Fe-MOF  (15wt%)
nanocomposite,  confirming  the  purity  of  the  ternary  pho-
tocatalyst.

XPS studies were conducted to study the chemical state of
the  elements  in  the  GCN-NSh/Bi5O7Br/Fe-MOF  (15wt%)
sample. Fig. 3(a) displayed C, N, O, Fe, Br, and Bi elements
in  the  photocatalyst,  which  well  agrees  with  the  EDX ana-
lyses in Fig. 2(i). The high-resolution C1s spectrum showed
three  peaks  at  284.6,  286.1,  and  288.5  eV,  as  shown  in
Fig. 3(b). The peak at 284.6 eV was relevant to the carbon in
the benzene ring, such as sp2 C–C and C–H groups [36]. Fur-
thermore, the peak at 288.5 eV corresponded to the bonded
carbon in the O‒C=O group from the H2ATA linker or the
sp2 hybridized carbon bonded to the N of the triazine rings
[37–38]. In addition, the peak at 286.1 eV was relevant to the
C–N–C  group  of  g-C3N4 [39]. Fig.  3(c)  showed  the  three
splitting  peaks  of  398.7,  399.9,  and  401.2  eV,  which  were
matched to the sp2 hybridized N atoms in the C=N–C and sp3

hybridized  nitrogen  in  the  N–(C)3 and –NH2,  respectively
[40–41]. Fig. 3(d) presented two peaks at 158.91 and 164.21
eV,  which  are  devoted  to  Bi  4f5/2 and  Bi  4f7/2,  respectively
[42].  The  O  1s  spectrum  indicates  the  peaks  at  529.6  and
531.4 eV, which belong to the oxygen of Bi5O7Br and water
molecules, respectively (Fig. 3(e)) [20]. The spectrum of Br
3p3/2 and Br 3p1/2 at about 181.9 and 188.6 eV indicated the
presence  of  Br‒ in  the  Bi5O7Br  component  [43]  (Fig.  3(f)).
The Fe 2p spectrum (Fig. 3(g)) can be splitted into two peaks
at 710 and 722.8 eV, which were relevant to the Fe 2p3/2 and
Fe 2p1/2 from Fe3+, respectively. Moreover, the satellite peak
at  718  eV  affirmed  the  presence  of  Fe3+ in  the  GCN-
NSh/Bi5O7Br/Fe-MOF (15wt%) nanocomposite [44].

PL  and  EIS  spectra  were  conducted  to  peruse  the  effi-
ciency of electron/hole pairs separation, migration, and trans-
fer. Usually, the low PL intensity shows a large segregation
efficacious of the charges. As in Fig. 4(a), the weakest PL in-
tensity  was  relevant  to  the  GCN-NSh/Bi5O7Br/Fe-MOF
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(15wt%)  nanocomposite,  which  affirmed  the  high  segrega-
tion capability of electron/hole pairs. EIS measurements were
implemented for the synthesized materials to investigate the
charge migration and transfer efficacious. The Nyquist plots
for GCN, GCN-NSh, Bi5O7Br, GCN-NSh/Bi5O7Br (30wt%),
and  GCN-NSh/Bi5O7Br/Fe-MOF  (15wt%)  photocatalysts
were  shown  in Fig.  4(b).  The  GCN-NSh/Bi5O7Br/Fe-MOF
(15wt%) nanocomposite showed the smallest arc radius com-
pared with the pure and binary samples,  affirming the least
electron/hole pair movement resistance in the ternary nano-
composite. In addition to the above results, photocurrent in-
tensities were evaluated for some on–off cycles, and the out-
comes  are  illustrated  in Fig.  4(c).  As  expected,  the  GCN-
NSh/Bi5O7Br/Fe-MOF  (15wt%)  photocatalyst  exhibited  the
highest photocurrent responses among the materials, indicat-
ing that it has the least recombination for the charge carriers.
Therefore, the UV-vis DRS, PL, EIS, and photocurrent out-

comes confirmed that the promoted performance of the tern-
ary GCN-NSh/Bi5O7Br/Fe-MOF (15wt%) nanocomposite is
attributed to the formation of abundant charge carriers under
visible light, effective segregation of charges, and less resist-
ance  for  charge  transfer  among the  components,  leading  to
improved  photocatalytic  performance.  The  BET  of  the
samples was evaluated by nitrogen sorption, and the results
showed  that  the  isotherms  are  type  II  with  H3  hysteresis
hoops,  affirming mesoporous structure (Fig.  4(d)).  The sur-
face areas were reported to be 31.4 and 54.9 m2·g−1 for the
GCN-NSh/Bi5O7Br  (30wt%)  and  GCN-NSh/Bi5O7Br/Fe-
MOF  (15wt%),  respectively  (Table  1).  Compared  with  the
surface area of GCN-NSh (88.1 m2·g−1), the surface area of
GCN-NSh/Bi5O7Br (30wt%) decreased due to surface block-
ing after integration with Bi5O7Br [16]. After the integration
of  Fe-MOF  with  GCN-NSh/Bi5O7Br  (30wt%),  the  surface
area was significantly improved.
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Fig. 5(a) displays the photocatalytic removal of TC under
visible light. With the photolysis of the TC solution, approx-
imate about 10% of this pollutant degraded within 300 min,
indicating  its  high  chemical  stability.  However,  pure  GCN
degraded about  36% of TC after  the same time.  After  con-
verting  GCN  to  GCN-NSh,  the  photocatalytic  activity  im-
proved dramatically. The photocatalytic activity was further
improved  by  coupling  Bi5O7Br  with  GCN-NSh,  and  the
GCN-NSh/Bi5O7Br  (30wt%)  nanocomposite  presented  the
highest  photocatalytic  activity  by  completely  removing  this
antibiotic  after  180  min.  Furthermore,  Fe-MOF  was  com-
bined  with  this  photocatalyst  to  impressively  promote  the

photocatalytic activity of binary GCN-NSh/Bi5O7Br (30wt%)
nanocomposite,  and  the  photocatalytic  performance  of  the
resultant ternary photocatalysts was evaluated as presented in
Fig.  5(b).  The  GCN-NSh/Bi5O7Br/Fe-MOF  (15wt%)  pho-
tocatalyst  completely degraded TC after  120 min under the
same conditions. The impact of the catalyst dosage on the re-
action  rate  was  evaluated,  and  the  results  are  depicted  in
Fig. 5(c). The TC degradation increased with the dosage of
GCN-NSh/Bi5O7Br/Fe-MOF  (15wt%)  from  0.05  to  0.1  g,
while high dosages resulted in diminished degradation rate.
The decrease in the degradation rate at high doses is relevant
to the increase in the turbidity of the suspension,  which di-
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−
2

minishes the light entrance of the system. Moreover, the high
catalyst  dosage  leads  to  photocatalyst  accumulation,  result-
ing in the decreased production of active species on the pho-
tocatalyst  surface.  The  effect  of  solution  pH  on  the  pho-
tocatalytic performance is shown in Fig. 5(d). The photode-
gradation of TC increased with the decreasing pH up to 3 and
then diminished. When the pH decreases,  the photoinduced
electrons rapidly transfer to the catalyst surface with positive
change  in  acidic  solutions,  which  is  beneficial  to  produce
many  active •OH  and •O  species.  However,  under  acidic
conditions,  the  surface  of  GCN-NSh/Bi5O7Br/Fe-MOF
(15wt%) photocatalyst gains positive charges. Owing to the
repulsion  force  between  positively  charged  TC  and  pho-
tocatalyst  surface,  the  contaminant  adsorption  decreases,
leading to diminished activity. The kinetic rate constants for
the photocatalytic degradation of TC were calculated accord-
ing  to  the  pseudo-first-order  kinetic  equation. Fig.  5(e)
presents  that  among  the  binary  photocatalysts,  the  GCN-

NSh/Bi5O7Br (30wt%) sample acquired the highest rate con-
stant of 160 × 10−4 min−1, which is 16.4 and 3.7 folds higher
than  those  of  GCN  (9.76  ×  10−4 min−1)  and  GCN-NSh
(43.25 × 10−4 min−1) photocatalysts, respectively. Among the
ternary  nanocomposites,  the  GCN-NSh/Bi5O7Br/Fe-MOF
(15wt%)  nanocomposite  shows  superior  performance.  The
degradation  constant  of  TC over  the  optimum ternary  pho-
tocatalyst  is  almost  33.06,  7.46,  and  2.01  folds  higher  than
those of GCN, GCN-NSh, and GCN-NSh/Bi5O7Br (30wt%)
photocatalysts, respectively.

−
2

−
2

Inhibition tests were applied to manifest the role of differ-
ent  active  species  in  TC  degradation.  Ammonium  oxalate
(AO), benzoquinone (BQ), and 2-propanol (2-PrOH) radical
quenchers were considered as the scavengers of h⁺, •O , and
•OH, respectively [45]. As shown in Fig. 6(a), the rate con-
stant after the addition of AO, BQ, and 2-PrOH diminished to
12.6 × 10−4, 13.1 × 10−4, and 149 × 10−4 min−1, respectively.
These data show that •O  and h⁺ are the dominant species in

Table 1.    Textural property of the synthesized photocatalysts

Sample Surface area /
(m2·g−1)

Mean pore diameter /
nm

Total pore volume /
(cm3·g–1)

GCN-NSh/Bi5O7Br (30wt%) 31.4 34.4 0.2700
GCN-NSh/Bi5O7Br/Fe-MOF (15wt%) 54.9 27.2 0.3735
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the  photocatalytic  removal  of  TC  antibiotics.  Furthermore,
the active species trapping experiments were performed for
GCN-NSh,  Bi5O7Br,  and  Fe-MOF,  and  the  outcomes  are
shown in Fig. 6(b), which are in accordance with the results
of Fig. 6(a). Mott–Schottky tests were conducted to determ-
ine the  band energies  of  GCN-NSh,  Bi5O7Br,  and Fe-MOF
samples. As displayed in Fig. 6(c), GCN-NSh, Bi5O7Br, and
Fe-MOF components  present  positive  slopes,  implying that
they are n-type materials. Moreover, the flat band potential of
GCN-NSh (−1.35 eV vs. Ag/AgCl and −1.15 eV vs. NHE) is
more negative than those of Bi5O7Br (−0.66 eV vs. Ag/AgCl
and −0.46 eV vs. NHE) and Fe-MOF (−0.83 eV vs. Ag/AgCl

and −0.63 eV vs. NHE). In the Mott–Schottky curve, the flat
band potential is usually considered as the Fermi level of the
desired semiconductor, and the conduction band (CB) posi-
tion is 0.1 eV more negative than the Fermi level. Therefore,
the  CB  positions  of  GCN-NSh,  Bi5O7Br,  and  Fe-MOF
samples were −1.25, −0.56, and −0.73 eV, respectively. The
valence band (VB) positions were also attained according to
EVB = ECB + Eg.  Hence,  the  VB  positions  of  GCN-NSh,
Bi5O7Br, and Fe-MOF were determined to be 1.56, 2.26, and
0.99 eV, respectively.

On the basis of the characterization analyses and the ob-
served impressive photocatalytic performances,  a double S-
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scheme  mechanism  for  segregation  and  transfer  of  charges
among the components of the ternary GCN-NSh/Bi5O7Br/Fe-
MOF  nanocomposites  was  proposed  (Fig.  7).  The  valence
band  energies  (EVB)  for  GCN-NSh,  Bi5O7Br,  and  Fe-MOF
were +1.56, +2.26, and +0.99 eV, respectively, and the con-
duction  band  energies  (ECB)  were −1.25, −0.56,  and −0.73
eV,  respectively  [16,29–30].  Furthermore,  the  energy  gaps
for  GCN-NSh,  Bi5O7Br,  and Fe-MOF were 2.81,  2.82,  and

1.72 eV, respectively. As n-type materials, the Fermi energy
levels of GCN-NSh, Bi5O7Br, and Fe-MOF semiconductors
are near their CB levels [29,46–47]. Consequently, the Fermi
level  of  GCN-NSh is  more  negative  than  those  of  Bi5O7Br
and Fe-MOF components. After heterojunction construction
among  the  components,  the  electrons  tend  to  migrate  from
the  Fermi  level  of  GCN-NSh  to  those  of  Bi5O7Br  and  Fe-
MOF  components  until  an  equilibrium  state  was  reached.
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The transfer of electrons among the Fermi levels resulted in
the bending of the band edges and the formation of internal
electric  fields  at  the  interfaces  of  GCN-NSh/Bi5O7Br  and
GCN-NSh/Fe-MOF [48–49]. Owing to the small band gaps,
the electrons on the VB of GCN-NSh, Bi5O7Br, and Fe-MOF
absorbed  visible  light  to  excite  their  CBs,  leaving  holes  on
their  VBs.  As  observed  in  the  scavenging  experiments,  the
generated holes and superoxide anion radicals play a major
role in the degradation reaction. The photoinduced electrons
in the CB of Bi5O7Br and Fe-MOF combined with the holes
in the VB of GCN-NSh to reserve the powerful electrons and
holes for the production of the mentioned species. Therefore,
the  accumulated  electrons  on  the  CB  of  GCN-NSh  (ECB =
−1.25 eV) can produce many •O  species (  = −0.33 eV),
and the  holes  on the  VB of  Bi5O7Br (EVB = +2.26 eV) can
produce many •OH species (  = +1.90 eV) and strai-
ghtly  oxidize  the  pollutants  through  direct  oxidation  reac-
tions.  Thus,  the  proposed  double  S-scheme  mechanism not
only accelerates the efficient spatial separation of the carriers
but also reserves electron/hole pairs with superior redox cap-
abilities, resulting in impressive photocatalytic performance.

The  stability  and  repeated  utilization  of  photocatalysts

play a  major  impact  on their  widespread utilization.  There-
fore, the recyclability and stability of GCN-NSh/Bi5O7Br/Fe-
MOF (15wt%) nanocomposite were measured for 4 success-
ive cycles, and the data are presented in Fig. 8(a). The GCN-
NSh/Bi5O7Br/Fe-MOF  (15wt%)  nanocomposite  maintained
initial ability after four cycles. These outcomes showed that
the  GCN-NSh/Bi5O7Br/Fe-MOF  (15wt%)  nanocomposite
has acceptable reusability under the reaction condition for TC
degradation. The XRD and SEM of the GCN-NSh/Bi5O7Br/
Fe-MOF (15wt%) nanocomposite before photocatalysis and
after the 4th run was provided (Fig. 8(b–c)). The phase and
structure  of  the  optimum  photocatalyst  did  not  change,  af-
firming that the ternary nanocomposite has outstanding dur-
ability during degradation. Eventually, three more antibiotics,
namely  AZY,  MET,  and CFX,  were  utilized  for  the  evalu-
ation  of  the  photoactivity  of  the  as-fabricated  samples.
Fig. 8(d) reveals that compared with pristine GCN, the GCN-
NSh/Bi5O7Br/Fe-MOF  (15wt%)  nanocomposite  had  higher
photocatalytic performance in the removal of the selected an-
tibiotics and 36.4, 20.2, and 14.6 times higher activity in the
degradation  of  AZY,  MET,  and  CFX,  respectively.  There-
fore,  the  GCN-NSh/Bi5O7Br/Fe-MOF  (15wt%)  nanocom-
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posite  can be introduced as  an encouraging visible-light-in-
duced photocatalyst for the removal of antibiotics in water.

 4. Conclusion

This  work  reported  a  novel  double  S-scheme  GCN-
NSh/Bi5O7Br/Fe-MOF photocatalysts using the facile solvo-
thermal procedure. The as-constructed nanocomposites were
utilized  for  the  degradation  of  4  antibiotics,  namely  TC,
AZY, MET, and CFX, under visible light. The outcomes cor-
roborated that the ability of the GCN-NSh/Bi5O7Br/Fe-MOF
(15wt%)  nanocomposite  in  the  degradation  of  TC,  AZY,
MET, and CFX was about 33.06, 36.4, 20.2, and 14.6 folds
as high as that of the pristine GCN sample, respectively. The
boosted  performance  of  the  ternary  GCN-NSh/Bi5O7Br/Fe-
MOF (15wt%) nanocomposite was related to the formation
of abundant charge carriers under visible light, effective se-
gregation  of  charges,  less  resistance  for  charge  transfer
among the components, and extended surface area, leading to
improved  photocatalytic  performance.  The  impressive  pho-
tocatalytic  performances  affirmed  that  the  GCN-NSh/Bi5O7

Br/Fe-MOF  (15wt%)  nanocomposite  with  developed  n–n
heterojunctions could be utilized for the degradation of dif-
ferent antibiotics and can produce powerful reactive species
through a double S-scheme mechanism for the segregation of
charges.
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