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1. Introduction

Development of Z-scheme bimetallic
tungstate-supported nitrogen deficient g-CsN4
heterojunction for the treatment of refractory
pharmaceutical pollutantsfy

H. Leelavathi,® R. Muralidharan, ©2° N. Abirami® and R. Arulmozhi £ *?
Nitrogen-deficient graphitic carbon nitride (ND-GCN) was fabricated using a simple liquid-phase
polycondensation process, and the nitrogen deficiencies in GCN were verified by XPS and EDS.
To develop a Z-scheme-based bimetallic tungstate (BMT) supported ND-GCN photocatalyst, wet
chemical approach and polycondensation method are utilized. The physicochemical properties are
characterized, and the data indicate that well-matched band structures between BMT and ND-GCN
make it easier to establish a Z-scheme charge transfer route. The photocatalytic efficiency of the
fabricated photocatalyst is compared using pharmaceutical effluent followed by model organic
pollutants, such as azithromycin (AZI) and tetracycline (TC). The CoZnWO4/ND-GCN composite material
demonstrates the best degradation performance towards AZl (98.64%) and TC (98.17%) within 75 min,
and towards pharmaceutical effluent (97.84%) within 90 min, whereas the NiCoWO4/ND-GCN shows
the following degradation performance: AZI (91.19%), TC (96.31%) and pharmaceutical effluent (95.16%).
The quality of the treated pharmaceutical effluent was improved using CoZnWO4/ND-GCN catalyst, as
indicated by the reduction in chemical oxygen demand (COD) of 80.07%, and the total organic carbon
(TOC) of 76.8%. A detailed examination of the mechanism demonstrates that the hydroxyl (*OH) and
superoxide (*O, ") radicals are responsible for photocatalytic degradation. The findings of this study offer
a novel approach to developing a powerful photocatalyst for the mineralization of challenging organic
compounds in water.

imply that current water treatment methods are inadequate for
eliminating antibiotics from an aquatic medium. Antibiotics

Water is a crucial resource for all living species to sustain their
lives. The quality of water is harmed by its increased utilization
for home, agricultural, and industrial purposes. Recent studies
have found that pharmaceutical chemicals, among other new
types of pollutants, persist in large amounts in water bodies,
plants, soil, and sediment."* Two factors, namely the improper
dumping of tones of unwanted medications into the environ-
ment and the discharge of pharmaceutical industrial effluents
into water streams, are responsible for the poisoning of water
resources by pharmaceutical components.®> Higher antibiotic
concentrations in water resources, especially in drinking water,
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are responsible for the development of antibiotic-resistant
bacteria and genes that can harm marine ecosystems and
endanger human safety.®® Accordingly, it is crucial to find a
strategy that is both economical and effective for degrading
antibiotic contamination, which remains a major challenge in
the current situation.

Among the numerous catalytic processes, photocatalysis has
received much research interest. This is because when the
catalyst is exposed to light, it speeds up the reaction and lowers
the activation energy without acting as either reactant or
product.”® The photocatalysis technique is a realistic, beneficial,
cost-effective method as well as a sustainable solution for
removing hazardous compounds from the atmosphere and
water bodies and the production of sustainable energy, such
as hydrogen fuel production via water splitting technology.”™*
Photocatalytic antibiotic degradation uses advanced oxidation
and reduction pathways to help in the mineralization of anti-
biotics into CO, and H,O, which is aided by the production of
active radical species as per respective band gap ranges in the
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presence of a lamp source (ultraviolet, visible light, and sunshine)
and suitable photocatalyst materials.'>"*

Researchers have significantly focused on creating specific
semiconductor features for the superior degrading perfor-
mance of impurities.'* To obtain visible-light active materials,
various techniques can be employed, including morphology
alteration, compositing, doping, and the combing of inorganic
and organic precursors (such as reduced graphene, carbon
nitrides, boron nitrides, nonmetals, and noble metals). Hybrids
and heterojunctions, which combine two or more semiconduc-
tors with distinct bandgaps,">'® were found to be superior
to other modification methods in this study. Photo-induced
electron transition occurs from the valence band (VB) to the
conduction band (CB) when the heterojunction is activated
by adequate light energy. Coulomb repulsion slows down the
rate at which electrons and holes transfer during conduction.
Surface catalytic reactions are difficult because conduction
weakens the redox capacity of electrons and holes."”° This
opens up new possibilities for both advanced and conventional
nanostructures. Amongst numerous types of semiconductor
photocatalysts, BMTs with the empirical formula MWO,
(M = Fe, Co, Zn, Ni, and Cu) have received extensive attention
owing to their environmental remediation. ZnWO,, NiWOy,
and CoWO, distinguish as the ideal catalysts amongst the
metal WO, materials listed above because of their high chemical
stability, low energy gap, ease of preparation, and low cost.>">
However, ZnWO,, NiWO,, and CoWO, are unsuccessful in visible
light owing to the quick recombination of photocarriers following
excitation. Metal ion doping and the formation of heterojunctions
between semiconductors have been identified as excellent
strategies for improving the catalytic performance of tungstate
materials.

In the field of photocatalysis, GCN has drawn a lot of
interest as a metal-free semiconductor owing to its outstanding
stability, non-poisonous, and reasonable preparation cost.*
GCN’s applications are severely constrained by the material’s
limited consumption of visible and sunlight, higher surface
area, and a significantly higher rate of photogenerated e~ and
h* recombination.>* Vacancy defects in semiconductors serve
as a vital contribution to enhancing photocatalysis perfor-
mance by modifying the semiconductor electrical structure
and raising the number of reaction sites for reactant com-
pounds. For example, Zhang et al. developed a mesoporous
GCN that was nitrogen-deficient in visible light by employing
the thermal polymerization-aided colloidal crystal template
technique.”® Sun et al. developed an N-deficient GCN using
a one-step calcination method based on the supply of gas
molecules.?® It has been claimed that GCN containing nitrogen
defects can be produced at high temperatures using a straight-
forward and efficient solid-state chemical polycondensation
technique. Xu and Zhang produced nitrogen-defective GCN
by polymerizing urea with a small amount of formamide
and observed increased photocatalytic performance for H,
generation.”” The nitrogen defects boosted light absorption at
the uncondensed terminal NH, lattice sites and the separation
performance of the photogenerated charge carriers.
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The objectives of this study are (1) to comprehend the impact
of the N-deficiency in GCN and BMT (NiCoWO, and CoZnWO,)
behavior in nanocomposite-based photocatalysts for the degrada-
tion of antibiotics and (2) to evaluate and optimize the photo-
catalytic efficiency and layout the conceptual design for a
Z-scheme charge transfer pathway. To achieve these goals, this
study compares the degradation of antibiotics by applying BMT-
modified ND-GCN photocatalysts to their pristine forms. Based on
this analysis, we examine the differences between pristine and
modified ND-GCN nanomaterials in photocatalytic reaction
processes. This overview of BMT/ND-GCN-based photocatalytic
systems aids researchers in acquiring a better understanding of
the construction of suitable heterostructure nanocomposites for
wastewater treatment in various aquatic systems.

2. Experimental section
2.1. Chemicals

Cobalt acetate tetrahydrate (Co(OCOCHj;),-4H,0, 98%), nickel
acetate tetrahydrate (Ni(OCOCH3),-4H,0, 99.9%), zinc nitrate
hexahydrate, (Zn(NOj3),-6H,0, 99%), cobalt nitrate hexahydrate
(Co(NO3),6H,0, 99%), sodium tungstate dihydrate (Na,WO,-2H,0,
99%), melamine (C3HgNs, > 99.5%), and ethanol (C,HsO > 99.9%)
were purchased at Sigma-Aldrich. Rhodamine-B (C,gH3; CIN,O3) was
acquired from SRL chemicals. Without additional purification, all
compounds were utilized as received. A millipore system was
utilized to clean the deionized water (DI H,O) utilized in all the
experiments.

2.2. Synthesis of bulk GCN

A straightforward thermal polycondensation method for mela-
mine was utilized to prepare the bulk-GCN nanosheets. In this
process, a closed silica crucible holding 5 g of melamine was
heated inside a muffle furnace for 4 h at around 550 °C.
A yellow powder was obtained by grinding the precipitate using
a mortar and pestle after being allowed to reach room
temperature.

2.3. Synthesis of nitrogen-deficient GCN

The facile polycondensation process was used to synthesize the
N-deficient GCN. Initially, 4 g of melamine was dispersed in
30 mL of DI H,0, agitated for 30 min in a hot plate magnetic
stirrer at 30 °C, and finally dried for 8 h at 80 °C. After that, the
substance was uniformly ground in an agate mortar to yield a
powdery modified precursor. Additionally, a muffle furnace was
used to heat the water-treated precursor to 550 °C and retain it
there for 4 h at a 2 °C min~' heating rate. The desired yellow
powder is the target product. N-Deficient GCN is achieved after
being naturally cooled to ambient temperature and taken out to
uniformly ground once again. Then, the obtained N-deficient
GCN sample was labeled ND-GCN.

2.4. Synthesis of NiCoWO, and CoZnWO, nanoparticles

A wet chemical approach was used to synthesize the mixture of
Ni and Co BMTs. 1.8 g of nickel acetate was blended with 50 mL
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of DI H,0, and the mixture was agitated for 15 min to produce a
homogeneous solution. In this instance, the mixture was
labeled A. In a second beaker, 50 mL of DI H,O was blended
with 0.6 g of cobalt acetate for 15 min, and the solution was
labeled B. Similarly, 0.1 M Na,WO, was blended with 100 mL of
DI H,0 and then agitated for 30 min; the mixture was labeled C.
Finally, a drop-wise blending of solutions A and B into solution
C occurred simultaneously. Under magnetic stirring condi-
tions, the resulting solution was maintained for 6 h. Then,
the solution was centrifuged and dried. The resulting material
was separated and calcined for 4 h at 600 °C with a 2 °C min™"
temperature ramping rate. NiCoWO, (NCW-NPs) was recog-
nized as the final product.”® For the synthesis of CoZnWO,
(CZW-NPs), the same experimental approach was employed
using 1.8 g of cobalt nitrate, 0.6 g of zinc nitrate, and 0.1 M
Na,WO, as the precursor materials.

2.5. Synthesis of NCW/ND-GCN and CZW/ND-GCN
nanocomposites

To synthesize NCW/ND-GCN nanocomposite, ND-GCN and
NCW were blended in a 1:1 ratio and ground for 45 min using
a mortar and pestle. The blended powder was put in a 100 mL
beaker with 30 mL of ethanol and ultrasonically treated for 1 h
at room temperature. To produce NCW/ND-GCN heterojunc-
tion, the suspension was centrifuged, cleansed with ethanol,
and dried at 80 °C for 12 h. A similar procedure was utilized to
fabricate CZW/ND-GCN heterojunction.

2.6. Physicochemical characterizations

By employing a PAN analytical X’pert pro-X-ray diffractometer
with Cu-Kao radiation (4 = 1.54 A), the X-ray diffraction (XRD)
patterns were obtained. A Fourier-transform infrared spectro-
meter (FTIR) was performed using the IRTracer-100-Shimadzu.
The UV-Vis diffused reflectance spectra (UV-DRS) were gener-
ated utilizing a Shimadzu UV-3600i Plus spectrophotometer.
A fluorescence spectrophotometer (Horiba, Fluorolog-QM) was
utilized to record the photoluminescence (PL) spectra. PHI
VersaProbe III Scanning XPS Microprobe was employed to
obtain the X-ray photoelectron spectroscopy (XPS) spectra.
All spectra were adjusted utilizing the standard C 1s peak at
284.6 eV. High-resolution transmission electron microscopy
(HR-TEM, JEOL Japan, JEM-2100 Plus) and Energy Dispersive
X-Ray Analysis (EDX, FEI Quanta FEG 200) were used to
examine the surface morphological characteristics, crystalline
state data, and chemical compositions. Nyquist plots of elec-
trochemical impedance spectroscopy (EIS) were generated
between 300 kHz and 100 mHz at a voltage of 1 V. The Mott-
Schottky measurements were performed at a frequency of
500 Hz and 5 mV amplitude on an Autolab 302 N electroche-
mical workstation equipped with a three-electrode setup in
0.1 M Na,SO, solution. In this study, the glassy carbon (GC)
electrode coated with the synthesized photocatalysts func-
tioned as the working electrode, Pt wire was employed as the
counter electrode, and Ag/AgCl electrode was utilized as the
reference electrode. The efficiency of photocatalysis in visible
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light was measured using a 500 W Xe lamp emitting radiation
at 420 nm.

2.7. Assessment of photocatalysis performance

To measure the photocatalysis performance of the samples, the
degradations of AZI and TC antibiotics as model pollutants
were examined. This was accomplished by first dissolving
40 mg of the photocatalyst in 50 mL of an antibiotic solution
(a concentration of 15 ppm). By stirring in the dark for 15 min,
the equilibrium between the adsorption and desorption of
suspensions was established.?® A visible light source was then
flashed at the reaction mixture. At a predetermined period of
15 min, the 3 mL suspension of the AZI and TC solutions was
removed to examine their concentrations and filtered through a
0.45 pm millipore filter to separate the photocatalyst. The
concentrations of the filtered suspensions were examined using
a UV-Vis spectrophotometer at distinctive absorption peaks of
282 nm for AZI, 274 nm, and 357 nm for TC. The photocatalyst
was separated from the leftover impurity using centrifugation.

2.8. Real pharmaceutical effluent treatment

Pharmaceutical wastewater was collected from the disposal
drains of the pharmaceutical formulation industry located in
Alathur (Chengalpattu, Tamilnadu, India). Samples of the
pharmaceutical wastewater were stored in plastic bottles and
delivered right away to the lab for processing. Initially, 70 mL of
pharmaceutical effluent was exposed to visible light without the
catalyst. Our preliminary results showed that pharmaceutical
wastewater did not initially change. Thus, it was determined
that there was no self-degradation of the pharmaceutical waste-
water. The performance of NCW/ND-GCN and CZW/ND-GCN
for pharmaceutical wastewater degradation was then investi-
gated without dilution as a batch experiment in a 100 mL
beaker carrying 70 mL of effluent, and each photocatalyst was
weighed at 50 mg. The adsorption-desorption equilibrium
condition was established by stirring the pollutant solution
for 15 min in the dark. Following this, suspensions underwent
90 min of vigorous shaking under visible light. Furthermore,
the stability of the photocatalyst was estimated in the recycling
tests by analyzing the removal of pharmaceutical impurities
after five consecutive cycles of testing. Using a TOC-L analyzer
(Shimadzu), total organic carbon (TOC) was evaluated. During
the photocatalysis reaction, radical scavenger chemicals, such
as 1,4-benzoquinone (BQ), ethylenediaminetetraacetic acid
(EDTA), and isopropyl alcohol (IPA), were used to determine
which oxidative species were the most reactive (ROSs).

3. Results and discussion
3.1. Evaluation of structural and optical properties

To investigate the crystal structure, size, and purity of the
samples and to assess the structural disorder, powder XRD
measurements were performed. The XRD diffraction patterns
of the synthesized ND-GCN, NCW, CZW, NCW/ND-GCN, and
CZW/ND-GCN nanomaterials are illustrated in Fig. 1. Except for
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Fig. 1 PXRD spectra of NCW, NCW/ND-GCN, CZW, CZW/ND-GCN and
ND-GCN.

the ND-GCN material, all the nanomaterials were assigned to
the monoclinic crystal phase, which has a wolframite structure
and crystal symmetry of P2/c space group.’® The prepared
samples have good crystallinity, as evidenced by the sharpness
of the diffraction peaks and clear patterns. The diffraction
peaks were in excellent agreement with JCPDS No. 15-0755,
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15-0867, and 15-0774 corresponding to CoWO,, NiWO,, and
ZnWO,. Two distinct peaks in ND-GCN can be found at 260 = 13°
and 27.6°, which are attributed to the crystal planes of the
graphitic material (100) and (002), respectively,®’ and the XRD
diffraction pattern of bulk-GCN is provided in the ESIT (Fig. S1).
The XRD patterns of NCW/ND-GCN and CZW/ND-GCN verified
a strong interaction between the BMT nanoparticles and
ND-GCN. The absence of any other peaks in the spectra
demonstrated the purity of the materials, and the findings
revealed the flawless fabrication of the hybrid heterostructure.
Table S1 (ESIT) shows the lattice parameters and crystallite size
of the NCW, CZW, NCW/ND-GCN, and CZW/ND-GCN samples.
The lattice parameter (a, b, and c) values can be extracted from
the phase file using X-pert software. The crystallite sizes were
predicted by applying the Debye-Scherrer formula. Crystal size
(D) = 0.9// cos 0, where the X-ray wavelength / is 1.54178 A, f§ is
full width at half maximum (FWHM) of the diffraction peak,
and 0 is the diffraction angle.

The FTIR spectra measured for the synthesized ND-GCN,
NCW, CZW, NCW/ND-GCN, and CZW/ND-GCN materials are
depicted as a single graph, as shown in Fig. 2a. The signals
across the wavenumbers in the range of 3650-3100 cm™ " are
attributed to the O-H stretch of H,O molecules and the
stretching vibrations of the N-H groups existing in samples.
In the ND-GCN sample, C-N heterocyclic rings are responsible
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CZW

—

ND-GCN

NCW

CZW/ND-GCN
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PL Intensity (a.u.)
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Fig. 2 (a) FTIR spectra; (b) PL spectra; (c) UV-Vis diffuse reflectance spectra; and (d) Tauc plot of ND-GCN, CZW, CZW/ND-GCN, NCW, and NCW/

ND-GCN.
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for the absorption band around 1200-165 cm™'. The FTIR
spectra of NCW, CZW, NCW/ND-GCN, and CZW/ND-GCN nano-
composites showed adsorption bands around 850-760 cm '
except for ND-GCN, and these bands were recognized with the
symmetric stretching vibration of W-O-W bonds in deformed
octahedral [WOg] structure.” The bands at the range of
955-940 cm~ ' were connected to the symmetric stretching
states of such a W=0 terminal bond that is found within every
octahedron of WO;. The detected band at 525-518 cm ™" was
caused by the asymmetric stretching of O-W-O-W-O distorted
octahedral [WO4]-[WOg] in the nanocomposites.** The Ni-O,
Co-0 and Zn-O bond vibrations were the cause of the active
mode at 418-438 cm ™ '. Consequently, the FTIR data confirm
the effective incorporation of NCW and CZW nanoparticles into
ND-GCN nanosheets.

To examine the recombination of photogenerated charges
at the interface and charge separation and transfer of the
produced heterojunction catalysts, PL analysis was carried
out. Using an excitation wavelength of 360 nm, PL spectra were
observed. Fig. 2b depicts the PL spectrum of CZW/ND-GCN <
NCW/ND-GCN < CZW < NCW exhibited a relatively weak
emission peak than ND-GCN. A sharper intrinsic photoemis-
sion spectrum at 460 nm, which correlates with the optical
band gap of ND-GCN, suggests the occurrence of the n—-n* state.
According to e -h" recombination, the band-to-band transition
that takes place during photo-generation activity is the process
responsible for the PL emission peak. It is important to high-
light that the PL intensity of NCW/ND-GCN and CZW/ND-GCN
is noticeably reduced, indicating hindered electron-hole pair
recombination and a quicker charge transfer process by the
quantum confinement effect. This made it easier for the
charges to be transferred between the ND-GCN and BMT
nanoparticles, resulting in better photocatalysis performance.
This agrees with recently published work on a similar Z-scheme
photocatalyst used to degrade organic contaminants.>*>>

Utilizing diffuse mode UV-vis reflectance spectroscopy, the
optical characteristics of the materials were investigated. Fig. 2c
displays the absorbance spectra for each synthesized material
in the 200-800 nm wavelength range. The absorption band
observed at 412 nm in ND-GCN was associated with the n-n*
transition of the lone pair electrons of deficient nitrogen atoms
present in ND-GCN. The nanostructures NCW, CZW, NCW/ND-
GCN, and CZW/ND-GCN displayed outstanding UV absorption
ranging from 200 to 400 nm, with the shoulder peak emerging
between 500 and 650 nm. The primary cause of the absorption
band at 580 nm is the transfer of an electron from *A,, to 'E,
(d-d transition). More specifically, this peak, which appeared in
the visible region, revealed the charge transfer of an oxygen 2p
atom to one of the empty 5d orbitals of tungsten. The appear-
ance of absorption in the UV region is mostly caused by
excitation from O, to Wy, in the WO,>~ group.*® The electron
transition in nanocrystals experiences substantial quantum
confinement because of the small crystal size, so broad absorp-
tion occurred in the range of 200-400 nm. The Kubelka-Munk
function was plotted against photon energy (hv), and a Tauc
plot was built. The bandgap (E,) of the material is provided by
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the intercept of the Tauc plot generated between (ahv)> vs. hv,
as displayed in Fig. 2d. The calculated E, values for ND-GCN
were 2.80 eV. For NCW and CZW, a substantially lower value
(2.23 ev and 2.15 eV) was determined, showing efficiency in the
formation of photoinduced charges following visible light
absorption. The discovered E, values for the NCW/ND-GCN
and CZW/ND-GCN nanocomposite heterojunctions are 2.06 eV
and 1.96 eV, respectively.

To identify the composition and nature of the elements
present in NCW/ND-GCN and CZW/ND-GCN nanocomposites,
XPS was carried out and deconvoluted by utilizing Gaussian
functions. The survey spectrum depicted in Fig. 3a shows
the emergence of Ni, Co, Zn, O, W, C, and N elements in the
NCW/ND-GCN and CZW/ND-GCN nanocomposite materials.
The compositions of the elements present in NCW/ND-GCN
nanocomposite are measured to be C (34.08), N (10.48), Ni
(6.91), Co (5.10), W (25.47) and O (17.96). Similarly, the ele-
mental composition of CZW/ND-GCN nanocomposite is mea-
sured to be C (27.84), N (10.94), Co (8.20), Zn (4.68), W (28.97),
and O (19.37). The elemental analysis from the XPS results was
in accordance with the EDX spectrum.

Fig. 3b illustrates the XPS spectrum of C 1s present in NCW/
ND-GCN and CZW/ND-GCN nanocomposite materials. Herein,
the fitted two peaks with binding energy values of 284.7 2 eV
and 288.64 eV for NCW/ND-GCN relate to the sp” hybridized
carbon and graphitic carbon of ND-GCN.?” For CZW/ND-GCN,
the C 1s spectrum displays two peaks at 284.86 eV and
288.58 eV. As shown in Fig. 3c, the N 1s of NCW/ND-GCN
demonstrate that the peaks centered at 398.87, 400.01, and
401.38 eV were related to the sp” hybridized triazine rings
(C=N-C), amino groups (N-H), and primary amine (C-NH,),
respectively.*® Similarly, in CZW/ND-GCN, the peaks placed at
398.45, 399.86, and 401.36 eV correspond to the above func-
tional groups. N 1s peak fitting was also used to determine the
chemical composition of ND-GCN, and the outcomes are
presented in Table S2 (ESIf). Terminal amino functional
groups N-H and sp®-hybridized aromatic nitrogen attached
to carbon atoms (C=N-C) are both significantly reduced in
ND-GCN compared to GCN.*° The loss of bridging sp> nitro-
gen atoms and terminal amino groups was shown to be the
primary cause of the N defects in ND-GCN, as seen by the
distribution of N 1s binding energy. We can conclude that
the nitrogen defects in ND-GCN nanosheets were established
by comparing the EDX elemental analysis of ND-GCN and
bare-GCN; their C/N atomic ratios were 0.908 and 0.66,
respectively. This study provides more evidence of which N
defects exist in ND-GCN.

Fig. 3d shows that the binding energy values are observed at
856.49 and 874.28 eV designated to Ni 2p;, and Ni 2py,,
respectively. The related satellite peaks occurred at 862.02
and 880.12 eV, which closely match the recently published
data, respectively. Fig. 3e depicts the XPS spectra of the Co 2p
element present in both nanocomposites. For NCW/ND-GCN
nanocomposite, the Co 2p spectra show the set of a doublet at
781.70 and 797.48 eV associated with Co 2p;/, and Co 2p,,, as
the response of the adsorbed surface hydroxide species and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 3 XPS spectrum of NCW/ND-GCN and CZW/ND-GCN nanocomposites (a) survey spectrum; (b) C 1s; (c) N 1s; (d) Ni 2p; (e) Co 4p; (f) Zn 2p; (g) W 4f;

and (h) O 1s.

cobalt salts, respectively, and also caused two satellite peaks to
be seen at 785.39 and 803.57 eV, respectively. Similarly, CZW/
ND-GCN containing two types of peaks around 781.82 and
797.63 €V could be specified as Co 2p;/, and Co 2py,, respectively,
and the satellite peaks were observed around 786.12 and
803.46 eV, respectively. The binding energies of Co 2p and Ni
2p agree with the information covered in earlier research,
wherein the authors asserted that these elements existed in
the +2-oxidation state.’® Fig. 3f shows the two distinct peaks
around 1021.87 and 1044.96 eV, corresponding to the spin-
orbit splitting of 23.09 eV between the Zn 2p;, and Zn 2p,,
energy states to estimate the divalent oxidation state of Zn.*!
Fig. 3g depicts the core level spectrum of W 4f for NCW/ND-
GCN, which was deconvoluted into two types of peaks. W 4f;,,
was the cause of the first peak measured at 35.47 eV. Hence, the
second peak was observed at 37.61 eV related to W 4f;),.
Similarly, CZW/ND-GCN nanocomposite shows two distinct

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

peaks around 35.52 eV and 37.63 eV specified to W 4f,, and
W 4f;), energy levels, respectively.”” According to Fig. 3h, the
O 1s spectrum of NCW/ND-GCN composite was fitted into
two peaks by employing the binding energies of 530.96 and
532.5 eV, respectively. The oxygen of the H,O molecule bound
at the surface of the catalyst is attributed to a peak with
low binding energy. Similarly, CZW/ND-GCN has two peaks at
around 530.83 and 532.47 eV. Therefore, the XPS results show
that the nanocomposites of NCW/ND-GCN and CZW/ND-GCN
were successfully formed.

3.2. Morphological characteristics and textural properties

The detailed morphological study was carried out by TEM studies;
the TEM micrographs of ND-GCN, NCW, CZW, NCW/ND-GCN,
and CZW/ND-GCN nanomaterials are illustrated in Fig. 4a-e.
Fig. 4a depicts the sheet-like morphology of ND-GCN and shows
the wrinkles on the ND-GCN nanosheets. Fig. 4b makes it evident
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Fig. 4 TEM images of the as-synthesized (a) ND-GCN; (b) NCW; (c) NCW/ND-GCN; (d) CZW; and (e) CZW/ND-GCN nanocomposite.

that as-fabricated NCW possesses a nanoflakes-like appearance,
and CZW is composed of a nano-sized homogeneous nanobrick-
like morphology, as depicted in Fig. 4d. Interestingly, the close
contact between the BMT nanoparticles and ND-GCN is verified
by the TEM pictures, as evidenced in Fig. 4c and e. As can be
observed in Fig. 4c, the TEM image of NCW/ND-GCN reveals that
the material maintains both nanoflakes and nanosheets, which is
evidence that the composite material has formed. Similarly,
Fig. 4e reveals that the CZW nano bricks are observed to be
attached to the ND-GCN nanosheets and that interaction could
aid in the separation of photo-generated charge carriers during
the photocatalysis process.

High-resolution TEM studies of NCW/ND-GCN and CZW/
ND-GCN nanocomposites showed both the crystalline and
amorphous nature of the materials, as depicted in Fig. 5.
As shown in Fig. 5a, d-spacing values of 0.28 nm and 0.17 nm
were obtained from HRTEM for NCW/ND-GCN nanocomposite,
which precisely matches the most intense line of XRD patterns.
Similarly, Fig. 5b demonstrates that the d-spacing values of
0.26 nm and 0.38 nm matched the monoclinic crystal structure
of the CZW/ND-GCN nanocomposite. The selected area electron
diffraction (SAED) pattern of the NCW/ND-GCN and CZW/ND-
GCN composites is depicted in Fig. 5c and d, which demon-
strate the diffraction rings. Several bright spots were noticed,
which indicates both the polycrystalline and amorphous nature
of the material. These findings agree with the XRD diffraction
patterns of the nanocomposites.

Energy dispersive X-ray spectroscopy (EDX) on the SEM can
be utilized to determine the existence of elements and their
corresponding elemental compositions in bulk-GCN, ND-GCN,
NCW, and CZW as well as in composite materials. The spectra
are displayed in Fig. S2 and S3 (ESIf). The EDX elemental
contents of bulk-GCN and ND-GCN are listed in Table S3 (ESIT).
For the C/N atomic ratio of bulk-GCN, as depicted in Fig. S2a
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Fig. 5 HRTEM images and SAED pattern of (a) and (c) NCW/ND-GCN;
(b) and (d) CZW/ND-GCN nanocomposites.

(ESIY), the elemental analysis of ND-GCN shown in Fig. S2b
(ESIt) demonstrates that the presence of nitrogen vacancies
causes the C/N atomic ratio to increase. Fig. S3a and b (ESIt)
depict the presence of Ni, Co, Zn, O, and W elements attributed
to NCW and CZW. It can be observed that C (35.27%), N
(10.8%), Ni (7.31%), Co (4.9%), W (24.76%), and O (16.96%)
peaks appeared in the EDX spectrum of NCW/ND-GCN, as
displayed in Fig. S3c (ESIt). Similarly, the EDX spectrum
of CZW/ND-GCN nanocomposite, as represented in Fig. S3d
(ESIY), reveals the presence of C (28.84%), N (9.41%), Co (8.9%),
Zn (3.81%), W (31.09%) and O (17.95%) elements. The atomic

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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ratios of the nanocomposites produced and the absence of an
impurity peak in the EDX spectra indicate the purity and
successful formation of the heterojunction. In addition, the
SEM-mapping images displayed in Fig. S4 and S5 (ESIt)
demonstrate the presence of all constituent elements (i.e., C,
N, Ni, Co, W, and O) in the NCW/ND-GCN composite and the C,
N, Co, Zn, W, and O elements present in the CZW/ND-GCN
nanocomposite.

To estimate the adsorption and degradation potential against
organic contaminants, we performed the N, adsorption-
desorption measurements on the ND-GCN and the composites,
employing liquid nitrogen adsorption-desorption isotherms.*’
Brunauer-Emmett-Teller (BET) isotherm curves for ND-GCN,
NCW/ND-GCN, and CZW/ND-GCN composites are shown in
Fig. 6a-c, along with the associated pore-sized distribution
determined using the BJH approach®® (Fig. 6d-f). The specific
surface area and pore size distribution of all samples are shown
in the figures. The CZW/ND-GCN composite was discovered to
possess the largest surface area, 78.28 m* g~ *; the surface area
of the ND-GCN was 21.08 m* ¢ ' and that of NCW/ND-GCN
was 56.26 m”> g~ '. By combining BMT nanoparticles, ND-GCN
nanosheets increase surface area. Furthermore, the ND-GCN
and NCW/ND-GCN samples exhibit type IV with H3 hysteresis
loops, while the CZW/ND-GCN nanocomposite exhibits type V
with H2 hysteresis loops, as shown in Fig. 6c. However, the
pore-size distributions of the fabricated samples demonstrate
that the ND-GCN possessed a mesoporous structure, with a
large pore size of 20.06 nm, and it became smaller while
making a nanocomposite, i.e. NCW/ND-GCN = 13.52 nm and
CZW/ND-GCN = 8.53 nm. This agrees with the distribution of
BMT evenly across the ND-GCN sheet. The specific surface
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areas of the composites we developed in this study were larger
than those reported in our earlier papers.”> Therefore, we
believe that ND-GCN and its composites will more effectively
degrade organic contaminants in visible light than has been
previously reported.

3.3. Electrochemical properties

To further test the electron transfer resistance, faster charge
carrier transportation, and reaction mechanism of the prepared
nanomaterials, electrochemical impedance spectra (EIS) were
performed. The size of the Nyquist curve represents the reac-
tion rate and resistance between the grains. A larger radius
causes the electrode reaction rate to decrease. Smaller arc radii
may indicate a faster interface electron transfer for improved
photocatalytic performance.”® The EIS results of the ND-GCN,
NCW, CZW, NCW/ND-GCN, and CZW/ND-GCN composites are
shown in Fig. 7a. Because of the strong interaction between the
BMTs and ND-GCN, the semicircular diameter of the composite
was obviously less than that of the bare ND-GCN, NCW, and
CZW. This reveals that the photo-generated charge can be
successfully separated and the recombination of charges
reduced. These findings were consistent and suggest that
fabricating composites using CZW nanoparticles with ND-
GCN significantly enhances the surface state and facilitates
faster charge carrier transportation, which is beneficial for
boosting photocatalytic performance.

Generally, the edge potentials of the CB and VB of a
semiconductor are crucial to the photocatalytic degradation
reaction. CB and VB potentials for ND-GCN, NCW, and CZW
nanomaterials were predicted using the Mulliken electronega-
tivity theory and Mott Schottky investigations. The following
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Fig. 6 BET surface area analysis and pore size distribution curve of (a) and (d) ND-GCN; (b) and (e) NCW/ND-GCN; (c) and (f) CZW/ND-GCN

nanocomposites.
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formula can be used to obtain the Mulliken electronegativity (i)
of compound:*’

£ (5,2) = (R,

where x, y, and z represent the total number of X, Y, and Z
atoms in an X,Y,Z, material; and z(X), x(Y), and y(Z) represent
the absolute electronegativity of the atoms. The Mulliken
definition states that the absolute electronegativity of an atom
is equal to the geometric mean of its electron affinity (4) and its
first ionization energy (1).*® Finally, using the Mulliken electro-
negativity values, the Eyg and Ecg positions of ND-GCN, NCW,
and CZW nanomaterials are evaluated by employing the follow-
ing formulas:*°

EVB =1 — Ee + O.5Eg,
Ecp = Bvg — E.

In this equation, Eyg and Ecp depict the energies of the VB
and CB, respectively; y represents the absolute electronegativity
of the photocatalyst (semiconductor); E. represents the energy
of free e~ on the hydrogen scale (~4.5 eV); and E, represents
the band gap of the photocatalyst. The results of the UV-DRS
study reveal the E, value of ND-GCN = 2.8 eV, NCW = 2.23 eV,
and CZW = 2.15 eV. The y values of ND-GCN = 4.73,°° NCW =
5.97, and CZW = 5.98 eV. The VB and CB values of ND-GCN,
NCW, and CZW are estimated, as illustrated in Table S4 (ESIT),
which agrees well with the previous calculations.

7782 | New J. Chem., 2023, 47, 7774-7789

Moreover, Mott-Schottky’s interpretation aided in identify-
ing the flat band potentials (Eg,) of ND-GCN, NCW, and CZW
samples. The flat band potential of an n-type semiconductor
equals its Fermi level is a well-known fact.>® Moreover, by
extending the linear component of the Mott-Schottky curves,
the semiconductors ND-GCN, NCW, and CZW have various
Fermi levels, which are —1.77, —0.32, and —0.22 V vs. Ag/AgCl,
as shown in Fig. 7b-d. Furthermore, all the analyzed samples
have a positive slope on the M-S graphs, indicating n-type
semiconductor characteristics. The following formula was used
to determine the conduction band minimum (CBM):*?

Eg, (NHE) = Epyag/agc) + E(agiagan + 0.059 pH,

where the sodium sulphate electrolyte has a pH of 7 and the
Eagcr) = 0.197 V at 25 °C. Consequently, the Ecgy of ND-GCN,
NCW, and CZW were claimed to be —1.16 V, 0.29 V, and 0.39 V
vs. NHE, respectively. It is well acknowledged that the Fermi
level of the n-type semiconductor is close to that of the Ecpy.
The CB edge of such n-type semiconductors is more negative by
approximately 0.10 V than at the Fermi level.>® In accordance
with the equation Evgy = Ecgm + Eg (Evpw is the potential of the
valence band), the Eygy of the ND-GCN, NCW, and CZW can be
determined to be 1.64 V, 2.52 V, and 2.54 V vs. NHE, respec-
tively. The band edge potentials obtained in the Mulliken
electronegativity calculations and Mott Schottky studies are
provided in Table S4 (ESIt), and these results reveal that
both values are almost similar. The clear electronic band gap

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023


https://doi.org/10.1039/d3nj00660c

Published on 04 2023. Downloaded on 19-10-2025 2:31:58.

Paper
24 ND-GCN
-
] T
= | cBiGEH
= 14
a NCW CZW. 0,/0,7(-0.33)
Z HY/H, (0)
= 28eV L )
LS Wi N _ . -]\ — 0,/H,0, (0.695)
> 1 0,/H,0(1.23)
3 dvg 223 eV 2.15evV
E 2 +1.63 eV ‘OH/OH" (1.99)
=] 4
g e *OH/H,0 (2.7)

Fig. 8 Based on the Mott—Schottky study the estimated band gap ener-
gies and band edge potentials and the detailed electronic band structures
of the ND-GCN, NCW, and CZW.

structures of the ND-GCN, NCW, and CZW are demonstrated in
Fig. 8 based on the calculated band gap energies and band edge
potentials.

3.4. Performance assessment of photocatalysis

Initially, the photocatalysis performance of the fabricated bulk
GCN, ND-GCN, NCW, CZW, NCW/ND-GCN, and CZW/ND-GCN
samples was analyzed using degradation experiments per-
formed for AZI and TC antibiotics as model organic contami-
nants under visible light exposure. To assess the adsorption-
desorption equilibrium of the antibiotic drugs on the surface of
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the photocatalyst, dark experiments were conducted. The sus-
pensions were left in the dark with the photocatalysts for
15 min. Following this, 3 mL of the antibiotic solution was
withdrawn to observe the adsorption rate and to record the
UV-vis absorption spectra. The adsorption study demonstrated
that degradation occurred mostly as a result of visible light
irradiation. Visible light-induced self-degradation of AZI
and TC is carried out without photocatalyst using identical
experimental conditions. The photocatalytic degradation per-
formance of AZI and TC antibiotics is just 3-5% owing to the
selfpyrolyzation. The photolysis and adsorption procedures
demonstrated that organic contaminants degraded in the
presence of light and photocatalysts. From Fig. S4 (ESIY), it
can be determined that the binary nanocomposite photocata-
lysts possess higher degrading performance than bulk GCN,
ND-GCN, NCW, and CZW nanoparticles under visible light
exposure. The inclusion of an appropriate amount of NCW
and CZW nanoparticles improved the photocatalysis perfor-
mance of ND-GCN.

In particular, the degradation performance of CZW/ND-GCN
photocatalyst reached a degradation of 98.64% towards AZI and
TC (98.17%), each at 40 mg/50 mL-dose, which was significantly
higher than that of bulk-GCN (AZI-32.51% and TC-29.51%),
ND-GCN (AZI-64.6% and TC-58.77%), NCW (AZI-37.89% and
TC-41.12%), CZW (AZI-42.6% and TC-44.27%), and slightly
higher than that of NCW/ND-GCN (AZI-91.19% and TC-96.31%)
composite. The results revealed that NCW/ND-GCN and
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Fig. 9 UV-Vis absorption spectrum of (a) and (b) AZI; (c) and (d) TC antibiotic degradation using NCW/ND-GCN and CZW/ND-GCN photocatalyst.
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CZW/ND-GCN were the best photocatalysts, so they were
employed in all subsequent photocatalysis tests. Fig. 9a-d
depicts UV-vis spectra of AZI and TC antibiotic decomposi-
tions under visible light using the NCW/ND-GCN and CZW/
ND-GCN optimized nanocomposites. The distinct absorption
peaks of 282 nm for AZI, and 274 nm and 357 nm for TC were
considered while calculating the dye concentrations. The AZI
and TC antibiotic concentration plots in relation to the
irradiation period and the kinetics of antibiotic degradation
graphs are depicted in Fig. 10a-d. Fig. 10a and ¢ demonstrate
the decrease in AZI and TC antibiotic concentration (C,/Cy)
owing to irradiation duration for NCW/ND-GCN and CZW/
ND-GCN catalysts when subjected to photocatalysis. In the
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C./Cy plot, ‘C; indicates the concentration of antibiotic after
the catalysis process for period ‘¢’, while C, indicates the
antibiotic’s starting concentration. It was established from
the AZI and TC antibiotic degradation plots that the CZW/ND-
GCN composite catalyst exhibited the greatest degree of
degradation rate among all photocatalyst materials. The
synergistic impact between the ND-GCN nanosheets and
NCW and CZW nanoparticles aids in capturing better light
illumination and enhancing charge carrier separation, which
was found to increase the degradation efficiency of the NCW/
ND-GCN and CZW/ND-GCN photocatalyst.

The pseudo-first-order mechanism could be used to estab-
lish the antibiotic decomposition rates when they are subjected

1.05(2) AZI
&o
0.8+ °\o
—-@=NCW/ND-GCN

0.6 =Q@—-CZW/ND-GCN

N\

AN

C/Co

o

In (Co/Cp)
v

14
@ NCW/ND-GCN
Q@ CZW/ND-GCN

04
0.04 2
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (min) " Time (min)
)
104 (©) TC () TC
0.8+ 34
0.6 53
o° —@—-NCW/ND-GCN | % 24
=~ ——CZW/ND-GCN | ©
o 044 =
0.2 11 @ NCW/ND-GCN
' @ CZW/ND-GCN
0.04 04
AJ T J T T T L) J U J T T T T
0 15 30 45 60 75 0 10 20 30 40 50 60 70 80
Time (min) Time (min)
0.10
() - .
I NCW/ND-GCN
"ZW/ND-GCN
0,08 I CZW/ND-GC
-~
' 0.064
g
=3
=9
o
X

Fig. 10 (a) and (c) C/Cq plots; (b) and (d) linear fit of photocatalytic degradation of AZI and TC antibiotics and (e) effect of solution pH on the degradation
of AZI over as-synthesized NCW/ND-GCN and CZW/ND-GCN photocatalyst.
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to visible light, and the value of “k” can be found by employing
the following formula:

— ln(Cz/C()) = kt,

where ‘¢ represents the light irradiation time and ‘&’ represents
the pseudo-first-order rate constant. Furthermore, pseudo-first-
order rate laws are reflected in the linear plots of In(Cy/C,) vs.
time (min) for such antibiotic degradation processes. The
estimated K,p,, values from Fig. 10b and d are 0.0494 and
0.0528 min~" for the AZI and 0.0427 and 0.0509 min~ " for TC
antibiotic degradation using NCW/ND-GCN and CZW/ND-GCN
photocatalysts. It was determined that the rate constant of
NCW/ND-GCN and CZW/ND-GCN composites has a greater
value when compared to that of bare ND-GCN nanosheets
and NCW and CZW nanoparticles.

The effect of solution pH on the degradation of AZI antibiotics
in NCW/ND-GCN and CZW/ND-GCN systems is shown in
Fig. 10e. The solution pH condition is a critical factor that can
affect the surface properties of NCW/ND-GCN and CZW/ND-GCN
nanocomposites, as well as the concentration of hydroxyl
radicals,® the ionization state of AZI, and the formation of active
radical species. It can be obtained in Fig. 10e that the K,p, of
the photodegradation rate of AZI significantly increases from
0.0167 min~* at pH 4.0 to 0.0528 min ' at pH 7.0 for NCW/ND-
GCN and 0.0179 min ™" at pH 4.0 to 0.0560 min ™" at pH 7.0 for
CZW/ND-GCN and then decreases as the pH further increases
from 7 to 10.0. Owing to synergism, a wide surface area, and
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restriction of the e /h" ion recombination, the best result for the
degradation of the AZI antibiotic was evaluated at 15 ppm target
strength, with a 40 mg catalyst with a dose pH ~ 7. Additionally,
at neutral pH, contaminants degrade to the greatest extent.

3.5. Introduction of Z-scheme NCW/ND-GCN and
CZW/ND-GCN photocatalyst for the recovery
of pharmaceutical effluent

The phosphates of ammonium chloride, aminophylline,
methanol, and a particular salt of glycerophosphate are all
components of pharmaceutical industry effluent. Organics
and other antiseptics also contain chlorhexidine, permanga-
nates, and quaternary ammonium compounds. Thus, the
chemical oxygen demand (COD) level of the pharmaceutical
industry’s effluent ranges from 1600 to 7000 mg L™ " is allowed
based on the newly available scientific evidence.>® This COD
level indicates that the pharmaceutical effluent contains higher
than average levels of organics, necessitating treatment before
water release. The collected pharmaceutical effluent had an
initial COD value of 5840 mg L™'. To minimize the COD of
pharmaceutical effluent, the optimized Z-scheme NCW/ND-
GCN and CZW/ND-GCN nanocomposite provided an efficient
treatment under visible light irradiation. Within 90 min of
the assessment, photocatalytic degradation caused a sizable
quantity of degradation in the pharmaceutical effluent.

Fig. 11a and b demonstrate the UV-vis spectra of the
pharmaceutical effluent degradation rate of about 95.16% with
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the NCW/ND-GCN hybrid nanocomposite and 97.84% using
CZW/ND-GCN composite in the emergence of visible light, and
a TOC assessment was carried out to confirm the rate of
degradation and to estimate the mineralization efficacy of the
nanocomposite. The intermediate compounds produced dur-
ing the decomposition of organic pollutants may be even more
harmful than the original organic pollutants. To ensure a
successful degradation process, a TOC study must be con-
ducted. The average TOC removal efficiency and pharmaceuti-
cal wastewater degrading efficiency of the Z-scheme NCW/
ND-GCN and CZW/ND-GCN photocatalyst under visible light
(71.2% and 76.8%) are provided, as depicted in Fig. 11c. In the
operation of photocatalysis after 90 min, the maximum of
80.07% COD reduction efficiency (5840 to 1164 mg L") was
achieved for the CZW/ND-GCN and 78.49% COD reduction
efficiency (5840 to 1256 mg L™ ') was achieved for the NCW/
ND-GCN. These findings from the TOC and COD analyses
suggest that the synthesized CZW/ND-GCN nanocomposite is
a more beneficial photocatalyst for the mineralization of
organic contaminants than the NCW/ND-GCN nanocomposite.

3.6. Identification of active radicals

The development of a Z-scheme nanocomposite and the
decomposition of antibiotics requires the confirmation of the
active radicals associated with these processes. The findings of
the elemental trapping experiment on the degradation of
pharmaceutical effluent using NCW/ND-GCN and CZW/ND-
GCN photocatalysts are displayed in Fig. 12a. The potential
energy of the CB and VB of the photocatalyst is intimately
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connected to the production of the active species. It was
possible to measure the establishment of *0,~, h*, and *OH
radicals during photocatalysis using several radical scavengers,
such as BQ, EDTA, and IPA. It is observed from a straight-
forward correlation of the 0,/°0,” (—0.33 eV vs. NHE) and
OH /*OH (+1.99 eV vs. NHE) standard redox potential vs. the
CB and VB potential results of the ND-GCN, NCW, and CZW, as
depicted in Fig. 7 (electronic band structure diagram). In
accordance with the test for capturing free radicals, electrons
at the CB of ND-GCN can reduce O, to *O,  because the CB
edge potential of ND-GCN (—1.17 eV vs. NHE) is more negative
than the standard redox potential O,/°O,” (—0.33 eV vs. NHE).
Therefore, superoxide radicals are one of the active species.
Subsequently, the electrons at the CB of NCW and CZW cannot
reduce O, to *O,  because the CB edge potential of NCW
(+0.29 eV vs. NHE) and CZW (+0.41 eV vs. NHE) is more positive
than the standard redox potential 0,/°O,” (—0.33 eV vs. NHE).
However, the oxygen adsorption capacity on the surface of the
nanocomposite can interact with two e~ to produce H,O,. This
is because the CB edge potential of NCW and CZW is more
negative than the conventional redox potential O,/H,0,
(+0.685 eV vs. NHE). Then, H,0, combines with one e~ to make
*OH, which has a strong oxidation property and takes part in
the photocatalytic reaction. In addition, the VB potential of
NCW (+2.52 eV vs. NHE) and CZW (+2.55 eV vs. NHE) is greater
than the conventional redox potential of OH /*OH (+1.99 eV vs.
NHE), indicating that the accumulated holes on the VB of NCW
and CZW can oxidize OH™ to create *OH. Scavenger experi-
mental studies have shown that such assumptions are well
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supported. Based on the results of an elemental trapping
experiment conducted with NCW/ND-GCN and CZW/ND-GCN
photocatalysts, it was determined that the °O,” and °*OH
radicals are the primary active species in the degradation of
antibiotics. As a result of adding EDTA, the antibiotic degrada-
tion efficiency was measured to be approximately 93.08% for
NCW/ND-GCN and 95.13% for CZW/ND-GCN, proving that
holes do not play a role in this degradation process. Introdu-
cing BQ and IPA lowered the degrading efficiency of the NCW/
ND-GCN nanocomposite to 14.98% and 19.9%, respectively,
while doing the same for the CZW/ND-GCN nanocomposite
resulted in a decrease to 9.58% (BQ) and 15.18% (IPA). The
radical trapping study shows that both °*O,” and °*OH are
involved in the antibiotic photocatalytic degradation process.
Furthermore, some of the reference articles containing ESR/
EPR radical trapping experiments were compared with this
study to further validate the presence of hydroxyl and super-
oxide radicals in the Z-scheme NCW/ND-GCN and CZW/ND-
GCN composites.>®

The fact that g-C;N, can clearly detect the signal of DMPO-
*0, under visible light, as shown by Sher et al. (2021), suggests
that O,* can be created and that it is an important component
of the photocatalysis process. However, the characteristic peaks
of DMPO-*OH may be disregarded.>” The findings of this study
provide more evidence that superoxide radicals are the primary
species, whereas hydroxyl radicals are the secondary active
species. It is demonstrated from this study that O,* and *OH
have a synergistic effect during the photocatalytic degradation
of antibiotics. The results of the ESR analysis from this research
are similar to those of free radical trapping studies.

3.7. Recycle stability

Finally, to assess the stability and reusability of the fabricated
NCW/ND-GCN and CZW/ND-GCN heterojunctions, five conse-
cutive cycles of photocatalysis experiments were performed for
the visible light photocatalysis of pharmaceutical effluent
degradation. The findings are depicted in Fig. 12b. Following
each catalytic cycle, the photocatalyst is collected through
centrifugation and properly washed using DI H,O, and the
recovered catalyst is reused in the next cycle. The photocatalytic
degradation performance of NCW/ND-GCN and CZW/ND-GCN
is 95.16% and 97.84% (1st run), 93.8% and 96.01% (2nd run),
92.59% and 95.51% (3rd run), 91.34% and 93.47% (4th run),
and 90.09% and 91.3% (5th run) after 330 min of treatment
with visible light, as shown in Fig. 12b. The findings suggest
that the NCW/ND-GCN and CZW/ND-GCN heterojunctions are
highly reusable, and the slightly reduced activity after five
photocatalytic cycles is most likely due to the loss of a small
amount of nanocomposite powder during filtering through a
0.45 pm millipore filter membrane. Furthermore, the XRD
analysis of the NCW/ND-GCN and CZW/ND-GCN heterojunc-
tions both before and after the photocatalysis proved that
typical diffraction peaks of the nanocomposites were remark-
ably unchanged, as illustrated in Fig. 12c and d, indicating the
stability of the photocatalyst under visible light. Therefore,
NCW/ND-GCN and CZW/ND-GCN heterojunctions can function
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as effective heterogeneous photocatalysts with prospective
applications in the detoxification of organic contaminants from
wastewater.

3.8. Exploration of the possible reaction mechanism

The interface charge transfer between the BMT nanoparticles
and ND-GCN influences the photocatalysis performance of the
nanocomposite photocatalyst. In accordance with the band
structure of BMTs and ND-GCN, the mechanism of photocata-
Iytic degradation of pharmaceutical effluent was proposed, as
shown in Scheme 1. BMT nanoparticles and ND-GCN are two
distinct effective visible light absorption centers used in the
light-harvesting process.

For the prepared nanocomposite, there are two possible
methods for transferring charges. BMTs have a higher positive
CB and VB than ND-GCN, which has a CB and VB of —1.17 eV
and +1.63 eV, respectively. Based on the concept of energy band
arrangement, the synthesized nanocomposites may have gen-
erated a typical type-II heterojunction (Scheme S1, ESIT). BMTs
and ND-GCN both produce and separate e~ and h" in response
to visible light irradiation. The photoinduced e~ in the CB of
ND-GCN migrated to the CB of the BMTs. The separation of e~
and h” would occur owing to the photogenerated hole in the VB
of BMTs transferring to the VB of ND-GCN. Because the
reduction potential of O,/°*O,  (—0.33 eV vs. NHE) is lower than
the CB potential of BMTs, the electrons on the CB of these
materials could not reduce O, to form *O,". Additionally, the
VB potential of ND-GCN is more negative than the oxidation
potential of OH /*OH (+1.99 eV vs. NHE). Therefore, the h"
accumulated in the VB of the ND-GCN could not oxidize OH™ to
form *OH. The radical trapping experiment and these theore-
tical findings did not correlate, so typical type-II heterojunction
formation is not possible in this case.

Hence, the charge transfer method used by photogenerated
carriers in NCW/ND-GCN and CZW/ND-GCN may differ from
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Scheme 1 Deciphering the Z-scheme charge transfer and degradation
mechanism using NCW/ND-GCN and CZW/ND-GCN photocatalyst.
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the transfer strategy used by photogenerated carriers in a
normal type-II heterojunction. The electron and hole transport
pathways in NCW/ND-GCN and CZW/ND-GCN support the
direct Z-scheme mechanism (Scheme 1). The photogenerated
electrons deposited on the CB of BMTs are transported when
NCW/ND-GCN and CZW/ND-GCN are exposed to visible light.
The transferred electron recombines with the hole in the VB of
ND-GCN. The effective separation of e~ and h* pairs is encour-
aged by this process. In ND-g-C3N,, the photo-induced e~ was
deposited in the CB, while in BMTs, h" was accumulated in the
VB. O, can be reduced to °O,” in the CB of ND-GCN by
photogenerated electrons because the CB value of ND-GCN
(—1.16 eV) is more negative than that of 0,/°0,” (—0.33 eV
vs. NHE). Because the VB potential of BMTs was greater than
that of OH /*OH (+1.99 eV vs. NHE), the hole in the VB of BMTs
might stimulate OH™ to produce *OH and then oxidize organic
contaminants. The test reports from experiments on radical
trapping agree with the findings and analyses presented above.
In conclusion, the charge transport mechanism of the Z-scheme
heterojunction supports the photocatalytic response of the NCW/
ND-GCN and CZW/ND-GCN composite photocatalysts. Therefore,
the following three factors can be used to interpret the remark-
able improvement in photocatalytic performance: (i) increased
specific surface area, improved visible light absorption potential,
and great photocatalytic consistency; (ii) noticeably increasing
photocurrent responsiveness, decreasing interface transfer resis-
tance, and increasing charge carrier density; and (iii) the active
separation and transition of photoexcited e~ and h* aid from the
development of a Z-scheme system between BMT nanoparticles
and ND-GCN.

Table S5 (ESIt) shows the photocatalysis performance effi-
ciency achieved using ND-GCN and metallic tungstate photo-
catalyst samples that have previously been published. For
comparison, the results of the present research findings are
provided. The outcomes show that our photocatalyst operates
remarkably well compared to existing catalysts, especially in
visible light. Owing to the simple control synthesis strategies,
the novelty of the photocatalyst and the affordability of raw
materials are motivations for conducting future research for
real-world applications.

4. Conclusions

In conclusion, we successfully fabricated the NCW/ND-GCN
and CZW/ND-GCN nanocomposite with a Z-scheme hetero-
structure using a facile polycondensation and wet chemical
approach. The TEM investigation revealed that the NCW, CZW,
and ND-GCN produced nanoflakes, nanobricks, and nano-
sheets that resembled the morphology of a heterojunction
photocatalyst. EIS and Mott-Schottky studies indicate that the
synthesized Z-scheme heterojunctions feature great separation
efficiency of photogenic carriers. The degradation impact of AZI
and TC antibiotics using the NCW/ND-GCN and CZW/ND-GCN
nanocomposites increased by 40-50% compared to bulk GCN,
ND-GCN, NCW, and CZW. The Z-scheme heterojunction charge
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transfer mechanism supports the potential to separate photo-
generated charge carriers. Furthermore, when exposed to visible
light, the optimized CZW/ND-GCN nanocomposite demonstrated
the highest efficiency of pharmaceutical effluent degradation,
achieving approximately 97.84% within 90 min. The radical
scavengers experiment revealed that *O,” and *OH were the
main active radical species in the degradation of pharmaceutical
effluent. Recycling experiments demonstrate that NCW/ND-GCN
and CZW/ND-GCN possess outstanding reusability and stability.
Consequently, this research provides a new glance at the sys-
tematic design of Z-scheme NCW/ND-GCN and CZW/ND-GCN
photocatalysts with efficient charge separation for the treatment
of environmental water contaminants.
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