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Environmental significance

2D/2D nitrogen-doped graphitic carbon nitride/
cobalt sulfide nanostructures for fast
photodegradation of methylene blue dye and real
industrial sewage effluentsy

*a

Sai Bhargava Vuggili, 2 Umesh Kumar Gaur,” Tushar Tyagi® and Manu Sharma

Currently, the pollution of water and air is causing many diseases in humans and water pollution from textile
industries is causing various problems for the livestock. To deal with this, photocatalytic degradation by g-
C3N4-based nanocomposites has been trending in the scientific world. It is believed that doping with metals
or nonmetals and constructing a nanocomposite with a metal sulfide can establish suitable energy band
positions bandgap as an semiconductors, thus
photodegradation efficiency. Herein, nitrogen-doped g-CsN4/CoS (CSNG) nanocomposites have been

and a interface  between two enhancing
synthesized using a facile polycondensation-hydrothermal method by varying the concentration of
nitrogen-doped g-C3zN4 (NG). The CSNG-2 nanocomposite showed maximum photocatalytic efficiency
(0.03474 min~') and adsorption capacity (~192 mg g~%) as compared to NG and cobalt sulfide (CS). The
results suggest that industrial real samples (RS), RS.I and RS.ll, were degraded by 60% and 41% in 20 and
70 min, respectively. A mixture of RS.| with Methylene Blue (MB) dye solution, degraded 79% and 98% in
20 min, and RS.II with MB solution degraded 72% and 99% in 40 min. Scavenger and stability studies
were performed with the CSNG-2 nanocomposite to determine the roles of organic species and
photocatalytic efficiency during the photocatalytic mechanism. Superoxide played an important role in
the photodegradation of MB and showed excellent photostability in five consecutive cycles with a loss of
just 0.7%. Thus, our research highlights improved photocatalytic activity in the degradation of MB and
industrial real samples with the enhanced photostability of CSNG nanocomposites, and the CSNG-2

nanocomposite can also be very useful in water-splitting and CO, reduction, etc.

Today, the primary challenge of the human society involves reducing the burden of energy consumption and environmental degradation. Waste in the form of
solids or liquids (organic pollutants) is increasing daily because of the manufacturing and building of new industries, which also disturbs the environment.
Water contamination is being caused by a variety of businesses, including the textile, chemical, poultry, dairy, and pharmaceutical industries. Although many
researchers have tried to treat these industrial wastewaters, we, the researchers from the Central University of Gujarat, Gandhinagar, India, are trying to make
sure that these industrial wastewaters can be easily treated at a low cost to society. Herein, we report the effective degradation of organic pollutants, with good

stability and great enhancement of our materials. This work provides a good platform for understanding the material properties and catalytic activity in the

presence of visible light.

1. Introduction

environmental pollution. Day-by-day the increase in the
manufacturing and construction of industries causes increase

Nowadays, there are two main challenges for human society,
namely, to reduce the burden of energy consumption and
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the waste in the form of solids or liquids (organic pollutants),
which also disturbs the environment. Various industries such
as textile, chemical, poultry, dairy, and pharma, are discharging
the wastes directly into the water, thus creating water pollution.
These industries discharge toxic, carcinogenic, non-degradable
wastes into the water bodies and cause severe problems for
human life, aquatic life and also livestock. One of the major
sources of water pollution is the presence of many pollutants in
water, which are generated by textile industries through the use
of different dye colorants."” In particular, textile industries
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cause more severe damage to the environment because they use
harmful chemicals such as organic pollutants, heavy metals,
cationic dyes, anionic dyes, azo dyes, pesticides, and oils.*™*®
Among them, Methylene Blue (MB) is a common cationic dye
that is toxic and carcinogenic and is especially used in food
processing, pharmaceutics, printing, and textile industries. It
has a molecular formula of C;¢H;5CIN;S, is odorless and is
a dark green-colored powder but when added to water it appears
as a blue solution at room temperature.’® Different biological
and chemical methods can be used for treating wastewater from
different industries, namely, nano-filtration, advanced chem-
ical oxidation, electro- and chemical coagulation, sedimenta-
tion, ultrasonic decomposition, and adsorption processes."”
There are some disadvantages to these techniques such as high
cost and excessive waste of energy, and the techniques are
complicated.*®**

Among the various techniques, photocatalysis is one of the
important and very useful techniques; it is cost-effective, easy,
and stable with photocatalysts in the photocatalytic decolor-
ization and degradation of organic pollutants.>® Earlier, tita-
nium oxide (TiO,) was considered an excellent UV light-active
semiconducting material for environmental remediation from
wastewater and atmosphere pollution, H, production, and
water splitting, due to its high stability, low cost, enhanced
photocatalytic efficiency, and low-toxic nature.”** Nevertheless,
TiO, has major drawbacks that cause it to be unsuitable on an
industrial scale; it possesses a wide bandgap of ~3.2 eV, which
is applicable in UV radiation (conquering <5% of the solar
spectrum) and fast recombination of photogenerated hole-
electron pairs. Therefore, many attempts have been made to
develop a semiconductor having a narrow bandgap in the
visible region that can remove organic pollutants quickly and
effectively.” Indeed, many photocatalysts have the properties of
low quantum efficiency, high cost, high recombination rates,
and less utilization of photogenerated charge carriers, which
lead to low photodegradation efficiency.”*** Photocatalysts
with Z-scheme heterojunctions can be used to explain the
charge separation mechanisms. This is because of their excep-
tional light trapping and consumption abilities, spatially
distributed reductive and oxidative active sites, and high redox
capacities."*’

Nowadays, two-dimensional (2D) materials have attracted
much interest in fabricating novel photocatalysts and energy
storage due to their excellent physicochemical, optical, elec-
trical, and thermal properties.”® 2D materials are also attractive
because of their physical characteristics such as high elasticity,
mobility, improved quantum transport, and electromechanical
modulation.** Among the 2D materials, recently, the graphite-
like two-dimensional structure with a metal-free polymeric
semiconductor nature, named graphitic carbon nitride (g-
C3N,), has been considered as an attractive nanomaterial in
water splitting, remediation of organic pollutants, super-
capacitors, sensing, drug delivery, and energy storage and
hydrogen production.”*™” It shows unique properties such as an
excellent energy bandgap of 2.79 eV that can absorb visible
light, high thermal stability (~600 °C), low-cost synthesis,
excellent photochemical and physicochemical properties,
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improved chemical properties (stable in organic, basic, and
acidic solvents) and appropriate electronic band structure.>**’

It is well known that a material with a m-conjugated delo-
calized structure has a slow charge recombination rate of elec-
tron-hole pairs and fast charge separation efficiency. To date,
numerous studies have been reported such as elemental doping
with g-C3;N,, morphology change, tuning of the bandgap, and
heterojunction construction with g-C;N, and semiconductors to
improve the solar-light absorption to enhance photocatalytic
efficiency.”® However, g-C3N, still has a few drawbacks such as
low quantum efficiency, inadequate solar-light absorption, and
high recombination rate of photoexcited electron-hole pairs.
Due to these factors, it is believed that element doping can
establish a suitable bandgap and band positions between the
two materials, consequently enhancing the photodegradation
efficiency. Among the elements, nitrogen (N) doping is easy and
has shown improved catalytic properties with g-C3N,
nanostructures.”*> Vuggili et al. developed 2D/2D nitrogen-
doped g-C3;N, with In,S; nanocomposites for the photo-
catalytic degradation of dyes. The as-prepared materials resul-
ted in ~99% photocatalytic degradation of MB dye in just
10 min with enhanced adsorption capacity. Industrial waste-
water was also degraded by ~99% in 10 min with a cost-effective
photocatalyst.> Xuli et al. synthesized nitrogen-doped carbon
dots on g-C3N,/Ag;PO, nanostructures for application in the
photocatalytic degradation of organic pollutants. They showed
that Methylene Blue (MB) and Rhodamine B (RhB) were
degraded effectively in just 20 min and 15 min, respectively. The
stability of the as-prepared photocatalyst was checked for four
cycles with a slight loss of material. They concluded that
nitrogen-doped photocatalysts played an important role in
environmental remediation.*?

Importantly, given the cost of photocatalysts, it is essential to
replace noble metals with noble-free co-catalysts.** Noble-free-
co-catalysts such as Cu, Ni, and Co-based sulfides or oxides
show good adsorption and photocatalytic activity when
combined with g-C;N; nanostructures. Among them, cobalt
sulfide (CS), a typical transition metal sulfide, is a good visible
light active photocatalyst that has good chemical stability,
reactivity, and high photocatalytic performance. CS nano-
structures are also fabricated for different applications such as
sensors, solar cells, water splitting, environmental remediation
of pollutants in the air and water, electrocatalysis, and super-
capacitors. Moreover, CoS nanostructures help to improve the
lifetimes of photogenerated charge carriers and to boost the
charge separation efficiency of the electron-hole pairs.***°
Recently, Khan et al. synthesized cobalt sulfide nanostructures
as adsorbents and photocatalysts for the remediation of dyes.
The as-prepared samples resulted in around 99% photo-
degradation and the maximum adsorption capacity of MB dye
was found to be 629 mg g~'. Stability was checked up to the 8™
cycle with only negligible loss of the sample.’” Wengqian et al.
synthesized hollow cobalt sulfide nanospheres for the degra-
dation of ciprofloxacin. They achieved 100% degradation of
ciprofloxacin by CoS, hollow nanospheres at pH 8 in just 3 min
with ~62% mineralization of ciprofloxacin.** Lylia et al. devel-
oped CoS-rGO by a solvothermal method for the degradation of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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RhB dye and pentachlorophenol in water. They found that the
as-prepared material achieved the enhanced remediation of
RhB and pentachlorophenol in just 10 min at room tempera-
ture. Indeed, the stability of the materials confirmed that the
material was stable until the 8™ cycle.”

Herein, we report a simple, efficient, and easy one-step
hydrothermal method for the synthesis of g-C;N,/CoS nano-
composites by varying weight ratios of NG with CS for the
degradation of methylene blue dye and industrial wastewater.
This work highlights a simple and novel idea for the synthesis
using self-heating and secondary calcination with metal sulfide
for effective degradation.

2. Experimental section
2.1 Materials

The materials used included melamine (C3HgNg, 99%, Sigma-
India), cobalt nitrate hexahydrate (Co (NOj),-6H,0, 99%
Sigma-India), trisodium citrate (Naz;CeHO,-2H,0, 99% Sigma-
India), triethanolamine (C¢H;sNO;z;, SRL-India), ammonia
solution (NH;-H,0, SRL-India), thiourea (CH,N,S, 99% Sigma-
India), methylene blue (C;6H;5CIN;S, 99.5% Sigma-India), and
ethanol (C,H;0H, 99.5%). Throughout the experiment, Milli-Q
water was used for preparing all the samples. All chemicals
and Milli-Q water were used without any further purification.
The quartz crucible and Borosil glassware, which were to be
used in the experiment, were oven-dried before starting the
experiment. Collected industrial samples were taken from
Pirana Sewage Treatment Plant (180MLD) coordinated at 22° 58’
51.2" N latitude, 72° 32" 36.8” E longitude.

2.2 Synthesis of nitrogen-doped g-C;N, (NG) nanosheets

Nitrogen-doped g-C3N, (NG) nanosheets were synthesized
according to our previous report.”>*' A two-step process was
used to synthesize NG. Firstly, 10 g of melamine was taken in
a quartz crucible and kept for thermal polycondensation under
an air atmosphere for 4 h at 500 °C. After cooling to room
temperature, the solid particles were made into fine particles
and kept for thermal polycondensation at 600 °C for 2 h under
an air atmosphere for synthesizing nitrogen-doped g-C3;N,
nanosheets. The product color was chrome yellow, and the final
fine powder was used for further characterization. The sample
was denoted as “NG”.

2.3 Synthesis of the NG/CoS (CSNG) nanocomposites

We varied the amounts of NG with CS for fabricating NG/CS
nanocomposites as 40 mg, 80 mg, and 160 mg. The said
amounts were taken in different round bottom flasks contain-
ing 20 mL of Milli-Q water and sonicated for 20 min. After
a homogeneous solution was obtained, 300 mg of Co
(NO3),-6H,0 was added to 20 mL of Milli-Q water, which turned
into a pink solution, and stirred for 20 min at room tempera-
ture. Then, 150 mg of trisodium citrate (TSA), 2 mL of trietha-
nolamine (TEA), and 8 mL of ammonia solution were slowly
added with constant stirring while the color changed to a dark
pink solution (A). Next, ~76 mg of thiourea was freshly prepared
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in 10 mL of Milli-Q water (B), which was added to the solution
(A) slowly with constant stirring for an hour. Finally, the solu-
tion was transferred to a 60 mL Teflon-lined-autoclave and
placed in an oven for 6 h at 180 °C. After cooling, the solution
was sonicated for 5 min and then washed 5 times with Milli-Q
water and, subsequently, once with ethanol. Finally, the solu-
tions were oven-dried overnight and denoted as “CSNG-1,
CSNG-2, and CSNG-3”, respectively. For comparison, cobalt
sulfide was prepared under the same conditions, excluding NG,
and denoted as “CS”.**

2.4 Adsorption experiment

The adsorption capacities of the as-prepared samples were
checked by adding 25 mL of MB dye solution (5 mg L") to
25 mg of the photocatalyst, stirring for 20 min in dark, and
analyzing with a UV-Vis spectrophotometer.

The adsorption capacities (g.) of the as-prepared samples
were evaluated using the following formula:*”

(CO - Ce)
qe = M xV 1)

where g. (mg g ') is the adsorption capacity of the semi-
conducting material, C, and C. (mg L") are preliminary and
outstanding absorbances of the solution at a time ‘¢, the
volume of the solution was V (L), and the mass of the sample
was M (g).

2.5 Photodegradation of MB dye

The photocatalytic performances of NG, CS, and the CSNG
nanocomposites were investigated using MB dye under visible
light (tungsten lamp 200 W, A > 420 nm). In brief, 25 mg of each
photocatalyst was added to 25 mL of MB solution (10 mg L)
and stirred in the absence of light for an adsorption-desorption
study for 20 min. The visible light source was turned on and the
sample was collected, centrifuged and the supernatant was
analyzed using a UV-Vis spectrophotometer.>**

2.6 Free radical capture experiment

The detection of reaction species is similar to the photo-
degradation process. Various scavengers were used, including
ethylenediaminetetraacetic acid (EDTA) as the hole (h') scav-
enger, 1,4-benzoquinone (BQ) as the superoxide ("O,) scav-
enger, and isopropyl alcohol (IPA) as the hydroxyl scavenger.
Each reaction solution consisted of 12.5 mL of 0.5 M scavenger,
12.5 mL of dye solution, and 25 mg of CSNG-2 nanocomposite.

2.7 Electrochemical testing

The Mott-Schottky analysis and electro-impedance spectros-
copy (EIS) were performed on the Nova-Auto lab electrochemical
analyzer by connecting potential and impedance modes. These
tests were conducted by using a three-electrode set-up, with
a saturated calomel electrode (SEC) as a counter electrode,
a platinum wire as a reference electrode, and an FTO glass
electrode as the working electrode. In the preparation of the
working electrode, 4 mg of catalyst, 1 mL of IPA, 1 mg of carbon
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black, and 10 pL of Nafion were mixed, sonicated, and stirred
overnight to obtain a slurry that was coated on a1 cm x 2 cm
FTO glass, and was dried at 90 °C overnight in a vacuum.

3. Results and discussion
3.1 X-ray diffraction (XRD)

Powder XRD is used for examining the phase, crystalline
structure, and doping effects on the lattice structure of the as-
prepared samples. XRD patterns of the N-doped g-C;N, (NG),
pristine CoS (CS), and CSNG nanocomposites are shown in
Fig. 1. The XRD pattern corresponding to NG exhibited two
diffraction peaks indexed as (100) and (002) at 26 values of
13.03° and 27.7°, respectively. The XRD peaks were well
matched to JCPDF no. 87-1526 with the monoclinic crystal
phase of the material. However, a low-intensity peak at 26 =
13.03° indicated a crystal structure with an in-plane packing
motif, signifying that pristine NG was a crystalline material. A
high-intensity peak at 26 = 27.7° suggests the stacking plane of
graphitic layers at an inter-planar distance of 0.325 nm.** The
XRD peaks of pristine g-C;N, suggested that the XRD pattern of
NG caused no significant change in the diffraction peaks of
pristine g-C;N, but a very slight peak shift was observed at 26 =
27.04° with the same crystal structure of g-C;N, nanosheets,
Fig. S1.T The intensity of the characteristic peak (26 = 27.7°)
showed a higher number of counts as compared to pristine g-
C;N,4, which is due to the doping with nitrogen and the crys-
talline nature of the sample. However, the peak at 27.7° signifies
high-intensity counts as compared to pure g-C;N,, which may
be due to the defects formed by nitrogen doping.*

From Fig. 1, we can see the diffraction peaks of CoS nano-
sheets (CS) indexed at (100), (101), (102), (110), and (202), which
highlight 26 values at 30.7°, 35.3°, 46.9°, 54.5°, and 74.9°,
respectively, similar to JCPDS card no. 65-8977, Jaipurite CoS
with a hexagonal structure and cell constants a = 3.352 A, and ¢
= 5.138 A3 No CoO peaks or other diffraction peaks were
detected in the sample, which indicated the pure Jaipurite

SR =NG; &= Cos
}_3\1* * X  CSNG-3
a o a2 —
22 2 2 g
~
=
2 CSNG-2
o CSNG-1
g \eoun” A .
[<9]
= —_ W cs
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Fig.1 XRD of NG, CS, and CSNG nanocomposites.
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phase of the sample. The peak intensity of the composite
indicated an increase in NG. The maximum intensity at 26 =
27.7° was observed for the CSNG-3 sample where the amount of
NG was the maximum and the CSNG-1 sample showed no
significant peak due to the minimal amount of NG.

3.2 Field emission scanning electron microscopy (FESEM)

FESEM analysis was done to observe the surface morphology as
shown in Fig. 2. Fig. 2a shows the lamellar sheet-like
morphology of NG. Fig. 2b shows the FESEM image of CoS
with the wrapped sheet-like morphology and a thickness of
~50 nm.

Fig. 2c-e show the CSNG-1, CSNG-2, and CSNG-3 nano-
composites, where 2D/2D nanosheets of both materials were
formed and showed good interaction with each other. This is
due to the in situ hydrothermal synthesis of the CSNG nano-
composites, where the lamellar-like morphology was formed.**
The elemental composition or percentage of CSNG-2 nano-
composite is shown in Fig. 2f. It confirms that all the elements
such as C, N, Co, and S are present in the nanocomposite as
displayed in the spectrum. The distribution of elements with
contents of the CSNG-2 nanocomposite was determined by
Energy Dispersive X-ray analysis (Fig. 2g-1). Elemental analysis
of the CSNG-2 nanocomposite confirmed that C, N, Co, and S
were present in the sample and indicated the homogenous
distribution of elements in the CSNG-2 nanocomposite. Thus,
elemental mapping results indicate that there were no impuri-
ties in the sample.

3.3 Transmission electron microscopy (TEM)

TEM, HRTEM, and SAED patterns of NG, CS, and the CSNG-2
nanocomposite were analyzed and are shown in Fig. 3. The
TEM image of NG with the nanosheet-like morphology is shown
in Fig. 3a. CS, which was prepared by a hydrothermal method
with the effects of TEA, and NH; showed a flake-type
morphology (Fig. 3b). The CSNG-2 nanocomposite looks like
a nanosheet and exhibited layers of sheets or a wrapped sheet-
type morphology that showed good interaction between NG and
CoS (Fig. 3c). HRTEM images of NG, CS, and the CSNG-2
nanocomposite are presented in Fig. 3d-f. Lattice fringes were
observed in the HRTEM image of CS, which corresponds to the
interplanar distance of 0.65 nm with the (002) plane of CS
nanosheets (Fig. 3e). No clear interplanar space was observed in
NG and the CSNG-2 nanocomposite.

Diffraction spots obtained in the SAED image of NG (Fig. 3g)
indicated the less-crystalline nature of NG. The CS nanosheets
showed polycrystalline behavior with fewer spots (Fig. 3h). The
SAED pattern of the CSNG-2 nanocomposite displayed a few
concentric rings, which confirmed that the CSNG-2 nano-
composite was polycrystalline. From the TEM results, 2D/2D
interactions of nanosheets were observed, and an interface
was formed between the NG and CS. As a result, there was an
enhancement in the splitting and transportation of photo-
generated charge carriers and finally, an improvement in the
photocatalytic activity of the photocatalyst.***

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
composite. (g—1) Elemental mapping of the CSNG-2 nanocomposite.

3.4 X-ray photoelectron spectroscopy (XPS)

The X-ray Photoelectron Spectroscopy (XPS) analysis was con-
ducted to investigate the chemical valence states and surface
chemical compositions of NG, CS, and the CSNG-2 nano-
composite. In the survey scan of NG, only three elements (C, N,
and O) were observed. From Fig. 4c, carbon, and nitrogen may
be attributed to g-C3N,, while oxygen may be due to the
adsorption of oxygen-containing compounds (CO,, O,) on the
surface of the compound. It is believed that the element
nitrogen in graphitic carbon nitride has two main forms, i.e.,

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Advances

Weight %  Atomic %
313 4059
5699
090
1.52

K-series

3152
384
35

K-series

Nitrogen

Cobalt  L-series

Sulphur - K-series

otkx HV 10KV WD: 7.8mm

(a—e) FESEM images of NG, CS, and CSNG-1, CSNG-2, and CSNG-3 nanocomposites. (f) Elemental analysis of the CSNG-2 nano-

the N-H bond, and melem units. As is known, when the
nitrogen content increases, the N-H bonds decrease in the
compound. Thus, the enhancement of the nitrogen content of
melem units suggests that the doping of nitrogen was
successful on the surface of the g-C;N, nanostructure.

The deconvoluted contents of C 1s and N 1s chemical states
are shown in Fig. 4a and b respectively. XPS spectra of C 1s were
split into three main peaks at binding energies 284.6, 285.7, and
288.0 eV, which correspond to C-C, N=C-N, and C-NH,,
respectively. XPS spectra of N 1s showed three peaks at binding
energies of 395.2, 396.8, and 401.1 eV with assigned chemical

Environ. Sci.; Adv, 2023, 2, 795-814 | 799
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Fig. 3 TEM images of (a) NG, (b) CS, and (c) CSNG-2. HRTEM images of (d) NG, (e) CS, (f) CSNG-2 with the corresponding SAED patterns of (g)

NG, (h) CS, and (i) CSNG-2.

states of C=N-C, N-(C);, and C-N-H, respectively. The binding
energy at 282.5 eV attributed to the sp> C-C bond, may be due to
the adsorbed carbonaceous phase from amorphous carbon on
the surface of g-C;N,. The binding energy at 285.8 eV for C 1s
spectra is linked to sp*triazine rings in carbon bonds on the
surface of g-C3N,.*" A survey scan of NG confirmed that N, C,
and O were present in the CS spectra (Fig. 4c). Moreover, valence
states the elements comprising CoS were investigated by XPS
measurements. A survey scan of CS confirmed that Co, S, C, and
O were present in the CS spectra (Fig. 4f). From Fig. 4d, XPS
spectra of Co 2p were investigated and peaks were observed at
binding energies of 778.6 and 793.4 eV, which correspond to Co
2ps» and Co 2py,,, while the binding energy at 795.6 eV showed
a satellite peak in the Co 2p spectrum. XPS spectra of S 2p
(Fig. 4e) were deconvoluted and resulted in two major peaks at
binding energies of 161.8 and 162.9 eV, corresponding to S 2p3/,

800 | Environ. Sci.: Adv,, 2023, 2, 795-814

and S 2p4,, respectively, which suggests that the peak was due
to the spin-orbital characteristic peaks of S,>~.*%°

According to the XPS analysis, NG and CS samples were
successfully synthesized. XPS analysis of the CSNG-2 nano-
composite was also performed. Fig. 4k shows the full survey
scan of the CSNG-2 nanocomposite in which C, N, Co, S, and O
are visible. The presence of O in the spectrum may be due to the
adsorbed content of oxygen molecules. The C 1s spectrum in
Fig. 4g suggests three main peaks at binding energies of 284.9,
286.1, and 288.2 eV with the corresponding chemical bonds of
C-C, N=C-H, and C-NH,, respectively.

The peaks at 284.9 and 286.1 eV are linked to sp>-hybridized
bonds and may be due to the adsorbed carbon content on the
surface of g-C3N,. The binding energy of N 1s (Fig. 4h) was
divided into three peaks at 398.5, 399.2, and 400.7 eV, which
were assigned to C=N-C, N-(C);, and C-N-H bonds,

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2va00208f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 April 2023. Downloaded on 3/7/2026 3:19:52 PM.

(cc)

View Article Online

Paper Environmental Science: Advances
N1 = Survey Scan
a : Cls (b) Nisl 1 (©) 2
288.0 eV PA 395.2 eV z
-~ C-NH, —_ g !.g C=N-C
5 ‘ 3 %
< R gl -
=y e oy 3968 eV |2 9
= = i NAC) sty | g "
= = i ; 3 C-N-H = —
& e — o
282 284 286 288 290 393 395 397 399 401 403 0 200 400 600 800 1000
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(d) Co2p (e) S2p (f) Survey Scan
3
3 | 1618ev
= 778.6 &V 76 = p
‘&; Co2p32 Satellite é Q
z = Z z
E : z 2 = M 2
3 7?3.4 eV 5 E :
= Co 2p172 E S
Ly —
75 780 785 790 795 800159 161 163 165 167 0 200 400 600 800 1000
Binding energy (eV) Binding energy (eV) Binding energy (eV)
. S2p
(h) N1s (l) :n,
{
= | 39856V - ! -
= e e 399.2 eV = I Y ;6’3‘8 )
~ ~— N_(C)J ~— II 3 :?, “P1p 168.7 eV
k=3 £ & 1-57\161.4 Ol
: : \ /'400:7 = g ‘p‘f.t 3 S2py,
) ) n ~ CN-H o F 3
~ — N~ E d.: 1 3
= E E ? &
281 283 285 287 289 291 396 397 398 399 400 401 402 403 404 159 el A8 1S As e 1
Binding energy (eV) Binding energy (eV) inding energy (eV)
. Survey Scan;
(J) 7963 eV Co2p (k) P i s
Co2p,, © 3 © =
-~ - s
- o
3 -
= 4 780.5 eV =
= §Co2py, s = =
w» it N o - °
5 Ela o il IS
~ i K3 ; — o
= 4 7933V S4 z
\\ Satellite o
773 777 781 785 789 793797 801 0 200 400 600 800 1000
Binding energy (eV) Binding energy (eV)

Fig. 4 High-resolution XPS peaks of (a—c) NG and (d—f) CS with the corresponding survey scan. (g—k) High-resolution XPS peaks with corre-

sponding survey scan of the CSNG-2 nanocomposite.

respectively. The observed HR-XPS signals for S 2p (Fig. 4i) at
161.4 and 162.8 with corresponding satellite peaks at 168.7 eV
were assigned to S 2p;, and S 2py, respectively. These peaks
suggest the presence of metal ions linked with $>~.*2

© 2023 The Author(s). Published by the Royal Society of Chemistry

The XPS patterns of Co 2p (Fig. 4d) showed two obvious
peaks at 780.5, and 796.3 eV corresponding to Co 2p3/, and Co
2p1/2, respectively, with a satellite peak at 793.3 eV; these peaks
indicate the presence of Co>* ions on the surface of the CSNG-2
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nanocomposite. The spectrum of the CSNG-2 nanocomposite
shows that the peaks of C 1s, N 1s, and Co 2p shifted to higher
binding energies in comparison to the pristine NG and CS
nanosheets. These results indicate that the NG is well conju-
gated with the CS nanocomposite. Thus, binding energies with
the physical environment of the as-prepared samples were
changed due to the synergistic effect of NG and CS nanosheets
and these results are well matched with the XRD and HRTEM
results and suggest the successful formation of CSNG
nanocomposites.

3.5 BET analysis

It is important to note that BET analysis is crucial by checking
the surface area, pore size, and diameter of the materials during
photocatalytic activity. A key stage in the remediation of organic
pollutants is the adsorption process of organic pollutants in
wastewater on the surface of the photocatalyst.

The driving forces for the adsorption isotherms that produce
the N, in g-C3N, can be provided by nitrogen doping with g-
C;N, nanosheets. Additionally, we may observe a wide range of
size distribution because macropores and mesopores are
present, and there are also little changes in pore width
throughout all of the samples. As a result, all of the samples’
pore size distributions fell within a small range of 10-20 nm
while the pore volume was in the range of 0.95 cm® g™ to 0.99
em® ¢!, Fig. S2,7 Table 1. From BET surface area analysis, it
was observed and reported in our previous work that pure NG
showed a surface area of ~29 m* g~ *,*® which may be due to the
self-doping effect with nitrogen. The best as-prepared nano-
composite (CSNG-2) showed an active surface area of ~20 m>
g™, Fig. S2.1 The observed surface areas of both materials are
very close and there was not much significant change in the
surface area. Based on this observation, it can be concluded that
the 2D/2D interaction of CS and NG was due to the synergistic
effect of the material and suitable band positions, which make
a perfect interface between the materials and reduces the
charge recombination of the material and results in the pho-
tocatalytic activity of the materials. Moreover, the surface areas
and pore volumes of the bare and best sample were too close
and no significant changes were observed from the surface area
measurement results, which indicated that the role of the
surface area was not predominant in this system.

3.6 Raman spectroscopy analysis of NG and CS and the
CSNG-2 nanocomposite

Raman spectroscopy is a nondestructive method for character-
izing amorphous, crystalline, and nanocrystalline carbon.
Fig. 5a shows that g-C3N, particles were present on the surface,

Table 1 BET analysis of NG and the CSNG-2 nanocomposite

Pore volume Pore diameter

Sample Sger (M g™ 1) (em® g™ (nm)
NG 28.54 0.956 18.19
CSNG-2 20.46 0.991 12.22

802 | Environ. Sci.: Adv., 2023, 2, 795-814
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i.e., peaks at 660-1750 cm ™. The peaks at 726, 770, 986, 1220,
and 1473 cm™ " are vibrations peaks assigned to the stretching
and breathing bands of C-N aromatic heterocycles of melem.
They also exhibited a D band and G band at 1329 cm ' and
1548 cm ', respectively; this is due to the presence of graphite
materials on the surface of the material. In the Raman spectrum
of CS, peaks were observed at 346, 493, 529, and 686 cm ',
which were assigned to the modes of T, E,, F,g, and A, of CoS,
respectively. There were slight shifts in peaks of NG (778, 923,
1345, 1486 cm™ ') and CS (329, 479, 680 cm ™) in the Raman
spectra of the CSNG-2 nanocomposite, Fig. 5c¢, which suggests
that the heterojunction was formed by the NG and CS
materials.>**

3.7 Electrochemical impedance spectroscopy (EIS) analysis

Electrochemical impedance spectroscopy (EIS) was performed
to study the kinetic electrode reactions and the charge separa-
tion and recombination process of NG, CS, and the CSNG-2
nanocomposite. It is well known that the improvement of
charge carriers leads to enhancement in the electrical conduc-
tivity of semiconducting materials, and a smaller radius
signifies less transfer resistance of the photogenerated charge
carriers. The Nyquist plots of NG, CS, and the CSNG-2 nano-
composite are shown in the figure by plotting the Z’' and —Z" as
real and imaginary impedances, respectively. These results
suggest that NG and CS have bigger arc radii than the CSNG-2
nanocomposite in the Nyquist plot, which confirms that the
CSNG-2 nanocomposite showed an improved charge separation
rate of photogenerated charge carriers and effective electron
transfer as compared to the bare NG and CS (Fig. 6)."**°

3.8 Reaction mechanism

For the synthesis of N-doped g-C3;N,/CoS nanocomposites,
melamine was heated to prepare bulk g-C;N, by releasing the
ammonia. Doping with a nitrogen atom narrows the bandgap
and modifies the electronic structure of the semiconductor. In
the formation process of CSNG nanocomposites, NG has
a negative charge and Co has a positive charge on the surfaces.
Therefore, NG and Co>" were modified with sodium citrate,
which formed a strong metal compound. TEA was used for
hydrolysis by OH™ ions on the surface of the compound. With
the help of ligands, Co®" was gradually released and combined
with OH™ ions to form a hydroxide template. The OH™ ions in
the hydroxide template were substituted by $>~ and hydrolyzed
when reacted with thiourea, forming the CSNG nanocomposite.
Finally, depending upon the concentrations of the NG, cobalt,
and sulphur precursors, the morphology, surface area, and
electronic structure were changed in the
semiconductor,?!3443:54-56

3.9 Adsorption capacity and photocatalytic degradation of
methylene blue

Adsorption studies were performed to check the ability of the
as-prepared samples to adsorb Methylene Blue (MB) dye mole-
cules under a veil of darkness. From Fig. 7a, it is seen that all the
as-prepared samples (10 mg L™ ") adsorbed most of the MB dye

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2va00208f

Open Access Article. Published on 04 April 2023. Downloaded on 3/7/2026 3:19:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Environmental Science: Advances
20
1200{ NG (a) (b) cs
900 H =
>} - p—
2 £ 10-
=%
£600 >
E el
(St
300+
0 04 r r r r r
500 750 1000 1250 1500 1750 2000 200 300 400 _.S00 ~ 60p 700
. -1 Raman Shift (cm™)
Raman Shift (cm™)
250
CSNG-2 (c)
200+
£150-
7]
=
&
= 100+
[Se=i
50
0 T Y T
200 600 1000 1400 1800

Raman Shift (cm™)

Fig. 5 Raman spectra of (a) NG, (b) CS, and (c) CSNG-2 nanocomposite.

16000

12000 -

8000 4

2" (Q)

4000 4

1000 1500 2000 2500 3000
7' (Q)
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0 500

molecules in just 10 min (~75% of total adsorption). As stated
by Gupta et al., a good adsorbent reaches the adsorption equi-
librium point in a shorter period because of its large surface
area and high porosity.>” Moreover, it is believed that materials
with a high surface area play a major role in the adsorption of

© 2023 The Author(s). Published by the Royal Society of Chemistry

organic pollutants.”®* Fig. 7b displays the bar diagram of the
equilibrium point of the adsorption coefficient of NG, CS, and
CSNG nanocomposites in 40 minutes. As expected, CSNG-2
showed the maximum adsorption coefficient of 192 mg g~ *,
which may be due to equal concentrations of compounds and
synergistic effects between the compounds. NG and CS dis-
played adsorption capacities of 58 and 184 mg g, respectively.

The adsorption percentages of the as-prepared photo-
catalysts are shown in Fig. 7c. The adsorption percentage of
pure cobalt sulfide was found to be 81%, whereas, in pure NG,
the adsorption percentage was only 26%, which is ~3.3-fold and
~ 1-fold those of bare CS and NG nanostructures. The improved
adsorption percentage in the CSNG-2 nanocomposite sample
may be due to the synergistic effect of both materials at an
optimal weight ratio of CS and NG.

To examine the photocatalytic activity of NG, CS, and CSNG
nanocomposites, MB dye was taken as a standard dye and the
degradation process was conducted in the presence of visible
light. At the outset, blank experiments with methylene blue dye
were performed under the above-mentioned conditions. The
standard MB dye concentration was 1.0 x 10> mol L™". There
are two processes in the photocatalytic degradation of organic
pollutants: adsorption (without light) and degradation of
organic pollutants by the catalyst in the presence of visible

Environ. Sci.: Adv, 2023, 2, 795-814 | 803
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(a and b) Adsorption capacity study and (c) % adsorption of MB dye by NG, CS, and CSNG nanocomposites. Photocatalytic degradation of

MB dye by (d—h) NG, CS, and CSNG nanocomposites. (i) Rate kinetics of NG, CS, and CSNG nanocomposites.

light.”>*” In blank experiments, 25 mL of MB dye standard
solution was taken, and it was degraded by only 10% in
150 min. Therefore, this states that MB dye did not degrade
itself under visible light. Later, the same experiments were
performed by as-prepared photocatalysts for the degradation of
MB dye. The dye solutions were kept for adsorption studies in
dark conditions. After the lamp was switched on and after every
stimulated period of absorbance of the solution, the absorption
was checked using a UV-Vis spectrophotometer for the degra-
dation of MB dye at 663 nm wavelength. Here, we can see that in
the presence of visible light and catalyst, the dye is rapidly
degraded over time. From Fig. 7d-h, we can conclude that NG,
CS, CSNG-1, and CSNG-3 were degraded by 83, 88, 90, and 72%
in 150 min while CSNG-2 was degraded by 96% in just 40 min.
This is due to interface formation between NG and CS nano-
sheets at an optimal concentration where the maximum
degradation was achieved. The formation of a heterostructure
and the synergistic effect of the nanocomposite resulted in
enhanced photodegradation. g-C;N; is a very good

804 | Environ. Sci: Adv,, 2023, 2, 795-814

photocatalyst while CS is a good adsorption material. Here,
both materials play their roles in photocatalytic degradation.
The total activity of the photocatalytic degradation of MB dye
and industrial effluents depends on the interface and high
surface area of the NG and CS. From Fig. 7i, we can see that the
adsorption coefficient (stirring in the dark conditions) of NG is
much lower compared to CS and other composites, and the
photocatalytic activity of NG increases with the addition of the
CS.

The rate kinetic studies showed first-order reactions by
fitting the data of concentration versus time for the as-prepared
photocatalysts. The observed rates of the reactions of NG, CS,
CSNG-1, and CSNG-3 were obtained as 0.00836, 0.00593, 0.0087,
and 0.00407 min ", respectively. The CSNG-2 nanocomposite
showed the maximum rate constant of 0.03474 min~*, which
was ~4-fold and ~7-fold those of NG and CS, respectively, given
in Table S1.7 However, the enhancement in the reaction rate
may be due to the synergistic effect of the NG and CS and the
effect of equal concentrations of NG with CS, which is the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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optimal concentration where maximum photodegradation was
achieved.

3.10 Adsorption kinetics

To explore the adsorption of the methylene blue dye mecha-
nism by the as-prepared materials, a pseudo-first-order kinetic
model was used to evaluate the adsorption result kinetics. The
pseudo-first-order kinetic model is represented by the following
equation:

In(qe — q,) = Inge — kyt (2)

where k; (mg g ') is the first-order-rate constant, g. (mg g ') is
the adsorption capacity of methylene blue dye at the equilib-
rium stage and ¢, (mg g~ ') is the adsorption capacity of meth-
ylene blue dye at time ¢. The values of g. and k; were calculated
from the linear graph In(ge — ¢,) vs. ¢ using the slope and
intercept, respectively. The pseudo-first-order adsorption
kinetics plot and table are shown in Fig. 8a and b, respectively.

Fig. 8a and b show the effects of the as-prepared nano-
structures with the pseudo-first-order rate constants (Fig. 8b).
The first-order-rate constant (k;) values of NG, CS, CSNG-1,
CSNG-2, and CSNG-3 are 0.0024, 0.0029, 0.0028, 0.0028, and
0.0027/min"", respectively. Moreover, the correlation coeffi-
cient (R*) values were 0.966, 0.9194, 0.9165, 0.8854, and 0.8508
for NG, CS, CSNG-1, CSNG-2, and CSNG-3, respectively. The
results suggest that a pseudo-first-order model controls the
kinetic decomposition.

3.11 Photocatalytic degradation of industrial effluent (real
sample, RS) analysis

To check the degradation performance of the real sample, the
photodegradation of industrial wastewater was investigated by
using the best catalyst (CSNG-2 nanocomposite) in the presence
of visible light.*® Herein, we have taken two sets of real samples

View Article Online
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Table 2 Physicochemical properties of collected industrial samples

S. no. Category Result (RS.I) Result (RS.II)
1 Colour Pale yellow Dark brown
2 pH 7.9 8.4

3 TDS (mg L) 1460 1850

4 TSS (mg L) 460 550

sewage discharges from the nearby industries of Pirana,
Ahmedabad.”>**

The physicochemical parameters of the collected industrial
samples (RS.I, and RS.II) are shown in Table 2.

Therefore, we prepared five series of samples for examining
the photocatalytic activity of real wastewater samples.

(1) MB dye solution + catalyst

(2) RS.I + catalyst

(3) RS.I + MB dye solution + catalyst

(4) RS.II + catalyst

(5) RS.II + MB dye solution + catalyst

Fig. 9a-d shows UV-vis absorbance peaks at 270 nm, 275 nm,
and 663 nm for RS.I, RS.Il and MB dye, respectively. The UV
absorbance peaks at 270 and 275 nm are due to pesticides such
as clothianidin and thiamethoxam, or can be mixtures of
organic compounds present in the wastewater.”” The same
process was performed for the photocatalytic degradation of
real samples and a mixture of real samples and MB dye solu-
tion. Finally, we observed that RS.I and RS.II were degraded by
~67% and ~31% in 20 and 70 min, respectively.

Moreover, a mixture of RS.I with MB dye solution degraded
79% and 98% and RS.II with MB dye solution resulted in 72%
and 99% degradation in 20 and 40 min, respectively. In the
presence of the CSNG-2 nanocomposite, the mixture of real
samples with MB dye sample was degraded effectively due to the
collaborative interaction of NG and CS nanosheets. The pho-
todegradation efficiency of organic pollutants was calculated by
using the following formula:*

C

and checked their photocatalytic activities. The two sets of n= X 100 (3)
samples are RS.I and RS.II, which are two different industrial ©
6
(a) " o [
54 Pseudo-first-order Kinetic Model Photocatalyst |Intercept| Slope |q. (mg/g) [k, (min)| R?
In (q,-qp = Inq-k,t
4+ NG 4.07155 1-0.09596| 58.6478 | 0.0024 10.96602
~
Rt
=p
1o 34 CS 4.69852 |-0.11713| 109.7846 [ 0.00293 10.91948
(=)
N’
= 24 CSNG-1 4.10793 [-0.11287| 60.82069 [0.00282 [0.91657
—
CS
11+ osnGa CSNG-2 | 4.96147 |-0.11405| 142.8036 | 0.00285 |0.88545
v CSNG-2
0+ . L
CSNG-3 CSNG-3 5.01947 [-0.10916] 151.3311 |0.00273 |0.85083
0 10 20 30 40

Time (min)

Fig. 8 (a and b) The pseudo-first-order-kinetic model with time.
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Fig. 9 (a and c) Real sample analysis using the CSNG-2 nanocomposite with RS.I and RS.II, and (b and d) real sample analysis with MB dye using
the CSNG-2 nanocomposite. (e) Real sample location sites (RS.1, and RS.I1); the inset shows the digital images of MB, RS.| and RS.Il before and after
degradation with the catalyst, respectively.

where 7 is the efficiency, C, is the concentration of pollutants at  3.12 Scavenger and recyclability study
the initial stage, and C represents the concentration of pollut-
ants at time ¢ Fig. 9e shows an image of the real sample
collection site.

The photodegradation of organic pollutants generally takes
place in the presence of radical formation. In catalytic reactions,

806 | Environ. Sci.: Adv, 2023, 2, 795-814 © 2023 The Author(s). Published by the Royal Society of Chemistry
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free radicals are the main reactive species to degrade the
organic molecules. For a better understanding of the photo-
catalytic reactions, different types of scavengers were used to
check the presence of reactive oxygen species (ROS). Isopropyl
alcohol was used as a hydroxyl radical (HO") scavenger, ethyl-
enediaminetetraacetic acid (EDTA) acted as a hole (h") scav-
enger, while 1,4-benzoquinone (BQ) acted as a superoxide
("0, 7) scavenger. The photodegradation efficiency of MB dye by
the CSNG-2 nanocomposite was investigated under visible light
with a control experiment (without scavenger) and with
different types of scavengers (Fig. 10a). After the addition of
scavengers to the CSNG-2 with MB dye solution, the BQ scav-
enger showed significant degradation (28%), suggesting that
‘O, played a major role as an active radical in photocatalytic
degradation. EDTA and IPA scavengers degraded around 43%
and 66%, indicating that h” and HO" also played auxiliary roles
in the degradation process.”

The recyclability study is said to be the most important
feature for practical use in checking the stability of the catalyst.
Five consecutive cycles of the photodegradation process under
visible light were performed by the CSNG-2 nanocomposite,
Fig. 10b, after which, the CSNG-2 nanocomposite showed a very

Fig. 11 The morphological information before (a) and after (b) recy-
clability tests after five consecutive recyclability reactions.

© 2023 The Author(s). Published by the Royal Society of Chemistry

small reduction (~1%) in the degradation process, which may
have decreased during washing after every cycle. This result
confirmed that the stability of the CSNG-2 nanocomposite is
quite good. Thus, the CSNG-2 nanocomposite possesses excel-
lent stability, and can also be used to treat sewage wastewater.*”

The morphological tests by FESEM before and after five
consecutive recyclability reactions of MB dye by CSNG-2 nano-
composite were performed and are shown in Fig. 11a-b. This
figure shows that there was not much change in morphology
after the five consecutive photocatalytic reactions, thus con-
firming that the CSNG-2 nanocomposite has good morpholog-
ical stability even after five consecutive photocatalytic
reactions.””

3.13 Real sample analysis by GC-MS

We performed the analysis using GC-MS spectra for pure MB,
and RS.II was collected near the Pirana Sewage Treatment Plant
(180MLD) at 22° 58 51.2” N latitude, and 72° 32’ 36.8" E
longitude. To check the role of the catalyst, we used the catalyst
with MB dye, with RS.IT and with a mixture of RS.II and MB dye
solution after 40 minutes, as shown in Fig. S3.1 and S3.2.7 At
this point, the peak intensity was decreased because of inter-
mediates or the opening of the ring structure of MB dye after the
photocatalytic degradation of MB dye. These are the main
possible organic species/intermediates that were degraded
under the influence of light and in the presence of a catalyst for
20 minutes.

3.14 UV-vis, bandgap, Mott-Schottky, and band position
analyses

UV-Vis absorption peaks of NG and CS are shown in Fig. S4.1.7
The bandgap plays a prominent role in the photocatalytic
degradation of organic pollutants. Thus, bandgaps of the as-
prepared photocatalysts can be evaluated by using the
following formula:***

Environ. Sci.: Adv, 2023, 2, 795-814 | 807
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Fig. 12 Mott—Schottky analysis and band positions of NG and CS.

(ahv)' = A(hv — Ey) (4)

Here, «, h, v, A, Eg, n are the absorption coefficient, Planck's
constant, frequency of light, proportionality constant, bandgap

energy, and integer, respectively. Importantly, from the above
equation, ‘n’ plays a major part in confirming the bandgap
energy of the material.

Fig. 13 The schematic representation of a photocatalytic mechanism.

808 | Environ. Sci. Adv, 2023, 2, 795-814

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2va00208f

Open Access Article. Published on 04 April 2023. Downloaded on 3/7/2026 3:19:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

In the bandgap measurement, the bandgaps of bare samples
(NG, CS) were calculated by using the Tauc plot method. NG
showed an indirect bandgap, so for the calculation of the
indirect bandgap, the following equation was used:

1

(ahv)2 = A(hv — E,) (5)

In the case of bare CS, the direct bandgap was calculated by
using the following equation:

(ahv)* = A(hv — Ey) (6)

In the case of nanocomposites, the bandgap measurement is
difficult by using the Tauc plot method. This is because two
different materials were present in the composites, which have
different types of bandgap; i.e., direct and indirect bandgaps.

Accordingly, the bandgap energy level of the as-prepared
photocatalysts is an indirect bandgap because the achieved
value of ‘»’ in the above equation equals 1 and 2. Therefore, the
bandgap, E (eV), was obtained by the tangent to the horizontal
axis of the planes which shows the bandgap of the semi-

conductors and was plotted (Tauc plot) against (ahv)% vs. E (eV)
as shown in Fig. S4.2.1 The bandgaps of the as-prepared bare
photocatalysts were calculated as NG: 2.54 eV, CS: 1.75 €V

Mott-Schottky plots were studied to further explain the
photocatalytic mechanism and analyze the conduction band
positions of NG and CS, which were measured at a frequency of
1 kHz, and are shown in Fig. 12. The NG and CS make a positive
slope in the Mott-Schottky graphs, which indicates that NG and
CS possess n-type semiconductor behavior. The calculated
conduction band potentials of NG and CS were determined to
be —1.04 eV and —0.23 eV vs. SCE. Therefore, by using the
formula below, we can find the valence band positions of the as-
prepared samples.>”*7*®
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Eg = EVB — ECB (7)

where E, is the band gap of the material, Eyg is the valence band
position and Ecg is the conduction band position of the
semiconductor.

By incorporating the as-obtained values in the above equation,
the valence band positions of NG and CS are +1.50 eV, and
+1.52 eV, respectively. By this, we can say that the photogenerated
electron carriers are beneficial for charge separation between the
NG and CS, which results in enhanced photocatalytic activity. As
aresult, the composite's CB potential electrons can combine with
O, to make "O, " but it is challenging for the composite's holes to
oxidize OH /H,O to produce the hydroxyl radicals "OH in the
photocatalytic process. This is congruent with the findings of an
experiment using scavenger traps, which showed that the prin-
cipal active species, ‘O, , are immediately generated during the
degradation process.”

4. Photocatalytic mechanism

When visible light irradiates the surface of the photocatalyst, it
produces photogenerated charge carriers that go from the
valence band (VB) to the conduction band (CB). The photo-
generated electrons get activated in the CB of NG and are
transferred to the CB of CS and produce oxygen radicals. During
this process, the rate of e~ transportation increases very quickly,
and the charge is accommodated on material I to material II.
This type of mechanism can be observed in type II semi-
conducting materials where the band positions of both mate-
rials are suitable for high charge transfer. These free electrons
react with the surface O, molecules and produce superoxides
that are finally converted into "OH radicals. Holes in the VB of
CS and NG react with water molecules to form *OH. Thus, these
'OH radicals behave like strong oxidizing agents and when

Table 3 g-CzNy4-based nanocomposites for the degradation of organic pollutants from wastewater

Reaction time, %

Photocatalyst Contaminants Source of light degradation, or rate Ref.
N-g-C;N,@In,S; nanocomposites Methylene blue 200 W tungsten bulb 10 min, 98% 29
N-ZnO-g-C3N, Rhodamine B 500 W xenon lamp 180 min, 97% 63
O-doped g-C3N, Bisphenol A 1000 W xenon lamp 180 min, 93% 64
Mpg-C;3N4/Ag/ZnO nanowires Direct orange 26 250 W mercury lamp 120 min, 94% 65
Thiophene-doped-g-C;N, Bisphenol A 300 W xenon lamp 100 min, ~99% 66
O-doped g-C3N, Rhodamine B 300 W xenon lamp 3 min, ~99% 67
Ag-g-C;N,/LaFeO; Methylene blue 300 W xenon lamp 90 min, ~98% 68
Tetracycline 120 min, ~94%
Multi-element doped g-C3N, Naproxen 500 W xenon lamp 90 min, ~93% 69
Sm,03/S-g-C3N, Methylene blue 500 W xenon lamp 150 min, ~93% 70
Mn/P co-doped g-C3N, Rhodamine B 500 W xenon lamp 150 min, ~99% 71
N-CQDs/g-C3;N,/PDS Tetracycline hydrochloride 500 W xenon lamp 60 min, ~90% 72
N-doped g-C3N, nanotubes Rhodamine B 350 W xenon lamp 60 min, ~94% 73
P-doped g-C;N, Atrazine 500 W xenon lamp 30 min, 98% 74
Co-0-g-C3N, Bisphenol A 500 W xenon lamp 100 min, 99% 75
C-g-C3N,4/Ag,0/a-Fe,0; Acid red 14 SMD lamps 90 min, ~90% 76
KF, KCl, KBr doped g-C3N, Methylene blue 250 W xenon lamp 100 min, ~99% (KF) 77
Ag-g-C3N, Rhodamine B 300 W xenon lamp 30 min, ~93% 78
Boron-doped-g-C;N, Rhodamine B 300 W xenon lamp 40 min, 100% 79
Ag-doped-g-C3N, Methyl orange 300 W xenon lamp 10 min, ~87% 80

© 2023 The Author(s). Published by the Royal Society of Chemistry
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these radicals react with organic pollutants, that leads to pho-
tocatalytic degradation. A plausible photocatalytic mechanism
for the degradation of MB dye molecules by the CSNG-2 nano-
composite is shown in Fig. 13, and the mechanism in equations
is shown below.>**¢

NG/CS + hv — NG (ecs”) + CS (hvs")
NG (ecg™) + CS — NG + CS (ecg)
CS(ecg )+ O, - CS+ 0O,
0, + H,O — HO," + OH™
HO," + H,O — OH" + H,0,
H,0, — 20H"

OH" + MB dye — CO, + H,O
CS (hyg") + MB — degraded products

Various materials with g-C;N, were explored for developing
effective nanostructures for the environmental remediation of
organic pollutants from wastewater as shown in Table 3.

5. Conclusion

By a simple hydrothermal process, CSNG nanocomposites were
successfully synthesized. All the photocatalysts were analyzed
by XRD, UV-DRS, FESEM, EDX mapping, TEM, GC, and XPS
techniques. In the first report on NG/CoS nanostructures for the
photocatalytic degradation of MB dye and real samples, we have
achieved enhanced adsorption capacity (192 mg g~ ') and pho-
tocatalytic degradation (96% in 40 min) by a CSNG-2 nano-
composite under visible light illumination. The CSNG-2
nanocomposite showed the maximum rate constant
(0.03474 min ") that was ~4-fold, and ~ 7-fold those of NG, and
CS, respectively. In addition, the CSNG-2 nanocomposite
showed an adsorption capacity at 192 mg g~ ', which was ~3.3
fold, and ~1 fold those of bare NG and CS nanostructures,
respectively. Scavenger studies showed that 'O, played an
important role, while, h* and HO" also played significant roles
in the photodegradation of MB dye. The CSNG-2 nano-
composite showed good recyclability and photostability in five
consecutive cycles with a loss of just ~1%. Thus, the synergistic
effect and interface of the NG and CS heterostructures displayed
a significant response in visible light absorption and also
decreased the rate of recombination of photo-excited carriers,
which enhanced the overall rate of reaction. Therefore, our
study shows that the CSNG nanocomposite provides new
insights into the adsorption ability and photocatalytic degra-
dation of organic pollutants.
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