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catalytic activity of SnO2@g-C3N4

heterojunctions for methylene blue and bisphenol-
A degradation: effect of interface structure and
porous nature†

Vaibhav Salve,a Pramod Agale,a Sagar Balgude, b Satish Mardikar,c Sonaba Dhotred

and Paresh More *a

In this study, SnO2@graphitic carbon nitride (g-C3N4) heterojunctions were synthesized using a hydrothermal

method followed by sonication. The catalytic efficiency of SnO2@g-C3N4 under sunlight was evaluated for

methylene blue (MB) and bisphenol A (BPA) degradation. Characterization techniques, including X-ray

diffraction (XRD), field emission scanning electron microscopy (FESEM), and high-resolution transmission

electron microscopy (HRTEM), confirmed the successful formation of SnO2 nanoparticles on g-C3N4 (GCN)

sheets with porous morphology. The SnO2@GCN heterojunction achieved a 97% degradation efficiency for

MB in 45 minutes, outperforming pure SnO2 (65.3%) and g-C3N4 (73.8%). Thus, the increase in

photocatalytic activity is due to an enhancement in charge separation and an increase in the absorption of

sunlight. For BPA degradation, the 5.0% SnO2@GCN composite demonstrated approximately 99%

efficiency within 60 minutes. Additionally, recyclability tests showed good stability after five cycles, with no

significant structural changes confirmed by FTIR and FESEM analyses. This study highlights the importance

of interface structure and porous morphology in enhancing photocatalytic efficiency, paving the way for

effective photocatalysts for wastewater treatment applications.
1. Introduction

The environment is rapidly deteriorating due to industrial efflu-
ents, particularly from the textile, dye, pharmaceutical, and
chemical sectors. These effluents, especially those containing
dyes, are not only visually displeasing but also severely impact
marine ecosystems.1,2 In the dyeing process, a signicant amount
of dye is discharged into water bodies, resulting in carcinogenic
and mutagenic effects.3,4 Traditional wastewater treatment
methods, including adsorption, chemical coagulation, and
advanced oxidation, have limitations, especially in removing the
dyes completely from the effluents. Therefore, managing indus-
trial waste has become a formidable challenge.5,6

Recent studies have highlighted the potential of nano-
materials in improving wastewater treatment, particularly for dye
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degradation. Research on metal oxides and ferrites has demon-
strated their effectiveness in photodegrading pollutants.5,6 For
instance, our group previously reported the photodegradation of
methylene blue (MB) using Sr-doped ZnO nano-disks within 60
minutes7 and the catalytic adsorption efficiency of a Co3O4@-
MWCNT composite, which degraded Coracryl dye in just 4
minutes and reduced 4-nitrophenol in 7 minutes.8 The very high
activity was attributed to the structural properties of nano-
materials, including their high surface area and crystallinity.

Recently, researchers have integrated covalent organic
frameworks (COFs) with inorganic materials to synthesize
composite materials. These synthesized composites have been
found to be highly functionalized materials with a very high
surface area. The heterostructure between COFs and inorganic
materials (inorganic–organic heterostructure) is responsible for
novel properties of COF-based nanocomposites.9,10

Carbon-based materials have enormous applications in CO2

reduction11 as well as in aniline elimination.12 Materials such as
multi-walled carbon nanotubes (MWCNTs) have also been
widely studied because of their superior porosity and high
surface area, which enhance photocatalytic efficiency.13–15

Composites, such as Ag nanoparticles on activated carbon, ZnO/
CSAC, and Ag–TiO2/GNSAC, have shown improved catalytic
activities over various dyes compared to their pristine forms.13–15

Among emerging photocatalysts, graphitic carbon nitride (g-
RSC Adv., 2025, 15, 15651–15669 | 15651
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C3N4) has attracted attention due to its tuneable properties.16

However, the recombination of charge carriers limits its
performance.17–21 To address this, researchers have explored
composite materials to suppress recombination and enhance
photocatalytic activity.17–21

Heterojunctions between g-C3N4/DE/Ag/AgCl/CNDE display
outstanding photocatalytic activity in highly carcinogenic Cr+6

reduction and inMB dye degradation.22,23 Further, many studies
on the interface between g-C3N4 and metal oxides, such as ZnO,
SnO2 and Fe3O4, have been widely reported.24–26 Among these,
SnO2@g-C3N4 stands out due to its favourable band gap align-
ment, which promotes effective charge separation and
enhances photocatalytic efficiency.27–29 The band gap difference
between SnO2 (3.6–3.8 eV) and g-C3N4 (2.7–2.8 eV) supports the
formation of a heterojunction, further improving
performance.27–29 Previous studies, such as those by Praus and
Akhundi, have demonstrated enhanced photodegradation of
rhodamine B using SnO2@g-C3N4 composites.30,31 However,
a more in-depth exploration of this material is needed, partic-
ularly for practical applications in dye degradation and envi-
ronmental remediation.

Our current work focuses on developing a SnO2@g-C3N4

nanocomposite via the hydrothermal method, aiming to
enhance the photodegradation of pollutants like MB dye and
BPA. The novelty of our approach lies in the utilization of het-
erojunctions and porous structures to improve charge transfer
and separation at the catalyst interface, which is distinct from
the adsorption mechanisms seen in previous studies, such as
those involving Co3O4@MWCNT and Sr-doped ZnO.7,8 In
contrast to the extensively studied TiO2@g-C3N4, research on
SnO2@g-C3N4 remains limited despite its promising potential
for enhanced photocatalytic activity due to superior charge
separation and higher reduction potential.31

In addition to MB degradation, our study is extended to the
removal of BPA, a persistent organic pollutant widely used in
polymer production. BPA poses signicant risks to human
health and ecosystems, with known endocrine-disrupting
effects and environmental persistence.32–36 Although various
treatment methods exist, there remains a need for more effi-
cient, cost-effective solutions.37 Our work aims to ll this gap by
demonstrating the efficacy of SnO2@g-C3N4 for the photo-
degradation of both MB and BPA, establishing a robust method
for tackling complex environmental pollutants.

This study presents a novel approach by synthesizing
SnO2@g-C3N4 nanocomposites and highlights their potential
for improved photocatalytic performance in wastewater treat-
ment applications. Characterization techniques such as FTIR,
XRD, FESEM, EDS, TEM, XPS, RAMAN, and UV-vis spectroscopy
were employed to conrm the material properties and catalytic
performance of the synthesized composite, setting the stage for
further advancements in environmental remediation.

2. Experimental
2.1 Materials

Stannic chloride pentahydrate (SnCl4$5H2O) was purchased
from Research Laboratories (RL), Mumbai, Maharashtra.
15652 | RSC Adv., 2025, 15, 15651–15669
Melamine (C3H6N6), trisodium citrate dihydrate (Na3C6H5O7),
PEG-200 and sodium hydroxide (NaOH) were purchased from
Loba Chemicals Mumbai, Maharashtra and were used as
received. The chemicals used in the synthesis of the catalyst
obtained from RL and Loba Chemicals Mumbai were of 99%
purity.

2.2. Synthesis of SnO2@g-C3N4 nanocomposite

2.2.1. Synthesis of SnO2. 7.0 g of SnCl4$5H2O, 8.82 g of
sodium citrate and 25 mL PEG-200 were added to 25 mL of
distilled water. The solution obtained was continuously stirred
for homogeneity, followed by a dropwise addition of 25 mL
ethanol. 50 mL of 2 M NaOH was added dropwise in this
homogeneous solution with constant stirring, followed by
sonication for 30 min. Aer sonication, the solution was
transferred to a hydrothermal reactor and heated to 120 °C for
12 h. The synthesized product was washed several times with
deionised water using a centrifuge machine (5000 rpm). The
product was dried in an oven at 80 °C for 8 h to obtain SnO2 and
labelled as SnO2.

2.2.2. Synthesis of g-C3N4 (GCN). The pristine g-C3N4 was
prepared from melamine. 5 g of melamine was weighed,
transferred in the silica crucible and red in the furnace at 550 °
C for 4 h. It resulted in a yellow coloured product, which was
ground with a mortar and pestle and labelled GCN.

2.2.3. Synthesis of SnO2@g-C3N4 nanocomposite. 2.5 wt%
SnO2@GCN nanocomposite was synthesized using 0.025 g of
GCN dispersed in ethanol and sonicated in 50 mL ethanol. Aer
ultra-sonic treatment for 1 h, a certain amount of pristine SnO2

nanomaterial was added into a beaker containing 50 mL
ethanol. Both the solutions were mixed, ultrasonically
dispersed for 30 min. And ltered. The product obtained was
red in an oven for 6 h. At a temperature of 80 °C. The prepared
sample was named as 2.5% SnO2@GCN. For the preparation of
different concentrations of SnO2@GCN (5.0 wt%, 7.5 wt%, and
10 wt%) nanocomposites, different weights of the as-
synthesized GCN (0.05 g, 0.075 g, and 0.10 g) were taken, and
the remaining steps of the preparation remained the same as
above. The compounds synthesized were labelled as 5.0%
SnO2@GCN, 7.5% SnO2@GCN and 10.0% SnO2@GCN,
respectively.

2.3. Characterization

The Rigaku X-ray diffractometer with Cu ka radiation (l =

1.5418 Å), power source of 40 kV, current of 40 mA, NIST 1976b
corundum standard with the sampling parameters (start angle-
5° to 90°) was used to obtain the XRD of samples. FTIR spectra
within the 400 to 4000 cm−1 wavenumber range were recorded
with a 3000 Hyperion Microscope with vertex 80 FTIR spec-
trometer. The source used was SiC, also called the Globar
source, with a power of 50–100 mW. The instrument was cali-
brated using polystyrene standard, which is in-built. The base-
line was corrected manually, and the number of scans was −32
scans with the scanned resolutions of 4 cm−1. The morphology
and microstructure of the compounds were recorded on Carl
Zeiss, model Supra 55. The source used was LaB6 with an
© 2025 The Author(s). Published by the Royal Society of Chemistry
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accelerating voltage of 0.1 to 30 kV and vacuum pressure of −2–
133 Pa under the probe current −4 pA–10 nA. The detector used
was Everhart Thornley Secondary Electron Detectors with the
magnication −79 to 1 000 00×. Further, transmission electron
microscopy (TEM, JEOL JEM 2100) with LaB6 source, 200 kV
power, and accelerating voltage of 20 to 200 kV was used to
study the morphology of samples. The instrument was cali-
brated using a gold lattice as a standard grid. Oxidation states
and elements were conrmed using XPS on Thermo Fischer
Scientic ESCALAB Xi+ (Source aluminium k alpha radiation
energy). The voltage applied was 1486.7 eV with a carbon stan-
dard peak at 284.8 eV, pass energy for survey of 50 eV and pass
energy for short scan of 20 eV. The scanning resolution was
0.03 eV with a vacuum level 5.2 × 10−10 mb analyser. Hemi-
sphere having argusmean radius of 124mm. The angle between
the analyser to the source was 90° with an instrument resolu-
tion of 0.60 eV. The band gap of all the samples was recorded on
a UV-visible spectrophotometer (Shimadzu Model UV-2700). A
surface area analyser (St 1 on NOVA touch 1LX) was used to
calculate the surface area of the samples. Raman spectral
analysis was carried out using a Renishaw spectrophotometer.
Lasers used in the instrument are of high power near IR diode
laser with 300 mW at 785 nm (air cooled). The standard used
was silicone with an integral narrow bandpass lter having
external mounting on a laser kinematic baseplate. Photocurrent
and EIS studies were conducted using an impedance analyser
(NOVA FRA2 m Auto lab type III (m3Au771301)). The photo-
degradation of MB dye was studied on a UV-visible spectro-
photometer (Shimadzu model 1800). Degradation of BPA was
studied using high-performance liquid chromatography
(HPLC), using a Hitachi Primaide 1120-system liquid chro-
matograph (Hitachi®, Palo Alto, CA) equipped with
Scheme 1 Schematic illustration of the synthesis of SnO2@GCN nanoco

© 2025 The Author(s). Published by the Royal Society of Chemistry
a quaternary high-pressure pump (1110 series), a single wave-
length UV detector (1410 series), and an autosampler (1210
series). Data analysis was carried out using Hitachi Chem
Station soware.

2.4. Electrochemical measurements

Electrochemical measurements such as photocurrent and
electrochemical impedance spectroscopy (EIS) were performed
using a three-electrode system. The system consists of platinum
as the counter electrode, Hg/Hg2Cl2 electrode as the reference
electrode and the as-synthesized catalyst as the working elec-
trode. The working electrode consists of 80 wt% of the active
material, 10 wt% activated carbon (conducting additive) and
10 wt% of polyvinyl diuorides (PVDF). These three materials
were mixed in a N-methyl pyrrolidone (NMP) solvent, ground in
a mortar and pestle, and using a doctor blade method, it was
coated on 1 × 3 cm indium–tin oxide (ITO) glass and dried at
70 °C for 5–6 h. Photocurrent and EIS studies were conducted
using sodium sulphate solution (Na2SO4) as an electrolyte.

2.5 Photocatalytic activity evaluation

The MB dye was degraded over the samples (SnO2, 2.5%
SnO2@GCN, 5.0% SnO2@GCN, 7.5% SnO2@GCN and 10.0%
SnO2@GCN). In a 100 mL MB solution of 100 ppm concentra-
tion, 10 mg of the catalyst was added and sonicated for 5
minutes. The absorption/desorption experiment was carried out
for half an hour in dark conditions so that the dye molecules
were in equilibrium with the catalyst. In regular intervals of
5 min, the dye solution was removed and its photodegradation
was studied at 663 nm using a UV-visible spectrophotometer.
The discoloration of the dye was judged at the maximum
absorption wavelength.
mposites.

RSC Adv., 2025, 15, 15651–15669 | 15653
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The as-synthesized pristine SnO2 and SnO2@GCN photo-
catalysts were also tested for the photodegradation of BPA
under sunlight irradiation. Prior to photodegradation, the
photocatalyst (35 mg) was added to the BPA solution (50 mL)
and the suspension was sonicated for 2 min, followed by
magnetic stirring in the dark for 30 min in order to reach the
adsorption–desorption equilibrium. During photodegradation,
aer regular time intervals, ∼1.0 mL solution was withdrawn
and ltered through a PTFE lter to remove the catalyst. The
residual BPA concentration was analysed using HPLC with
water/methanol (30/70, v/v) as a mobile phase (Scheme 1).

The limitation of this study is that during experimentation,
conclusions were drawn based on a single data set collected.
Even the data set collected does not include ESD (Estimated
Standard Deviation); hence, the error values were not
determined.
Fig. 2 FTIR spectra of as-synthesized GCN, SnO2, and various
SnO2@GCN samples.
3. Results and discussion

The crystal structures of GCN, SnO2 nanoparticles and
SnO2@GCN (2.5%, 5.0%, 7.5% and 10.0%) nanocomposites
were investigated using XRD (Fig. 1a). Fig. 1a shows ve distinct
diffraction peaks at (110), (101), (200), (211), and (301) planes,
corresponding to the tetragonal rutile structure of SnO2 (JCPDS
Card No. 41-1445) and SnO2@GCN (2.5%, 5.0%, 7.5% and
10.0%) nanocomposites. The characteristic peaks of GCN
(Fig. 1b) at 13° and 27.5° correspond to the (100) and (002)
planes, respectively (JCPDS Card No. 87-1526). The diffraction
peaks of GCN at 13° in the SnO2@GCN nanocomposites were
absent. This is due to the very small concentration of GCN
present in the nanocomposites. Further, the peak at 27.5° of
GCN is overlapped by the SnO2 peak at 26.6°.38

The FTIR spectra of GCN, SnO2 nanoparticles and SnO2@-
GCN (2.5%, 5.0%, 7.5% and 10.0%) nanocomposites are
depicted in Fig. 2. In GCN, the peaks at 809 cm−1, 1635 cm−1 are
because of the out of plane bending modes of heterocyclic C–N,
C–N stretching vibration modes and the peaks at (1238, 1317,
1406, 1558) cm−1 are due to the aromatic C–N stretching
Fig. 1 (a) XRD patterns of as-synthesized SnO2 and various SnO2@GCN

15654 | RSC Adv., 2025, 15, 15651–15669
vibration.39 SnO2 gives the characteristic Sn–O peaks at
550 cm−1 and 640 cm−1. All the samples gave strong absorption
peaks around 3150 cm−1, corresponding to the O–H stretching
vibration.40

The characteristics of as-synthesized SnO2 nanoparticles and
SnO2@GCN nanocomposites (2.5%, 5.0%, 7.5% and 10.0%) and
GCN were analysed using Raman spectra. The Raman spectra of
SnO2 nanoparticles and SnO2@GCN (2.5%, 5.0%, 7.5% and
10.0%) nanocomposites and GCN are shown in Fig. 3. The basic
Raman active mode of SnO2 nanoparticles at 474 cm−1 and
621.5 cm−1 was observed in the convoluted peak centred at
572 cm−1, whereas another small hump was observed at
768 cm−1. Thus, a Raman spectrum of SnO2 conrms the
formation of rutile SnO2 nanoparticles. The Raman peaks at
474 cm−1, 621.5 cm−1 and 768 cm−1 correspond to the Eg, A1g
and B2g vibration modes of the rutile SnO2, which are in
samples. (b) XRD patterns of as-synthesized GCN.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman spectra of SnO2, GCN and various SnO2@GCN samples.
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accordance with the XRD results.41 The Raman band at
572 cm−1 is attributed to the surface mode of nanostructured
SnO2. The material is crystalline, conrmed by the broadening
Fig. 4 TGA-DTA curve of (a) SnO2 and (b) 5% SnO2@GCN samples.

Fig. 5 (a) DRS spectra and (b) UV-vis absorption spectra and band gap d

© 2025 The Author(s). Published by the Royal Society of Chemistry
of Raman peaks. The Raman peak observed at 572 cm−1 indi-
cates that the synthesized SnO2 has amixed nanocrystalline and
amorphous phase. Fig. 3 shows extra vibrational modes located
at 708 cm−1 and 1234 cm−1 in (2.5%, 5.0%, 7.5% and 10.0%)
nanocomposites and GCN, but these are not seen in the SnO2

sample, which means that successful SnO2@GCN nano-
composites (2.5%, 5.0%, 7.5% and 10.0%) were formed. The
intense of vibration modes at 708 cm−1, 1234 cm−1 enhances
with concentrations of GCN, indicates concentration of GCN
increases, which is equivalent to experimental conditions.
Additionally, the vibrations at 708 cm−1 and 1234 cm−1 are
assigned to the stretching vibration of aromatic C–N heterocycle
characteristic tomelem.42,43 The peaks at 708 cm−1 are related to
the different types of ring breathing modes of s-triazine.

Thermogravimetric and differential thermal analyses (TGA-
DTA) of SnO2 and 5.0% SnO2@GCN nanocomposites were
recorded up to 700 °C. The TGA-DTA curve of SnO2 is depicted
in Fig. 4a. The TGA curve showed a 11.14% weight loss up to
500 °C due to the loss of water vapour and organic components.
Aer 500 °C, the TGA curve is almost straight. The DTA plot
shows two endothermic peaks at 56.30 °C and 274 °C with
corresponding weight losses of 4% and 1.6%, respectively. The
etermination of GCN, SnO2, and various SnO2@GCN samples.

RSC Adv., 2025, 15, 15651–15669 | 15655
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TGA-DTA curve of 5% SnO2@GCN is depicted in Fig. 4b. The
TGA curve shows a 14.55% weight loss up to 600 °C due to the
loss of water vapour and organic components. Aer 600 °C, the
TGA curve is almost straight line, it indicates loss of organic
compound and formation of stable metal oxide. The DTA plot
Fig. 6 Low- and high-resolution FESEM images of as-synthesized (a–c
7.5% SnO2@GCN and (p–r) 10.0% SnO2@GCN samples with the corresp

15656 | RSC Adv., 2025, 15, 15651–15669
shows two endothermic peaks at 59 °C and 402 °C with corre-
sponding weight losses of 7.5% and 7.4%, respectively. These
results conrm the formation of the 5.0% SnO2@GCN
nanocomposite.
) GCN (d–f) SnO2 (g–i) 2.5% SnO2@GCN (j–l) 5.0% SnO2@GCN (m–o)
onding elemental mapping.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The band gap of GCN, SnO2 nanoparticles and SnO2@GCN
(2.5%, 5.0%, 7.5% and 10.0%) nanocomposites were deter-
mined using UV-diffuse reectance spectroscopy (UV-DRS). The
Fig. 7 (a and b) TEM images of the as-synthesized representative 5.0% S
(e–j) colour mapping of Sn, O, C and N and (k) EDS elemental mapping

© 2025 The Author(s). Published by the Royal Society of Chemistry
spectra of all the samples were measured in the 200–800 nm
wavelength region (Fig. 5a). The band gap of SnO2 is 3.75, GCN
is 2.39 eV, and 5.0% SnO2@GCN is 2.93 eV. A slight red shiwas
nO2@GCN nanocomposite, (c) HRTEM image, (d) average particle size,
of the 5.0% SnO2@GCN nanocomposite.
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observed when SnO2 is dispersed with g-C3N4, which amounts
to a decrease in the band gap energy of SnO2@GCN (2.5%,
5.0%, 7.5% and 10%) nanocomposites as compared with pris-
tine SnO2 (Fig. 5b). The band gap energy (Eg) was calculated with
Tauc's formulae as per the equation given below (1).

Ahv = A(hv − Eg)
n (1)
Fig. 8 XPS spectra of the representative 5.0% SnO2@GCN nanocomposit
deconvoluted spectrum of C 1s, N 1s, Sn3d, and O 1s.

15658 | RSC Adv., 2025, 15, 15651–15669
Eg is the optical band gap, v is the frequency of light, h is the
Planck constant, A is the proportionality coefficient and n= 2. It
is determined by plotting a graph between (ahn)2 and hn − (Eg).

The morphology of GCN, SnO2 nanoparticles and SnO2@-
GCN (2.5%, 5.0%, 7.5% and 10.0%) nanocomposites at different
magnications were determined with the corresponding
elemental mapping (Fig. 6a–r). It is clear from Fig. 6a–r that the
e: (a) survey scans for the 5.0% SnO2@GCN nanocomposite and (b)–(e)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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micrometer scale images are less resolved when compared to
nanometer scale images. The FESEM images showed spherical-
shaped SnO2@GCN particles. The particles are agglomerated
with a difference in size and porosity. Further, energy dispersive
X-ray (EDAX) analysis yielded the elemental compositions
within GCN, SnO2 nanoparticles and SnO2@GCN (2.5%, 5.0%,
7.5% and 10.0%) nanocomposites. The GCN compound
exhibited distinctive peaks corresponding to elements C and N.
In contrast, SnO2 displayed peaks attributed to elements Sn and
O. However, 2.5% SnO2@GCN, 5.0 %SnO2@GCN, 7.5%
SnO2@GCN and 10.0% SnO2@GCN showcased peaks indicative
Fig. 9 (a–e) Nitrogen adsorption isotherms of synthesized SnO2 and v
surface area of SnO2 and various SnO2@GCN samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
of elements Sn, O, C, and N. Notably, the EDAX spectra of the
synthesized samples revealed no impurity peaks, conrming
the creation of highly pure nanostructures.

The TEM images of the 5.0% SnO2@GCN nanocomposite
(Fig. 7) describe its morphology. The 5.0% SnO2@GCN nano-
composite exhibits spherical-shaped particles (Fig. 7a and b).
TEM images conrm the agglomeration of particles as observed
in the FESEM images. The lattice fringes, which determine the
crystallographic spacing, are conrmed from the HRTEM image
(Fig. 7c). An interplanar distance of 0.263 nm was observed,
which is in close agreement with the d spacing of the (110)
arious SnO2@GCN samples (f) plots showing the variation in specific

RSC Adv., 2025, 15, 15651–15669 | 15659
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Fig. 10 BJH pore size distribution of SnO2 and various SnO2@GCN
nanocomposites.
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plane. The average particle size distribution of 5.0% SnO2@-
GCN nanocomposite images is given in Fig. 7d. It conrmed the
nano-sized crystal material, and the average particle size ob-
tained was 31.80 nm (Fig. 7d, ESI 1†). Individual elements
present in the 5.0% SnO2@GCN nanocomposite, such as Sn, O,
C and N, are conrmed by colour mapping (Fig. 7e–j). The
elemental composition of the 5.0% SnO2@GCN nanocomposite
(Sn, O, C & N) was conrmed by the energy dispersive spectra
(EDS). The synthesized SnO2@GCN nanocomposites were very
pure, as there were no impurity peaks in the spectra (Fig. 7k).

To study the surface properties and oxidation states, XPS
spectroscopy was used. The full XPS scan of the 5.0% SnO2@-
GCN nanocomposite is depicted in Fig. 8a. In the survey scan of
metals, C 1s, N 1s, O 1s and Sn3d main photoionization signals
were obtained. To investigate the oxidation states, relative
intensities of the narrow scan for long-time measured patterns
of C 1s, N 1s, Sn3d and O 1s bands were studied and are shown
in Fig. 8b–e, respectively. The 5.0% SnO2@GCN nanocomposite
has binding energy peaks at 284.8 eV and 288.4 eV, which
correspond to C 1s. The peaks at 398.8 eV, 399.4 eV and 400.7 eV
for N 1s correspond to the sp2 nitrogen present in triazine rings
(C–N]C), tertiary nitrogen groups and free amino groups (C–
N–H), respectively. The core signals of other metal ions, such as
signals for O 1s, were at 530.2 eV, 531.2 eV and 532.2 eV. For Sn
3d5/2, the peaks are at 486.03 eV and 486.6 eV; for Sn 3d3/2, the
peaks were at 494.95 eV and 495.4 eV. These observations
support the formation of the 5.0% SnO2@GCN nanocomposite.

The N2 adsorption/desorption isotherms of SnO2, 2.5%
SnO2@GCN, 5.0% SnO2@GCN, 7.5% SnO2@GCN and 10.0%
SnO2@GCN nanocomposites are depicted in Fig. 9a–e respec-
tively. To examine the surface area, Brunauer, Emmett, and
Teller (BET) surface area measurements were carried out in
liquid nitrogen at 77.35 K. Further, the Barrett–Joyner–Halenda
(BJH) pore size distribution of all synthesized compounds,
SnO2, 2.5% SnO2@GCN, 5.0% SnO2@GCN, 7.5% SnO2@GCN
and 10.0% SnO2@GCN nanocomposites, were investigated. The
surface area andmorphological properties play a very important
role in photocatalyst application, which could increase the
contact interaction between the catalyst and the dye, enhancing
the photocatalytic activity. The estimated values of specic
surface area, average pore radius and total pore volume were
determined (Table 1). The maximum specic surface area was
observed for the 5.0% SnO2@GCN nanocomposite (Fig. 9f). The
5.0% SnO2@GCN nanocomposite with a high specic surface
area showed good photocatalytic activity as compared to SnO2,
2.5% SnO2@GCN, 7.5% SnO2@GCN and 10.0% SnO2@GCN
nanocomposites. Fig. 10 represents the BJH pore size distribu-
tion of all ve samples of SnO2, 2.5% SnO2@GCN, 5.0%
SnO2@GCN, 7.5% SnO2@GCN and 10.0% SnO2@GCN
Table 1 Specific surface area and pore parameters

Surface area and pore parameters SnO2 2.5%SnO2 @GCN

Specic surface area (m2 g−1) 13.7544 9.8458
Total pore volume (cm3 g−1) 0.0298 0.0243
Average pore radius (nm) 1.6874 1.6788

15660 | RSC Adv., 2025, 15, 15651–15669
nanocomposites. The 5.0% SnO2@GCN nanocomposite
exhibits a high specic surface area and pore volume (Table 1),
which results in providing maximum sites for the reaction,
adsorption as well as desorption and exposure of the inner
surface of the material, and it is benecial in photocatalyst
application. The investigation focused on the photodegradation
of MB dye in solar light over SnO2@GCN composites. The effi-
ciency of decolorization was evaluated, and the photocatalytic
process was monitored by utilizing the 663 nm optical absorp-
tion peak. The photodegradation of aqueous MB dye using
SnO2@GCN composites is illustrated (Fig. 11a–e). It is evident
that, in all cases, the absorbance of the MB dye gradually
decreased with respect to the respective catalysts and irradia-
tion time without any observable shis in the spectrum.
Notably, 5.0% SnO2@GCN exhibited more degradation
compared to other photocatalysts. Additionally, we conducted
a recyclability test for the 5.0% SnO2@GCN composite, as
illustrated in Fig. 11f, and the results demonstrate that the
sample exhibits good recyclability aer ve consecutive cycles,
conrming its stability.

In Fig. 12a, the photodegradation plot of MB dye using
different photocatalysts in solar light as a function of time is
presented. A controlled experiment (no catalyst) was performed,
revealing that the dye solution remained unchanged aer irra-
diation under solar light. The photodegradation rate was
observed to be higher for 5.0%SnO2@GCN compared to other
samples. 5.0% SnO2@GCN demonstrated the highest photo-
catalytic activity, reaching almost 97%. The observed MB dye
5.0%SnO2 @GCN 7.5%SnO2 @GCN 10.0%SnO2 @GCN

19.5299 13.5362 13.7901
0.0499 0.0312 0.0414
1.6869 1.6889 1.6859

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a–e) Time-dependent changes in the absorption spectra of the MB dye aqueous solution (100 ppm, 100ml) in the presence of 10 mg of
SnO2 and various SnO2@GCN samples under sunlight irradiation, along with the corresponding colour changes in the initial solution at 10–45
minutes of the photodegradation reaction. (f) Recyclability of the 5% SnO2@GCN nanocomposite.
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photodegradation rate followed the order: 5.0% SnO2@GCN >
7.5% SnO2@GCN > 2.5% SnO2@GCN > SnO2 > 10.0% SnO2@-
GCN. Thus, we can conclude that with an increase in the
loading of GCN up to 5 wt%, degradation increases; however,
aer that, the rate of degradation decreases for 7.5% and 10.0%
(SnO2@GCN) samples.

Fig. 12b displays the plot of ln (Ct/C0) versus irradiation time
of MB degradation in the presence of photocatalysts. The rate
© 2025 The Author(s). Published by the Royal Society of Chemistry
constants were estimated for SnO2 nanoparticles, 2.5%
SnO2@GCN, 5.0% SnO2@GCN, 7.5% SnO2@GCN and 10.0%
SnO2@GCN nanocomposites, yielding values of 0.0125, 0.0382,
0.0902, 0.0589, and 0.0456, respectively (see Table 2). Notably,
in contrast to previous investigations, the MB degradation for
the 5.0% SnO2@GCN sample is signicantly higher.44–47 The
higher photodegradation is attributed to the band structure,
RSC Adv., 2025, 15, 15651–15669 | 15661
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Fig. 12 (a) Plot of the MB-normalized concentration with GCN, SnO2 and various SnO2@GCN catalysts with solar radiation as a function of time.
(Initial concentration: 100 ppm, 100ml; each catalyst conc. 10mg). (b) Plot of ln (Ct/C0) versus irradiation time of MB degradation in the presence
of as-synthesized catalysts.

Table 2 Kinetic parameters for as-synthesized samples

Sample Rate equation Correlation coefficient R2

SnO2 y = 0.0125x R2 = 0.9702
2.5% SnO2@GCN y = 0.0382x R2 = 0.9842
5.0% SnO2@GCN y = 0.0902x R2 = 0.9923
7.5% SnO2@GCN y = 0.0589x R2 = 0.9914
10.0% SnO2@GCN y = 0.0456x R2 = 0.9716
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morphology, interface, and high crystallinity of 5.0%SnO2@-
GCN, resulting in maximum MB degradation.

Aer conducting the MB dye degradation using SnO2@g-
C3N4, we extended our investigation to the degradation of
a colourless contaminant, BPA. This was particularly relevant
given that MB is photosensitive under solar light. We examined
the photocatalytic efficiency of the as-synthesized SnO2 and
SnO2@GCN catalysts for the photodegradation of BPA. The
degradation performance of different SnO2 and SnO2@GCN
photocatalysts is illustrated in Fig. 13a. The results indicate that
SnO2@GCN photocatalysts exhibit superior photocatalytic effi-
ciency, with the 5.0% SnO2@GCN composite demonstrating the
highest photoactivity, degrading approximately 99% of BPA
within 60 minutes under solar light irradiation.

Further, Fig. 13b shows the effect of different dosages of
5.0% SnO2@GCN on BPA degradation. The catalyst dosages
were varied between 0.25 g L−1 and 1.0 g L−1. It was observed
that the degradation efficiency increased with the catalyst
dosage, reaching an optimum at 0.75 g L−1. Beyond this dosage,
at 1.0 g L−1, the degradation efficiency declined. This
15662 | RSC Adv., 2025, 15, 15651–15669
phenomenon can be attributed to the well-known fact that
increasing the photocatalyst dosage generates more reactive
species (e.g., radicals), which enhances photoactivity. However,
exceeding the optimal dosage can lead to increased suspension
opacity, inhibiting light penetration and promoting agglomer-
ation, which reduces the active surface area available for pho-
tocatalysis, thus lowering the degradation efficiency.

Additionally, Fig. 13c illustrates the effect of varying the
initial concentration of BPA on the photodegradation efficiency.
The results reveal that as the initial BPA concentration
increased, the degradation efficiency decreased. This can be
explained by the limited number of active sites on the 1 g L−1

5.0% SnO2@GCN catalyst, which are insufficient to degrade
higher concentrations of BPA, such as 45 mg L−1, leading to
reduced photoactivity.

The inuence of the initial pH on BPA degradation was also
studied by adjusting the pHwith HCl and NaOH, and the results
are presented in Fig. 13d and e. The data show that the
minimum degradation (∼82%) occurred at pH 10, while the
degradation efficiency increased as the pH approached neutral
(pH 6). This can be attributed to the interaction between BPA
degradation efficiency and the ionic environment, as well as the
surface charge of the SnO2@GCN photocatalyst. At pH < 6, the
presence of Cl− ions may compete with BPA for adsorption on
the catalyst surface, thereby reducing the degradation
efficiency.

Fig. 13f further explores the effect of different cations and
anions on BPA degradation. The results indicate that the
addition of cations such as K+, Na+, and Ca2+ led to a slight
increase in degradation efficiency, likely due to the reduction in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Effect of different as-synthesized pristine SnO2 and SnO2@GCN photocatalysts on BPA degradation. (b) Effect of 5% SnO2@GCN
photocatalyst dosage on BPA degradation. (c) Effect of initial BPA concentration on photodegradation (5% SnO2@GCNdosage= 1.0 g L−1 and pH
= 6.5). (d) Effect of pH on BPA photodegradation (Initial BPA concentration = 35 mg L−1 and 5% SnO2@GCN dosage = 1.0 g L−1). (e) Effect of pH
on the reaction rate constant over 5% SnO2@GCN photocatalyst under sunlight irradiation (Initial BPA concentration = 35 mg L−1 and 5%
SnO2@GCN dosage = 1.0 g L−1). (f) Effect of inorganic ions on % BPA photodegradation.
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the thickness of the electric double layer surrounding the
photocatalyst particles. On the contrary, the addition of anions
such as HCO3

−, H3PO4c
−, and SO4

2− had a detrimental effect on
the degradation process, with the minimum degradation
(∼18%) observed in the presence of H3PO4. This reduction in
degradation efficiency can be explained by the role of anions as
© 2025 The Author(s). Published by the Royal Society of Chemistry
scavengers of hydroxyl radicals and photogenerated holes,
which are essential for the photocatalytic degradation of BPA.

The 5.0% SnO2@GCN composite exhibited superior photo-
catalytic activity for BPA degradation under optimal conditions.
However, the catalyst dosage and environmental factors, such
as pH and the presence of competing ions, signicantly inu-
enced the degradation efficiency. These ndings underscore the
RSC Adv., 2025, 15, 15651–15669 | 15663
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importance of optimizing the reaction conditions to maximize
the photocatalytic performance of SnO2@GCN composites for
the degradation of organic pollutants such as BPA.

Electrochemical impedance spectroscopy (EIS) and photo-
current measurements are crucial parameters for evaluating the
separation efficiency of photoinduced charge carriers in pho-
tocatalysis. EIS was utilized to further assess the separation
efficiency of electron–hole pairs (Fig. 14a). The semicircle radius
of the Nyquist plots provides insights into the charge carrier
transfer rate; a smaller semicircle radius indicates lower resis-
tance, and therefore, more efficient charge transfer.48 The 5.0%
SnO2@GCN composite displays a smaller semicircle radius
than pure SnO2 and the other composites, underscoring its
superior charge separation and transfer efficiency. The
enhanced charge transfer resistance is attributed to the loading
of GCN in the nanocomposites (Fig. 14a).49,50

The photocurrent response of both pristine graphitic carbon
nitride (GCN) and the 5.0% SnO2@GCN composite was inves-
tigated, as illustrated in Fig. 14b. The results clearly demon-
strate that the 5% SnO2@GCN composite generates
a signicantly higher photocurrent than the pure GCN. This
enhanced photocurrent response indicates a more efficient
separation and transportation of photogenerated charge
carriers in the composite material. The improved charge carrier
dynamics can be attributed to the synergistic interaction
between SnO2 and GCN, which effectively suppresses the
recombination of photoinduced electron–hole pairs. Such
behaviour suggests that the incorporation of SnO2 nano-
particles into the GCN matrix enhances its photo-
electrochemical performance, making it a promising candidate
for application in photocatalysis.9,10

Furthermore, the stability of the 5.0% SnO2@GCN
composite was evaluated through FESEM and FTIR analyses
conducted before and aer the photocatalytic experiments, as
presented in Fig. ESI 2 and 3.† The comparative analysis
revealed no signicant morphological or structural changes,
indicating that the 5.0% SnO2@GCN composite maintains good
stability during the photocatalytic process.
Fig. 14 (a) Electrochemical impedance spectra (EIS) of SnO2, 2.5% SnO
composites. (b) Photocurrent response spectra of GCN and 5.0% SnO2@

15664 | RSC Adv., 2025, 15, 15651–15669
These results collectively demonstrate that incorporating
5.0% GCN into SnO2 signicantly enhances photocatalytic
performance by improving the charge carrier separation and
reducing recombination rates. This enhancement is likely due
to the synergistic effects between GCN and SnO2, facilitating
better charge transport and extending the lifespan of charge
carriers. Consequently, the 5.0% SnO2@GCN composite stands
out as a promising candidate for advanced photocatalytic
applications.

The role of active radicals in degrading the MB dye using the
5.0% SnO2@GCN photocatalyst was studied via radical trap-
ping.51 To capture holes, hydroxyl radicals, and superoxide
radicals, 1 mmol of ethylenediaminetetraacetic acid (EDTA),
isopropanol (IPA), and benzoquinone (BQ) were added to the
system. Fig. 15a shows that the photocatalytic activity of 5.0%
SnO2@GCN photocatalyst decreases signicantly with IPA and
BQ, indicating that cOH and O2c

− are the main oxidative
species.52 The activity remains unchanged with EDTA, proving
that holes are not the primary active species.

These results highlight that the degradation rate of MB dye
depends on the hydroxyl and superoxide radicals. The 5.0%
SnO2@GCN incorporation enhances the generation of these
radicals by improving the charge separation and increasing
surface area, leading to better interaction with the dye mole-
cules. This improved activity suggests that the SnO2@GCN
composites are promising for environmental remediation,
where efficient organic pollutant degradation is crucial.

The remarkable photocatalytic activity exhibited by the 5.0%
SnO2@GCN nanocomposite suggests an efficient mechanism
for the solar-driven degradation of methylene blue (MB). As
depicted in Fig. 15b, the degradation process is likely governed
by a direct Z-scheme charge transfer mechanism, as supported
by recent literature.53–55 In this system, the band structure of the
composite plays a critical role in facilitating efficient charge
separation and enhancing photocatalytic efficiency. The posi-
tions of the conduction band (CB) and valence band (VB) edges
were theoretically estimated using eqn (2) and (3):56

ECB = c − Ee − 0.5 Eg (2)
2@GCN, 5.0% SnO2@GCN, 7.5% SnO2@GCN, and 10.0% SnO2@GCN
GCN composite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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EVB = ECB + Eg (3)

Here, ECB and EVB represent the potential at the conduction
band and valence band edges, respectively; Ee is the free elec-
tron energy (approximately 4.5 eV) in the hydrogen spectrum; Eg
is the semiconductor band gap energy; and c is the absolute
electronegativity of the semiconductor. Based on these calcu-
lations, SnO2 exhibits VB and CB potentials of +3.65 eV and
+0.05 eV, respectively, while g-C3N4 shows the VB and CB
positions of +1.42 eV and −0.96 eV, respectively. Under solar
illumination, both SnO2 and g-C3N4 are excited to generate
electron–hole pairs. In the Z-scheme conguration, electrons
from the CB of SnO2 recombine with holes from the VB of g-
C3N4, leaving highly active electrons in the CB of g-C3N4 and
holes in the VB of SnO2. The strong oxidizing holes (+3.65 eV) in
the VB of SnO2 readily oxidize H2O molecules to generate
hydroxyl radicals (cOH), which are powerful oxidants for dye
degradation. Simultaneously, the electrons accumulated in the
Fig. 15 (a) Influence of different scavengers on the photodegradation
degradation mechanism of MB dye using the SnO2/g-C3N4 (5.0% SnO2@

© 2025 The Author(s). Published by the Royal Society of Chemistry
CB of g-C3N4 (at −0.96 eV) reduce O2 to produce superoxide
radicals (O2c

−). These reactive oxygen species work synergisti-
cally to achieve efficient MB degradation.57

This direct Z-scheme mechanism not only improves the
spatial separation of photogenerated charges but also preserves
their strong redox capabilities, thereby enhancing photo-
catalytic performance. The proposed mechanism aligns well
with recent ndings reported for similar SnO2-based Z-scheme
photocatalysts,58 further validating our approach. Additionally,
supporting evidence from scavenger experiments, photo-
luminescence quenching, and active species trapping studies in
recent reports corroborate the Z-scheme pathway in similar
composite systems.59,60

The SnO2@GCN nanocomposite materials applied in pho-
tocatalysis, as reported in the literature, are summarized (Table
3). We can conclude from Table 3 that the SnO2@GCN nano-
composite photocatalysts synthesized by the hydrothermal
efficiency of methylene blue using 5% SnO2@GCN and (b) photo-
GCN) nanocomposite.
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Table 3 Summary of the recent research reports pertaining to the synthesis of SnO2@g-C3N4 nanocomposites and their application as
photocatalysts

Photocatalyst Method Dye soln. tested Light source Remark References

SnO2@g-C3N4 Hydrothermal MB 10 mg L−1 Visible light 99.38% 75 min 61
50% SnO2@g-C3N4 Hydrothermal RhB 10 mg L−1 Visible light 99.38% 120 min 62
SnO2@g-C3N4 40% Hydrothermal RhB 10 mg L−1 UV light 100% 240 min 63

Visible light 98.5% 240 min
SnO2@g-C3N4 Hydrothermal Methyl orange 1 × 10−5 mol L−1 Visible light 120 min 64
QDs SnO2@g-C3N4 Co-precipitation Methyl orange 5 mg L−1 Sunlight 94% 180 min 65
16.5% SnO2@g-C3N4 Hydrothermal Methyl orange Visible light 58% 180 min 66
SnO2@g-C3N4 Sol–gel Methyl orange 2 × 10−5 M Visible light 83% in 150 min 67
SnO2@g-C3N4 Hydrothermal MB 10 mg L−1 Sunlight 97% 45 min Present work
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method are superior to other materials due to their higher
competing photocatalytic activity61–67 compared to other
photocatalysts.

4. Conclusion

In conclusion, the SnO2@g-C3N4 nanocomposites were
successfully synthesized and characterized, revealing signi-
cant insights into their structural, morphological, and photo-
catalytic properties. XRD conrmed the formation of tetragonal
rutile SnO2 and g-C3N4, with observed band gap modications.
SEM and TEM revealed spherical morphology and uniform
nano-sized particles, while EDAX and XPS conrmed the
elemental composition and purity. BET analysis indicated an
enhanced specic surface area for the 5.0% SnO2@GCN
composite, correlating with its superior photocatalytic perfor-
mance. The SnO2@GCN heterojunctions achieved 97% photo-
catalytic degradation efficiency for methylene blue (MB) under
sunlight in 45 minutes, surpassing pure SnO2 and g-C3N4.
Additionally, the SnO2@GCN composites demonstrated 99%
degradation efficiency for BPA within 60 minutes under
sunlight, further highlighting their potential for environmental
remediation. This performance enhancement is due to
improved charge separation and extended sunlight absorption
from the SnO2 and g-C3N4 synergy. The Z-scheme charge
transfer mechanism further claried the charge dynamics
within the composite, solidifying the SnO2@GCN nano-
composite as a promising candidate for efficient solar-driven
photocatalysis in wastewater treatment.
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