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Heterostructured semiconductor photocatalysts have demonstrated exceptional adsorption capabilities for organic pollutants, making |
them highly effective for environmental purification. In this study, SnO, nanoparticles were synthesized using the hydrothermal method |
and examined as a potential photocatalyst. The synthesized nanoparticles were analyzed using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), U V-visible spectroscopy and photoluminescence (PL) spectroscopy. |
The degradation of chlorpyrifos was monitored to evaluate the photocatalytic efficiency of SnO, revealing that 78.8% of chlorpyrifos was |
eliminated within 90 min using 50 mg of photocatalyst with an initial pollutant concentration of 20 ppm. Scavenger tests were conducted |
to identify the reactive species involved in the photocatalytic process. Furthermore, the recyclability of the photocatalyst was assessed |
with a fresh chlorpyrifos sample, showing a decrease in degradation efficiency from 78.8% to 67.7%, confirming the efficient reusability
of SnO, nanoparticles and their high photocatalytic performance under visible light irradiation. I
|

INTRODUCTION ecosystems. Pesticides are linked to the allergic reactions, derm-

atitis, skin irritation, cancer and even genetic mutations in humans

Water pollution is a major global issue that worsens annua-
1ly, causing severe and often irreversible damage to the environ-
ment. The scarcity of potable water threatens all living organisms,
including over 1.2 billion people worldwide [1,2]. Consequently,
developing technologies to purify wastewater and produce
clean water is crucial [3,4]. Water contamination primarily results
from excessive pesticide use, pharmaceutical residues, oils and
industrial waste [5]. Among industrial discharges, organic pollu-
tants such as solvents, pesticides and dyes are the most concer-
ning due to their toxic and hazardous nature, drawing signifi-
cant attention from researchers [6,7]. Currently, over a thousand
types of pesticides are produced in massive quantities each
year [8]. These are extensively utilized in industries like paint,
cosmetics and textiles, where their waste severely deteriorates

[9].

Metal oxide nanoparticles have found widespread appli-
cations in various fields, including medicine, electronics, catal-
ysis, cosmetics, storage devices, biomedicine and drug delivery
systems [ 10]. In particular, transition metal-based metal oxide
nanoparticles have garnered immense interest among scientists
due to their unique physical and chemical characteristics, attri-
buted to their edge surface sites and nanoscale dimensions
[11,12]. Several transition metal oxides have been synthesized
by researchers, including zinc oxide (ZnO) [13], titanium di-
oxide (TiO,) [14], selenium oxide (SeO,) [15], copper iron oxide
(CuFe,0,) [16], nickel oxide (NiO) [17], cobalt oxide (Co;0,)
[18], etc. Among these, SnO, has attracted considerable atten-
tion due to its n-type semiconductor behaviour, featuring a
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band gap of 3.6 eV at room temperature. It exhibits exceptional
optical and electrical properties, such as high optical transp-
arency and low resistivity. The electron mobility in SnO, is
notably high, ranging between 100 and 200 cm?® V™' s, facilita-
ting rapid transport of photoexcited electrons compared to other
transition metal oxides [8,19].

Due to these remarkable properties, SnO, has been exten-
sively employed in the development of rechargeable lithium
batteries, gas sensors, electrocatalysts and photocatalysts [4].
The synthesis of SnO, nanoparticles has been a topic of great
interest among researchers, leading to the adoption of various
fabrication techniques. Utilized the co-precipitation method
to produce SnO; nanoparticles with an average diameter of 3.2
nm, the synthesized SnO, nanocrystals with sizes ranging from
2.8 to 5.1 nm using the sol-gel process [20]. Similarly, Chen
& Gao [21] employed the hydrothermal method to obtain SnO,
nanoparticles with a 3.0 nm diameter, synthesized SnO, nano-
crystals with diameters between 4 and 5 nm via the microwave
combustion technique. Several existing studies have reported
SnO, nanoparticles with broad size distributions and less con-
trolled morphologies [22]. To address these challenges, several
researchers have employed capping ligands to stabilize SnO,
nanoparticles [23].

The present study bridges this gap by reporting the synth-
esis of SnO, nanoparticles with a narrow size distribution, elimi-
nating the requirement for capping ligands [24]. This work holds
significant importance in terms of controlled morphological
synthesis and practical applications of SnO, nanoparticles [9].
It utilized SnO, nanowires as catalysts in lithium-ion batteries,
while employed SnO, nanopowder in gas sensors, incorporated
SnO, mesoporous spheres as photoanode materials in solar
cells. Furthermore, the small particle size of SnO, nanoparticles
significantly enhances their surface area, thereby improving
photocatalytic efficiency by facilitating electron—hole separa-
tion [25].

In this study, SnO, nanoparticles were synthesized via a
simple hydrothermal method using SnCl, as a precursor. The
synthesized product was characterized through X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Furthermore,
a formation mechanism explaining the transition from a tetra-
gonal unit cell to cube-like morphology is discussed. The study
also investigates the application of synthesized SnO, nano-
particles demonstrated the photocatalytic potential of SnO,
nanoparticles in the degradation of chlorpyrifos, which is an
organophosphate pesticide known for its neurotoxic effects, as
it inhibits the acetylcholinesterase enzyme, leading to severe
disruptions in the nervous system and hormonal imbalances
in living organisms.

EXPERIMENTAL

All the chemicals and reagents utilized in this study were
of analytical grade (A.R.) and used without any additional purifi-
cation. Hydrated stannic chloride (SnCl,-5H,0) and sodium
hydroxide (NaOH) were procured from Sigma-Aldrich, USA.
Deionized water was employed throughout the experimental
procedures. Isopropyl alcohol (IPA, Sigma-Aldrich), 1,4-benzo-
quinone (BQ, Alfa Aesar, USA) and potassium iodide (KI) were

acquired from Sigma-Aldrich and used for the scavenger test.
The pesticide Chlorpyrifos (CPF-500 mL) was sourced from
IndiaMART and utilized as a pollutant. Both Millipore distilled
water and deionized water were used during the experiment.

Synthesis of SnO, nanoparticles: SnO, nano-spherical-
like architectures were synthesized using a straightforward
hydrothermal method. A 1 M of hydrated stannic chloride (50
mL) was prepared and its pH was adjusted to 10 by adding a 2
M NaOH, resulting in the formation of a milky suspension.
This mixture was stirred for 30 min at room temperature before
being transferred into a Teflon-lined stainless steel hydrothermal
reactor and maintained at 150 °C for 24 h. The resulting preci-
pitates were collected via centrifugation and thoroughly washed
with distilled water and methanol to eliminate any impurities.
The obtained precipitates were then dried in an oven at 80 °C
overnight. Finally, the dried product was ground into a fine
powder and calcined at 600 °C for 3 h in an electric furnace
[12,26].

Characterization: The synthesized nanoparticle was anal-
yzed using an X-ray Diffractometer (Bruker Kappa APEX II)
to determine their crystalline phase structure and phase comp-
osition, employing CuKa radiation over a 26 range of 10-80°.
The surface morphology, elemental mapping distribution,
internal structure (including particle size, shape and disper-
sion), surface chemical bonding and optical characteristics of
the nanocomposite were investigated through high-resolution
scanning electron microscopy (HRSEM, FEI-Quanta FEG 200F)
and UV-vis diffuse reflectance spectroscopy (DRS, Shimadzu/
UV 2600 UV-vis spectrophotometer, ranging from 400 to 800
nm). Photoluminescence (PL) spectra were recorded using an
Edinburgh FL/FS900 spectrophotometer with an excitation
wavelength of 320 nm to analyze the interaction between the
elements within the nanocomposite.

Photocatalytic degradation of organic pollutants: The
photocatalytic breakdown of organic contaminants such as CPF
was conducted in a photocatalytic reactor (Heber photoreactor,
Annular type, HVAR-MP400) under U V-visible light exposure
using a 300 W Xenon lamp and a 420 nm cut-off filter, which
entirely blocks radiation below 420 nm [20]. Initially, 50 mg
of synthesized SnO, nanocomposite was introduced into 100
mL of an aqueous chlorpyrifos solution (20 mg/L). The mixture
was then stirred in a dark environment for 30 min to establish
adsorption-desorption equilibrium [27]. For the photocatalytic
degradation experiments, this solution was placed in the afore-
mentioned photocatalytic reactor, with continuous aeration via
a pump to maintain a uniform catalyst suspension throughout
the reaction period. Samples (5 mL each) were withdrawn at
fixed intervals of 10 min and centrifuged for 10 min to separate
the nanocatalyst for reuse. The supernatant was subsequently
analyzed using a UV-visible double-beam spectrophotometer
at the maximum absorbance wavelength of chlorpyrifos (Amax
=291 nm) to determine the pollutant concentration in solution
[28,29].

The degradation efficiency of pollutants was calculated
using the following equation:

Degradation (%) =

C,-C,
o %100
C e))

o
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where C, (initial concentration) and C, (concentration at a given
time, t) denote the levels of organic pollutants before and after
photo-irradiation, respectively.

RESULTS AND DISCUSSION

Phase structure analysis: The powder X-ray diffraction
(XRD) analysis was conducted to examine the crystalline phase
structure of SnO, nanoparticles. The XRD pattern of the synthe-
sized SnO, sample, as illustrated in Fig. 1, exhibits well-defined
diffraction peaks at specific 26 angles, including 26.7°, 33.97°,
38°,51.8° 54.8° and 66.1°. These peaks correspond to the crysta-
llographic planes (110), (101), (200), (211), (220) and (301),
respectively [30]. The observed diffraction peaks matched well
with the standard reference pattern from the Joint Committee
on Powder Diffraction Standards (JCPDS No. 41-1445), confir-
ming the presence of a cassiterite crystalline phase. The cassiterite
phase is known to adopt a tetragonal rutile type crystal structure,
characterized by a compact and thermodynamically stable arran-
gement of Sn and O atoms [30,31]. The sharp and intense nature
of the peaks further suggests a high degree of crystallinity in
the synthesized SnO, sample, indicating well-formed crystalline
domains with minimal structural defects [32].

JCPDS No. 41-1445
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Fig. 3. SEM micrographs of the as prepared SnO, photocataly

FTIR spectra: The FTIR spectrum of SnO, nanoparticles
(Fig. 2) exhibits bands at approximately 554 cm™ and 618
cm™', which correspond to Sn—O stretching vibrations asso-
ciated with Sn—OH and Sn—O-Sn bonds, respectively [33,34].
Furthermore, the bands observed at around 1630 cm™ and 3410
cm are attributed to the bending vibrations of adsorbed water
molecules on the SnO, surface and the stretching vibrations
of —OH groups, respectively. These bands are primarily due
to moisture absorption during sample preparation [35].

Transmittance (%)

0-Sn-0

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Fig. 2. FTIR spectra of the SnO, nanoparticle

Morphological studies: The morphology and structural
characteristics of the SnO, nanostructures were thoroughly
analyzed using scanning electron microscopy (SEM). Fig. 3
provides a detailed visualization of these intricate formations,
revealing a diverse array of nanostructures. The SEM images
depict the presence of low-lying spherical particles alongside
elongated nanorods, which are systematically arranged in
dense, bush-like formations [36]. Notably, the spherical exhibit
hemispherical ends that extend outward, contributing to the
overall complexity and high surface area of the SnO, structures.
This unique morphology is expected to play a crucial role in
enhancing the material’s properties, particularly in applications
requiring high surface-to-volume ratios, such as photocatalysis
and sensor technologies [10,35].

st
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Fig. 4. (a) UV-vis DRS spectra and (b) the consistent bandgap values via Tauc plot of the synthesised nanoparticles

UV-DRS studies: The UV-Vis absorption spectrum of the
synthesized SnO, nanoparticles is depicted in Fig. 4. The spect-
rum clearly shows that the absorption onset of the SnO, nano-
particles occurs at approximately 290 nm when the sample is
calcined at 700 °C [4]. This absorption edge (Fig. 4a) corresp-
onds to the electronic transition from the valence band to the
conduction band, indicating the optical properties of the material
[37].

To further analyze the optical band gap energy (E,) of the
SnO, nanoparticles, a Tauc plot was constructed using the absor-
ption spectra. The Tauc method involves plotting (0hv)" versus
photon energy (hv), where a is the absorption coefficient, hv
is the photon energy and n depends on the nature of electronic
transition (n = 2 for direct allowed transitions and n = %2 for
indirect allowed transitions) [20]. By extrapolating the linear
region of the plot to the energy axis, the estimated band gap
energy of the SnO, nanoparticles was determined to be 2.7 eV
shown in Fig. 4b. This band gap value is in good agreement
with previously reported values for SnO,, confirming its wide
band gap semiconductor nature, which is suitable for various
optoelectronic and photocatalytic applications [38].

The correlation between the absorption coefficient and
the incident photon energy was established using eqn. 2:

(IxR)
2R
where R stands for measured reflectance.
The bandgap energy (E,) value is estimated using Tauc
equation:

FR)= 2

(0hv)* = A(hv —E,) 3)

where hv represents the incident photon energy, K is a constant,
E, denotes the band gap energy and o(Vv) is the absorption
coefficient, which can be defined using Beer-Lambert’s law.

Photoluminescence study: The photoluminescence (PL)
spectrum provides valuable insights into the role of curcumin
in improving the quantum efficiency of charge carrier separa-
tion, as illustrated in Fig. 5. The spectrum reveals two distinct

Photoluminescence intensity (a.u.)

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 5. Photoluminescence spectroscopy

emission peaks located at 350 nm and 750 nm, which corres-
pond to the radiative recombination of photogenerated charge
carriers. A key observation in this analysis is that a lower PL
intensity signifies a reduced recombination rate of photogene-
rated electron-hole pairs, thereby enhancing the photocatalytic
activity of the material [11,39].

Notably, when comparing the PL intensity of pristine SnO,
with that of the curcumin-modified SnO, (curcumin/SnQO,), a
significant reduction in emission intensity is observed. This
decrease in PL intensity indicates that curcumin plays a crucial
role in effectively suppressing charge carrier recombination
[30]. By doing so, curcumin facilitates prolonged charge carrier
lifetimes and enhances the generation of reactive radicals, which
are essential for improved photocatalytic performance. Thus,
the incorporation of curcumin into SnO, contributes to a more
efficient charge separation process, ultimately leading to enhan-
ced photocatalytic efficiency [18].

Photocatalytic degradation of aqueous chlorpyrifos:
The photocatalytic efficiency of SnO, nanocatalyst was evalu-
ated based on the photodegradation of an aqueous chlorpyrifos
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solution under UV-visible light irradiation. The reduction in
the intensity of chlorpyrifos (Am.x = 291 nm) observed in the
UV absorption spectrum confirmed the degradation of chlorp-
yrifos over time t (min) [22]. Fig. 6a illustrates the degradation
process of chlorpyrifos using the SnO, nanocatalyst. Among
the tested conditions, 78.8% of chlorpyrifos (k = 0.0174 min™)
was degraded within 90 min under UV-visible light irradiation.
The degradation rate constant of SnO, is depicted in Fig. 6b,
while its degradation efficiency in percentage is presented in
Fig. 6¢c. Moreover, the pseudo-first-order kinetics of chlorpyrifos
photodegradation is shown in Fig. 6b.

Furthermore, the optimized addition of SnO, exhibited
higher degradation efficiency, indicating enhanced visible light
absorption and a significant reduction in the recombination of
photo-excited electron-hole pairs. This ultimately promoted
the generation of reactive oxidant species, facilitating the degra-
dation of chlorpyrifos [40].

The equation, where C, represents the chlorpyrifos concen-
tration at different time intervals (t) and C, = 0 denotes the
initial concentration of chlorpyrifos, is given as follows:

Moreover, the reaction kinetics were analyzed using a
pseudo-first-order kinetic model, expressed as:

CO p—
In C kt (3)
where C, (mg/L) and C; (mg/L) correspond to the initial and
residual CPF concentrations during the reaction, while k (mni™")
and t (min) represent the apparent rate constant and reaction
time, respectively.

Carriers trapping experiments and stability: As illust-
rated in Fig. 7b, different scavengers were employed in the photo-
catalytic process to neutralize reactive species. In this study,
three primary reactive species (*O*, h* and *OH) were gener-
ated and contributed to the reaction [36]. Benzoquinone (BQ)
was used to capture *O*, whereas potassium iodide (KI) and
isopropanol (IPA) served as scavengers for h* and *OH, respec-
tively, during chlorpyrifos degradation using the SnO, photo-
catalyst under visible light [41]. The chlorpyrifos degradation
efficiency declined from 78.8% (without scavengers) to 76.8%
(KD, 40.6% (IPA) and 55.2% (BQ). These findings indicate
that the reactive species involved in pollutant degradation

Degradation rate, 1 (%) ===t 4100 (4)  followed the order BQ > IPA > KI, highlighting that h” played
C, a more significant role than *OH and *O”* in CPF degradation.
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Fig. 6. a, b and c are the rate of CPF photodegradation, photodegradation effectiveness, and pseudo-first-order kinetic graphs for CPF using
the obtained photocatalytic samples, along with the percentage of CPF pollutant degradation efficiency in the SnO, photocatalyst
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Fig. 7. (a) Recycling stability efficiency of the SnO, photocatalytic nanocomposite and (b) impact of reactive scavenging species on the
photodegradation performance of CPF pollutants using the SnO, photocatalytic nanocomposite under visible-light irradiation
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The stability of the photocatalyst was assessed by exami-
ning the recyclability of SnO, nanocatalyst through four conse-
cutive cycling experiments for chlorpyrifos photodegradation.
After each cycle, the samples were centrifuged, thoroughly
washed with deionized water to remove any residual contami-
nants and subsequently dried in an oven at 60 °C for reuse in
the next cycle [42]. As shown in Fig. 7a, with a 90 min interval
between cycles, approximately 78.8 % of chlorpyrifos was
degraded in the first cycle. This efficiency exhibited a slight
decline (~3.7%) in the second cycle (~75.1%), followed by
further reductions in the third (~71.4%) and fourth (~67.7%)
cycles [43].

Visible-light photocatalytic mechanism: Scheme-I illus-
trates the proposed mechanism underlying the enhanced photo-
catalytic degradation of chlorpyrifos over SnO, nanocatalyst.
Under visible light irradiation, electron-hole pairs are generated
as electrons are excited from the valence band (VB) to the cond-
uction band (CB), leaving behind holes in the VB [32]. These
photogenerated electrons (") interact with oxygen (O,), while
the holes (h*) react with hydroxyl ions (OH"), forming reactive
oxygen species such as superoxide radicals ("O") and hydroxyl
radicals ("OH). These radicals play a crucial role in breaking
down organic pollutants into harmless byproducts like H,O
and CO; [36]. Consequently, the high photocatalytic efficiency
of the SnO; nanocatalyst is attributed to its effective charge
separation and the efficient transfer of photoinduced charge
carriers.

SnO, +hv——e™ +h” (6)
e +0,—°0; (7
2¢”+0, +2H"—H,0, (8)
h*+OH —— ‘"OH+H" ®

*OH +h" + CPF—— Degradation pollutants  (10)

Scheme-I:

The possible reaction mechanism of CPF SnO, nanocomposite
system

Conclusion

The study successfully demonstrated the effectiveness of
SnO; as a photocatalyst for wastewater decontamination under
visible light exposure. The synthesized SnO, nanoparticles
exhibited significantly high photocatalytic activity, achieving
an impressive 78.8% degradation of chlorpyrifos within 90
min. The apparent rate constant (K,p) for chlorpyrifos degrad-
ation using the SnO; nanoparticles was determined to be 0.0174
min™', indicating its efficient degradation kinetics. Furthermore,
the nanoparticles exhibited remarkable durability and stability,
as evidenced by its consistent performance over four consecu-
tive recycling tests. The catalyst retained its photocatalytic
efficiency and was easily recoverable, highlighting its potential
for long-term practical applications. Overall, this research
presents a successfully fabricated SnO,-based nanocatalyst
with high photocatalytic efficiency, stability and recyclability.
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