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Abstract

The SnS,/SnO, nanocomposite, employed as a photocatalyst for the photodegradation of fluorescein dye, demonstrates the
significant role of mass ratio and catalyst dosage in photocatalytic degradation. The relatively small disparity between the
conduction bands of SnS, (Ecg = -0.895 ¢V) and SnO, (Ecg = 0.15 ¢V) is conducive for the formation of a Z-scheme, which
curbs the recombination process and elevates photocatalytic activity. The nanocatalyst was synthesized using the sol-gel
method and subsequently characterized through XRD, SEM, TEM, EDX, mapping, DRS, and XPS. The peak intensity of the
photoluminescence (PL) study, relating to the optical property of the catalyst, was observed at 829 nm. The efficacy of the
prepared SnS,/SnO, nanoparticles against photostable fluorescein dye (Flu) photodegradation was evaluated, showing a
77.67% reduction in fluorescein dye within 240 minutes at a p"' level of 7. Additionally, the recyclability study affirmed the

stability of the catalyst over four successive runs.
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1. Introduction

The discharge of wastewater into the environment
can generate substantial environmental concerns and
pose risks to human health [1]. Consequently, there is
a pressing need to identify efficient solutions for
treating organic dye effluent. Various methods, such
as adsorption [2], biological treatment [3],
precipitation-coagulation [4], membrane processes,
advanced oxidation [5-8], ultrafiltration, dialysis,
electrodialysis [9, 10], reverse osmosis [11, 12], and
photocatalytic degradation have been explored.
Recently, photocatalytic degradation has emerged as
a successful, cost-effective approach to remove dyes.
Of the techniques available, photocatalytic
technology, which harnesses solar energy, stands out
as the most promising. However, the presence of
organic pollutants that can transform into harmful
chemicals in wastewater through hydrolysis,
oxidation, or other chemical reactions, makes the

removal of these toxic compounds a challenging task
[13]. Tin oxide (SnO,) is recognized for its
photocatalytic prowess in the photodegradation of
organic molecules [14], making it a significant
semiconductor  material,  superior to  other
photocatalysts like TiO,, ZnO, CdS. Attributes such
as low cost, non-toxicity, high activity, vast chemical
stability, limited water solubility, and eco-friendly
properties have bolstered its appeal [15, 16]. SnS,, a
visible light-active sulphide photocatalyst with a
narrow band gap (Ey = 1.9-2.3 eV), inhibits charge
carrier recombination. Coupled with its strong
physicochemical stability and low toxicity, it's an
attractive material for metal-sulphide-metal oxide
heterojunction-based photocatalysts. Its
photocatalytic activity can be enhanced by
modulating morphologies like nanoplates,
nanoflakes, nanosheets, nanotubes, nanoflowers, and
nanorods. Notwithstanding its impressive properties,
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virgin SnS, displays weak photocatalytic activity due
to rapid charge carrier recombination and
photocorrosion [17].

The study focuses on SnS,/SnO, heterostructures
using SnS, coupling to augment light absorption and
the rate of photogenerated carrier separation via a
one-pot solid-state technique. The photocatalytic
performance of these heterostructures was found to
be significantly superior to pure SnO,. In the
degradation of Eriochrome Black T, SnO,-
nanoparticles showed a 35.9% efficiency [18]. The
photocatalytic activity of newly synthesized SnO,
nanoparticles was evaluated for the degradation of
two organic dyes, methylene blue (MB) and
Eriochrome Black-T (EBT), achieving excellent
efficiencies of approximately 90% and 83%,
respectively [19]. Furthermore, SnO, quantum dots
(2-10 nm) hybridized with a crucial two-dimensional
semiconductor, graphene-like g-C;N4, were used as
catalysts for photocatalytic breakdown of organic
molecules, specifically Rhodamine B. They displayed
remarkably enhanced photocatalytic activity, with up
to 95% degradation for RhB in 60 minutes [20]. For
the photocatalytic degradation of fluorescein dye
(FLU), highly Mesoporous AglO4/g-C5Ny
nanoparticles were deployed, achieving an impressive
removal rate of 98% [21]. A novel hybrid
photocatalyst, SnS, on SnO,, has been prepared by
the sol-gel method for photodegrading fluorescein
dye under UV radiation. This SnS,/SnO, composite
was characterized using X-ray diffraction (XRD),
scanning electron microscopy (SEM),
photoluminescence (PL), energy dispersive X-ray
(EDX), diffuse reflectance spectra (DRS), Brunauer-
Emmett-Teller (BET) surface area analysis, and X-
ray photoelectron spectroscopy (XPS).

2. Experimental

2.1. Materials

The chemicals used in this study included
stannic chloride pentahydrate (SnCl,.5H,0), sodium
sulfide nonahydrate (Na,S.9H,0), ammonium
hydroxide (NH,OH), CTAB (Cetrimide), ammonium
acetate, silver nitrate (AgNOs;), p-benzoquinone,
disodium dioxalate, terephthalic acid, and fluorescein
dye. All these chemicals were of pure grade and were
utilized without any further purification. All solutions
were prepared using double-distilled water.

2.2 Preparation of SnO,
The SnO, nanoparticles were synthesized

utilizing the sol-gel technique. Initially, 20 g of
stannic chloride was combined with 250 mL of
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distilled water. Subsequently, 20 mL of CTAB
solution, prepared by diluting 3 g of CTAB in 50 mL
of hot water, was added to the mixture. This was
followed by continuous stirring for an hour, after
which an ammonia solution was incrementally
introduced drop by drop until complete precipitation
was realized. The concoction was then stirred for an
additional 2 hours, filtered, and thoroughly washed to
remove all chloride ions. Finally, the product was
dried at 100 °C and calcined at 500 °C for a duration
of 2 hours.

2.3 Preparation of SnS,

To the procedure, 10 g of stannic chloride
was introduced to 100 mL of distilled water.
Subsequently, 1 M sodium sulfide was added
gradually until complete precipitation was observed.
The mixture was then agitated for 2 hours, filtered,
and thoroughly washed to remove all remaining
chloride ions.

2.4. Preparation of SnS, on SnO, in Situ

SnO, and SnCl,.5H,0 were combined with
50 mL of distilled water and stirred continuously for
one hour. Then, 1M sodium sulfide was gradually
introduced until precipitation was complete. After
stirring the solution for an additional two hours, it
was filtered and subsequently dried to obtain SnS, on
SnO,. This process was repeated to prepare various
concentrations of SnS, on SnO,.

3. Results and discussions
3.1. Physiochemical characterization
3.1.1. XRD measurement

The crystalline phase of the prepared
photocatalyst was identified using X-ray diffraction
(XRD) within the 20 range of 0-90 degrees. The
XRD patterns for SnO, nanoparticles were displayed
in Fig 1 to pinpoint the crystalline structure of the
sample [22] [23]. Multiple peaks were detected at 26
values of 26.5541°, 33.8156°, 37.9231°, 38.9106°,
51.7546°, 54.6488°, 57.7825°, 61.9193°, 64.6941°,
65.9417°,  71.2843°,78.6553°,  83.6734°  and
87.3498°, which correspond to the Miller indices
(110), (101), (200), (111), (211), (220), (002), (310),
(112), (301), (202), (321), (222), and (330). These
results unveiled the existence of the SnO,'s tetragonal
structure (Space group: P42/mnm) and the reference
code: 01-077-0448.

The XRD patterns for SnS, showcased
several peaks illustrated in Figl at 20 values of
14.2410, 28.0312, 33.6523, 45.7570, 50.8543,
52.8308, 57.5171, 61.0249, 64.4178, 66.6158, and
83.2410. These values correspond to the Miller
indices (111), (311), (400), (511), (440), (531), (533),
(622), (711), (711), and (840), which confirmed the
cubic structure of SnS, (Space group: Fd-3m) and the
reference code: 01-083-6036. Regarding the
SnS,/Sn0O, nanoparticles, the XRD patterns for 5%
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SnS,/SnO; exhibited several peaks depicted in Fig 1
with the space group P42/mnm and reference code
01-077-3163. Meanwhile, the 8% SnS,/SnO, XRD
patterns had multiple peaks shown in Fig 1 with the
space group P-3m and reference code 01-084-9290
for SnS,. The 10% SnS,/SnO, XRD patterns
demonstrated several peaks in Fig 1, with the space

group P-31m and reference code 01-083-1707 for
SnS,. Lastly, the XRD patterns for 15% SnS,/SnO,
displayed several peaks in Fig 1 with space groups
P42/mnm (reference code 01-070-6995) for SnO, and
P-31m (reference code 01-084-9296) for SnS,. The
major phase was represented by the (110), (101), and
(211) phases.

1 (110)

Intensity (au)

(211)

%15 SnS Z/’SuOZ

% 10 SnSz/SnOz

28 SnS,/SnO,

5% SnSZ/SuOZ

SnS,

10 20 30 40

50 60 70 80 90
206 (deg)

Fig 1: XRD FOR SnO,, SnS; and different portions of SnS,/SnO,

3.1.2. Morphology of photocatalyst

The texture and morphology of many nanocatalysts
play crucial roles in material properties, greatly
influencing the nanocrystal size and shape's impact
on photocatalytic activity. Based on the Scanning
Electron Microscopy (SEM) analysis of the
photocatalyst matrix, it was observed that the SnO,
displayed an evident spheroidal shape, as illustrated
in Fig. 2(a). On the other hand, SnS, presented
irregular crystals, as depicted in Fig. 2(b). A
composite of SnS,/SnO, was then produced, as
demonstrated in Fig. 2(c). Transmission Electron
Microscopy (TEM)further revealed the nanostructure
of the composite, as shown in Fig. 2(d), with an
average particle size of 10 nm.The Selected Area
Electron Diffraction (SAED) pattern displays highly
bright rings, indicative of well-aligned and regular
nanocrystals, as depicted in Fig. 2(e). The nitrogen
adsorption-desorption isotherm at 77 K shows a very
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small uptake in the p/po range of 0.1-0.9, with a
sharp increase upon reaching 1, as illustrated in Fig.
2(f). This suggests the presence of a minor group of
pores, with a volume of 7.97 x 10-3 cm3/g and a
surface area of 1.01726 mZ/g for SnS,, as calculated
using the Brunauer-Emmett-Teller (BET) equation.
This material is characteristically nonporous and
follows a type-1l adsorption isotherm. The isotherm
displays a minimal uptake in the p/po range of 0.1-
0.7, followed by a substantial increase from p/po =
0.7 to 0.9, then a plateau and a sharp rise upon
reaching 1, as depicted in Fig. 2(g). This reflects the
presence of a minor group of pores, with a volume of
0.1007 cm’/g and a surface area of 25.9 m’/g for
SnO,, as calculated using the BET equation. The
characteristic material is mesoporous and adheres to a
type-Il adsorption isotherm. As shown in Fig. 2(h),
the 10% SnS,/SnO, follows a type-ll adsorption
isotherm, with a surface area of 29.7 m*/g and a pore
volume of 0.1153 cm’/g. The catalyst is identified as
mesoporous [25][26][27].
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Fig 2: SEM image (a) for SnO2 ,(b) for SnS,, (c) for 10 % SnS,/SnO,, (d) TEM image, () SAED of SnS,/
SnO,, (f) N, adsorption-desorption isotherm for SnS,, (g) for SnO2 and (h) for 10 % SnS,/Sn0O,.

3.1.3. Optical properties
Diffuse Reflectance Spectroscopy (DRS) is an
essential technique for characterizing the absorption
profile and optical properties of nanoparticles.
Furthermore, it facilitates the determination of band
gaps via the Tauc equation, as given by eq. (1) [28].
«(hv) = B (hv — Eg) "
(1)
For an indirect allowed transition, it is plotted as
(ahv)*(1/2) versus E with n = 2. For a direct allowed
transition, it is plotted as (ahv)"2 versus E with n =
1/2. In these equations, Eg represents the band gap
(in eV), h is Planck's constant (in J.s), B is the
absorption constant, v is the light frequency (in s '),
and a is the extinction coefficient. The energy E is
computed using Eq. (2).
When a composite is formed between SnS, and SnO,,
the band gap decreases slightly, as depicted in Fig.
5(a).

@)
Terephthalic acid (TA) is used as a probe for the
photoluminescence detection of hydroxyl radical
production, as it exhibits excitation at 315 nm as
illustrated in Fig. 3(b). The advantage of using TA
lies in its structural symmetry, which allows only 2-

E = hv = hc/h = 1240/A
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hydroxyterephthalic acid (TAOH) to be identified as
a product of hydroxylation [29].

3.2. Chemical composition

EDX and selected area mapping analyses
confirmed the presence of elements in SnO,, SnS,,
and SnS, on SnO,. The EDX spectrum, as depicted in
Fig. 4(a), specifies the presence and quantities of
Oxygen (O), Sulphur (S), and Tin (Sn) elements in
the SnS,/SnO, composite, thereby corroborating the
existence of all components within the composite.
The individual mapping of these elements and the
SnS,/SnO, composite are illustrated in Fig. 4 (b-g),
which validates their presence. XPS is an efficient
method for determining the oxidation states of
produced sample constituents. All detected peaks in
Fig. 5(a) signified the presence of Sn, O, and a trace
of Carbon (C), with the peaks observed at 487.83 and
532 eV corresponding to Sn (3d) and O (1s),
respectively. Carbon, abundant on all surfaces, is
typically seen in XPS spectra. The Carbon C 1s peak
at 286.0 eV is often used as a charge correction
reference. As seen in Fig. 5(b), Sn(3d) showcases two
distinct peaks at 486.88 and 495.38 eV. The 8.5 eV
energy difference between these peaks verifies the
formation of the Sn** oxidation state in SnO2 [30]
[31][32].
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Fig 3:(a) DRS of SnO,, SnS, and different composites of SnS,/SnO, and (b) Photoluminescence for terephthalic.
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The O 1s spectra of the SnO, and SnS,
materials, as illustrated in Fig. 5(c), reveal two
notable binding energies, one at 530 eV and another
at 532 eV. These specific binding energies are
indicative of oxygen states in the material. The peak
at 530 eV is typically associated with the oxygen
atoms that are fully coordinated with the tin atoms in
the crystalline lattice of SnO,, i.e., the oxygen atoms
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Binding energy (eV)

in the O” state. On the other hand, the peak at 532 eV
is often linked to oxygen deficiencies in the SnO,
material, specifically in regions where the oxygen is
less coordinated with the tin atoms. This could
include adsorbed oxygen species, hydroxyl groups, or
oxygen in amorphous regions of the material [33]
[34].
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Fig 5: XPS spectra of (a). SnS,/Sn0,, (b) Sn (3d), (¢) O (1s)
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3.3. Photodegradation of fluorescein dye

The photocatalytic performance of the
synthesized SnS2/SnO2 nanoparticles was evaluated
by examining the photodegradation of fluorescein
dye, a representative anionic dye often found in
wastewater, under UV-A light irradiation. When
fluorescein was exposed solely to UV-A light without
the catalyst, its degradation was found to be minimal.
However, when both the catalyst and UV irradiation
were applied, a substantial improvement was
observed, with 61.86% of the fluorescein dye
effectively removed within 4 hours.

Photodegradation efficiency, a crucial
indicator of the catalyst's effectiveness, is calculated
using the formula: Efficiency (%) = (Co - C) / Cy *
100%,[35] [36] where C, represents the initial
concentration of the dye and C; denotes the dye's
concentration at a given time. According to the
observations, the SnS,/SnO, nanoparticle catalyst
exhibited significant photocatalytic capabilities,
promoting an efficiency of 61.86% under UV-A light
irradiation over the course of 4 hours. Although
promising, further research is needed to fully
understand the factors influencing this process,
including the catalyst's concentration, the intensity of
UV light, and the duration of irradiation.

3.3.1. Effect of pH of the medium .

The absorbance of fluorescein dye is
influenced by the pH of the solution, which in turn
affects the protolytic form of the dye. The four
protolytic forms are cation, neutral, anion, and
dianion. Figure 6 depicts the variance in the
maximum absorbance wavelength (Amax) of the dye
at different pH levels:
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The dianion form of the dye, which becomes
predominant at higher pH, exhibits a strong
absorption at 490 nm and a weaker one at 322 nm.
This information is essential as it provides guidance
for optimal conditions under which fluorescein dye

may be detected and consequently degraded in a
photocatalytic process. [37].
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3.3.2. Effect of catalyst percent and catalyst dose.

The impact of the catalyst concentration on
photodegradation is clearly depicted in Fig. 7. (af).
The trend suggests that the photodegradation
percentage rises with an increase in the catalyst
concentration until it reaches a maximum. Beyond
this optimal concentration, the photodegradation
efficiency starts to decrease. As summarized in Table
1, the highest degradation efficiency was achieved
with a catalyst concentration of 0.8 g/L using a 10%
SnS,/Sn0O, blend at a pH of 7 over a period of four
hours. It suggests that any further increase in the
catalyst concentration beyond the optimal value leads
to a reduction in degradation efficiency, possibly due
to the phenomenon of catalyst particle aggregation or
increased light scattering, leading to a decrease in
light penetration. Therefore, the selection of optimal
catalyst concentration is crucial for efficient
photodegradation processes.
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Fig. 6. Spectrum of fluorescein at various PH.
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3.3.3.  Effect of scavenger.

Scavengers are substances used in
photocatalytic experiments to trap certain reactive
species and thus help determine which species are
responsible for the photocatalytic activity. In your
research, four different scavengers were used, namely
silver nitrate (AgNOs), p-benzoquinone, isopropanol,
and ammonium oxalate. Each of these scavengers
targets a specific reactive species in the
photodegradation process: AgNQO; traps electrons (e

results depicted in Fig. 8
photodegradation process is influenced by the
presence of these scavengers. Most notably,
ammonium oxalate and p-benzoquinone were found
to be the most active scavengers, significantly
reducing the rate of photodegradation. This indicates
that the positive holes (h*), superoxide ions (0?), and
hydroxyl radicals (OH") are key reactive species in
the photodegradation process of fluorescein dye
under the given experimental conditions. This insight
into the primary reactive species can help refine the
design and optimization of the photocatalyst system,

suggest that the

H H H 2-), . . . ..
), p-benzoquinone traps superoxide ions (el targeting these reactive species to maximize
isopropanol traps hydroxyl radicals (OH’), and photodegradation efficiency. [38]
ammonium oxalate traps positive holes (h*). The
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Fig. 8. Effect of scavenger on the removal % of fluorescein.

3.3.4. Recycling of photocatalyst

To assess the stability of the synthesized
SnS,/SnO, nanoparticles, a series of photocatalytic
cycles were conducted under optimal conditions.
After each cycle, the photocatalyst was thoroughly
washed with hot distilled water to dislodge any
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physisorbed dye, and subsequently dried at 100 °C
for reuse in the following cycle. As illustrated in Fig.
9, the photocatalytic activity remained largely
unchanged through four cycles, indicating the
potential of the SnS,/SnO, nanoparticles for repeated
usage with consistent efficiency. Consequently, these
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nanoparticles present a promising solution for
multiple wastewater treatment applications.
3.4. Photocatalytic degradation mechanism

The photocatalytic efficiency of
semiconductor materials is predominantly determined
by factors such as their surface area, adsorption
capacity, and the lifetime of electron-hole (e/h")
separation. The photocatalytic process relies on
positive holes (h*), superoxide radicals (0.?), and
hydroxyl radicals (OH"), with the most significant
contributors being h* and O as shown in the
scavenger test. The impact of electrons (e”) appears to
be less substantial in this context.

60

Removal %

1st cycle 2nd cycle

50
40
30
20
10

0

3rd cycle

The band edge positions of the valence band (VB)
and the conduction band (CB) of nanoparticles can be
approximated using the Mulliken electronegativity
theory, as depicted in equations 3 and 4.

4th cycle

Fig. 9. Photocatalytic efficiency of SnO,/SnS, catalyst toward photodegradation of fluorescein after four

cycles.

Additionally, equations 3 and 4 [39] [40] [41] [42]
[43] can be employed to calculate the band edge
coordinates of VB and CB in nanoparticles.

EVB = xX - Ec + 1/2Eg
@)

Ece = Eve - Eq
(4)
In this context, 7 represents the absolute

electronegativity, which is 6.15 eV for SnO, [44] and
4.66 eV for SnS, [45]. Ec represents the energy of
free electrons on a hydrogen scale and is equal to 4.5
eV. By using equations (4) and (5), we can ascertain
the valence band (Eyg) and conduction band (Ecg) of
SnO, to be 3.15 eV and 0.15 eV respectively [46].
For SnS,, these values are found to be 1.095 eV and -
0.895 eV respectively [47]. Fig. 10 illustrates a
plausible  mechanism for the photocatalytic
degradation of dye through the Z-scheme mechanism.
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Upon exposure to UV or sunlight radiation, electrons
in the conduction band of SnO, (with a conduction
band potential of =0.15 eV) transfer to the valence
band of SnS, (with a potential of =1.095 eV).
Concurrently, the high reducing and oxidizing power
of SnO, sustains the positive holes in its valence band
(Evg=t3.15 eV) and the electrons in SnS,'s
conduction band (Ecg=-0.895 €eV). The potential of
the free positive holes in SnO, (Eyg=+3.15 eV) is
higher than the oxidation potential of H2O/OH,
facilitating the generation of hydroxyl radicals a clear
indication of the Z-scheme process. Moreover, the
production of superoxide radicals is favored when
both Eyg =+2.88 eV and Ecg for SnS, =-0.895 eV are
more negative than the superoxide ion potential
(EO,/O, =-0.34 eV). This Z-scheme ultimately
promotes the rapid degradation of organic pollutants,
enhancing the overall photocatalytic process.
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Fig.10. Z-scheme diagram for possible photodegradation mechanism of SnS,/SnO, composite photocatalysts

under UV irradiation.

4, Conclusion.

This study has successfully demonstrated the efficacy
of an aqueous sol-gel approach in the synthesis of
SnS,/SnO,  nanostructures. A comprehensive
examination of the physicochemical properties of the
sample was conducted, employing techniques such as
XRD, SEM, TEM, XPS, DRS, PL, BET, and EDX.
The successful synthesis of the SnS,/SnO,
nanostructures was confirmed through XRD and
EDX analyses. XPS analysis further revealed that the
synthesized SnS,/SnO, nanocatalyst is oxygen-
deficient. A decrease in PL intensity indicates
enhanced photocatalytic efficiency. Under UV-A
light irradiation, the SnS,/SnO, photocatalyst
demonstrated remarkable activity towards the
degradation of fluorescein. Several factors were
examined for their influence on photocatalytic
activity, such as pH, initial catalyst dosage, and SnS,
percentage on SnO,. These factors significantly
improved the oxidizing and reducing power of holes
and electrons. Scavengers and PL results suggest that
the primary reactive species responsible for dye
degradation are positive holes, hydroxyl radicals, and
superoxide radicals. Importantly, the synthesized
hybrid nanoparticles retained their reactivity even
after four cycles, pointing towards their potential for
repeated use in wastewater treatment applications.
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