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H I G H L I G H T S  

• The photocatalytic degradation of MIT in water was successfully performed using Co–SnS2 nanoplates under UV irradiation. 
• Pure SnS2 and Co–SnS2 nanoplates were synthesized using a hydrothermal method at 180 ◦C. 
• X-ray diffraction patterns (XRD) show that the crystallite size of nanoplates increases from 26 nm to 48 nm. 
• Pure SnS2 nanoplates exhibit plate-like nanostructure with smooth surfaces. 
• The degradation efficiency of MIT using SnS2 and Co–SnS2 nanoplates after 160 min is 66% and 91%, respectively.  
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A B S T R A C T   

The photocatalysis degradation of methyl iso thiazolinone (MIT) in water was effectively performed using cobalt- 
doped tin sulfide (Co–SnS2) nanoplates under UV irradiation. X-ray diffraction patterns (XRD) show that the 
crystallite size of nanoplates increases from 26 nm to 48 nm. Undoped SnS2 nanoplates exhibit plate-like 
nanostructure with smooth surfaces, with a size of 150–400 μm and a 50–70 nm thickness. Doping SnS2 nano
plates with cobalt increases the nanoplate’s size to 300–600 nm. SnS2 and Co-doped SnS2 nanoplates have in
direct bandgap energy with values of 1.95 and 1.86 eV, respectively. On the other hand, the electrical 
conductivity of SnS2 and Co-doped SnS2 nanoplates was 1.67 × 10− 5 S.cm− 1 and 1.64× 10− 4 S.cm− 1, which 
increases to 6.54 × 10− 4 S.cm− 1 and 1.25 × 10− 2 S.cm− 1 upon UV irradiation, respectively. The higher degra
dation efficiency of a 5 mg/L concentration of MIT via SnS2 and Co–SnS2 nanoplates after 160 min is 66% and 
91%, respectively. Finally, the photodegradation process was investigated using UV-VIS and FTIR analysis.   

1. Introduction 

Water pollution has become a severe problem with increased in
dustrial development, causing many health hazards [1]. Photocatalysis 
has been considered a promising, efficient, and green method to treat 
and decompose organic pollutants in water [2–4]. Degrading water via 
the photocatalyst process to semiconducting materials reveals less 

energy usage and creates a couple of holes and electrons due to light 
exposure. The couples of electrons and holes are caused to sink to the 
over-layered surface, leaving behind ionic species such as oxygen and 
hydroxyl and free holes (O−

2
∗,OH∗,and h+). This process decomposes the 

contents of the organics into carbon oxides and water (CO2 and H2O) 
through an oxidizing and reducing process [5,6]. 

Methyl isothiazolinone (2-methyl-4-isothiazolin-3-one) (MIT) is 
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generally known as a biocide for cleaning agents, cosmetics, reverse 
osmosis, paints, and coatings due to its high antibacterial activity [7]. 
However, MIT is a potent skin irritant that can cause allergic responses 
[8,9]. Limited works have explored the MIT degrading process biologi
cally or in photocatalysis handling [10–13]. However, degradation 
studies of MIT by the oxidation mechanism are rare due to increasing 
toxicity caused by chemical addition, high energy consumption, and 
difficulty in catalyst recovery. Therefore, economical and harmless 
techniques must be established for handling MIT. 

Among all metal sulfides, tin sulfide (SnS2) is a low bandgap semi
conductor (2–2.4 eV). It has negative charge carriers [14], which pro
vides a high catalytic activity for organic pollutants [15,16] since SnS2 
has a narrow indirect bandgap and high quantum yield [17]. Addi
tionally, SnS2 is commonly used in various ways in technology, such as 
optoelectronics [18], gas sensing [19], solar cells [20], and energy 
storage devices [21]. SnS2 nanoplates are 2D trigonal crystal 
di-chalcogenides with layers [22,23]. They have unique optoelectronic 
characteristics, flat surfaces, and poor carrier recombination, enabling 
photocatalytic reactivity [24,25]. The physical properties of SnS2, 
including the catalytic characteristics, can be manipulated by doping it 
with transition metals [26–28]. 

Among all transition metals, cobalt (Co) is a dopant in SnS2 nano
plates owing to the excess electrons and the significant solubility [29]. 
Additionally, the ionic radius of cobalt (200 p.m.) is comparable to that 
of tin (225 p.m.), leading to the exchange of the Sn+2 ions in the 
nanoplates by Co2+ ions. Due to the non-full d orbitals, Co2+ ions trap 
electrons in the SnS2 nanoplates, enhancing the photocatalytic activity 
[30]. 

As mentioned above, limited works have explored the MIT degrading 
process through the photocatalysis mechanism. Therefore, we proposed 
an innovative method of creating sulfur vacancies modified SnS2 
nanoplates with high photogenerated carriers and more adjective reac
tion sites through cobalt doping (Co2+), which consequently enhances 
the photocatalysis efficiency for MIT degradation. Co-doped SnS2 
nanoplates are accomplished by exchanging the Sn sites by Co with 
introducing sulfur vacancies, which provides high photocatalytic effi
ciency compared to SnS2 nanoplates [28]. In particular, undoped SnS2 
and Co-doped SnS2 nanoplates were prepared hydrothermally. Addi
tionally, the physical properties, including crystal structure, elemental 
structure, morphology, bandgap energy, electrical conductivity, and 
photoconductivity, were correlated with the changes in bandgap struc
ture and photoconductivity as a consequence of using Co as a doping 
agent for the SnS2 nanoplates. Therefore, the photodegradation process 
of MIT investigated the photocatalytic performance of undoped SnS2 
and Co-doped SnS2 nanoplates. 

2. Methods 

2.1. Synthesis 

A hydrothermal process was used to synthesize undoped SnS2 and 
cobalt-doped SnS2 (Co–SnS2) nanoplates. All chemical used in this work 
was purchased from Sigma Aldrich without further purification. For 
synthesized undoped SnS2 nanoplates, 1.40 g of tin chloride pentahy
drate (SnCl4.5H2O) (1 mM) and 1.52 g of thiourea (CH4N2S) (5 mM) 
were dissolved in 60 mL of distilled water under continuous stirring for 
1 h at room temperature. On the other hand, for the synthesis of Co–SnS2 
nanoplates (5 wt%), 1.40 g of tin chloride pentahydrate (SnCl4.5H2O), 
0.07 g of cobalt acetate (C4H6CoO4), and 1.52 g of thiourea (CH4N2S) (5 
mM) were dissolved in 60 mL of deionized distilled water while kept on 
the stirrer for one at standard conditions. Consequently, the two solu
tions were transferred separately into an autoclave at 180 ◦C for 24 h. 
The nanoplates were collected and washed with water and ethanol. 
Finally, the resultant nanoplates were dried at 80 ◦C overnight until 
constant mass. The overall synthesis process of undoped SnS2 and 
Co–SnS2 nanoplates is schematically presented in (Supplementary file, 

Figure S1a). 

2.2. Characterizations 

The crystal structure of pure SnS2 and Co–SnS2 nanoplates was 
investigated using powder X-ray diffraction (XRD, Malvern Panalytical 
Ltd.) by CuKα1 ray (λ = 0.1540598 nm) in angles range of 10◦–50◦ with 
a step of 0.02◦. The nanoplates morphology and size were investigated 
using a scanning electron microscope (SEM, Nova NanoSEM 630, FEI 
Company) using an accelerating voltage of 10 kV. The elemental dis
tribution of pure SnS2 and Co–SnS2 nanoplates was performed with the 
element energy dispersive spectroscopy (EDX) system (Smart Insight 
AMETEK). The EDX map was acquired at an acceleration voltage of 10 
kV, with a working distance of 5 mm and 20 μm magnification. Fourier 
transform infrared spectroscopy (FTIR, Bruker VERTEX 80/80v) in the 
spectral range of 400–4000 cm− 1 was used to investigate the chemical 
structure of the nanoplates. Pure SnS2 and Co–SnS2 nanoplates were 
dispersed in distilled water using an ultrasonication probe for 10 min. 
After that, the pure SnS2 and Co–SnS2 nanoplates were coated on the ITO 
glass substrates (250 nm ITO on glass) using the casting method by 
dropping equal amounts on 1 cm2 of ITO glass substrate and dried them 
at 80 ◦C overnight. Optical properties of coated pure SnS2 and Co–SnS2 
nanoplates were investigated using a UV–Vis spectrophotometer 
(U–3900H), whereas the electrical conductivity maps were measured 
using a 4-point probe station (Microworld Inc.). 

2.3. Photocatalytic degradation experiments 

The photocatalytic degradation of MIT was performed using 50 mg/L 
of pure SnS2 and Co–SnS2 nanoplates with different concentrations of 
MIT (5, 10, 15, and 20 mg/L). First, four amounts of MIT (5, 10, 15, 20 
mg) were dissolved in 1.0 L deionized water in the dark overnight. After 
that, each 1.0 L of MIT solution was divided into two amounts (500 mL). 
25 mg of pure SnS2 and Co–SnS2 nanoplates was added into the four 
concentrations under continuous stirring for 1 h. The solutions were 
irradiated by UV light (260 nm, 16 W) under constant stirring (500 rpm) 
with an adjustable distance of about 10 cm (Figure S1b). 5 mL of each 
solution was taken to a centrifugation tube after irradiation times of 0, 
10, 20, 30, 45, 60, 90, 120, and 160 min. After that, the nanoparticles 
were separated from the tubes using a centrifuge system to investigate 
the degradation process of MIT. All photocatalytic experiments were 
performed at room temperature, controlled using a water bath to avoid 
increasing the temperature during the degradation reaction. UV–Vis 
spectrophotometric (U–3900H) and Fourier transform infrared spec
troscopy (FTIR) (Bruker Tensor 27 spectrometer) were used to investi
gate the degradation process of MIT. 

3. Results and discussion 

3.1. SnS2 and Co–SnS2 nanoplates characterizations 

Photocatalyst pure SnS2 and Co–SnS2 nanoplates were synthesized 
using a hydrothermal method, using a 1:5 stoichiometric mixture of 
SnCl4.5H2O and C4H6CoO4 as a source of Sn and Co in addition to 
thiourea as a source of S at 180 ◦C. According to I. Shown et al. [31], 
thiourea enhances the anisotropic growth of SnS2 and Co–SnS2 nano
plates. The morphology of pure SnS2 and Co–SnS2 nanoplates was 
studied using a scanning electron microscope (SEM). Fig. 1 illustrates 
the typical SEM micrographs of pure SnS2 and Co–SnS2 nanoplates. Pure 
SnS2 nanoplates exhibit plate-like nanostructure with smooth surfaces, 
where the nanoplates have a size of 150–400 μm and thickness of 50–70 
nm (Fig. 1a). Doping SnS2 nanoplates with cobalt increases the nano
plates size to 300–600 nm (Fig. 1b). 

The elemental and chemical structure of pure SnS2 and Co–SnS2 
nanoplates were investigated using EDX and FTIR spectroscopies. EDX 
elemental maps for pure SnS2 and Co–SnS2 nanoplates are depicted in 
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Fig. 1. Morphological properties of SnS2 and Co–SnS2 nanoplates. (a) SEM micrographs of undoped SnS2 nanoplates, and (b) SEM micrographs of Co–SnS2 nano
plates at 500 nm and 100 nm scale, respectively. 

Fig. 2. Elements, chemical, and crystalline characteristics of SnS2 and Co–SnS2 nanoplates. (a) EDX scans of SnS2 and Co–SnS2 nanoplates. (b) FTIR spectra of 
undoped SnS2 and Co–SnS2 nanoplates. (c) XRD configurations of SnS2 and Co–SnS2 nanoplates. 
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Supplementary file Figures S2a and S2b. The EDX elemental maps shows 
that Sn, S, and Co are distributed homogeneously within the nanoplates. 
The elemental analysis for pure SnS2 and Co–SnS2 nanoplates was per
formed by EDX spectra (Fig. 2a). The S to Sn atomic ratio is about 1.94 
and 1.74 for pure SnS2 and Co–SnS2 nanoplates, respectively. Addi
tionally, Co–SnS2 nanoplates contain a cobalt atomic ratio of about 4%, 
confirming the successful incorporation of Co with SnS2 nanoplates. 
Fig. 2b illustrates the FTIR spectra of pure SnS2 and Co–SnS2 nanoplates. 
Both pure SnS2 and Co–SnS2 nanoplates exhibit the typical vibrational 
bands of SnS2, i.e., stretching OH (~3360 cm− 1), bending OH (~1627 
cm− 1), C–OH (~1434 cm− 1), and Sn–S (500-600 cm− 1) [32]. Stretching 
and bending OH bonds have been aroused from the surface hydroxyls 
and adsorbed water [33]. Additionally, the vibrational bands in the 
range of 800–1200 cm− 1 represent the existence of inorganic com
pounds. No vibrational band is related to Co − S in Co–SnS2 nanoplates 
because the vibrational band of Co − S appears below 400 cm− 1 [34]. 
However, the slight shift of the Sn–S vibrational band into lower 
wavenumbers with doping by cobalt indicates that Co ions are suc
cessfully incorporated with SnS2 nanoplates. 

The crystal structure of pure SnS2 and Co–SnS2 nanoplates was 
characterized using XRD patterns (Fig. 2c). The XRD pattern of pure 
SnS2 nanoplates exhibits different diffraction peaks at 15.06◦, 26.68◦, 
30.86◦, 32.06◦, 41.49◦, 44.84◦, and 48.62◦ corresponding to diffraction 
planes of (001), (100), (002), (101), (102), (003), and (110), respec
tively. This pattern matches with the polycrystalline hexagonal SnS2 
(JCPDS no. 00-023-0677). Other phase appeared in the nanoplates 
represents the presence of SnS with diffraction planes of (120) and (131) 
at 22.12◦ and 39.12◦, respectively, according to JCPDS no. 39–0354. 
The concentration of SnS to SnS2 in our samples is lower than 7%. SnS2 
illustrates sharp, strong peaks, which is attributed to that the thiourea 
helps for large crystal growth. The lattice constants (a and c) of SnS2 
crystals are 3.86 Å and 5.79 Å, respectively, which is accepted with the 
literature [35]. Introducing Co into SnS2 nanoplates increases the lattice 

constant a to 3.88 Å. Compared to pure SnS2 nanoplates, the peak po
sition of Co–SnS2 nanoplates shifted to lower diffraction angle. For 
instance, the d-spacing of the (001) plane of Co–SnS2 is calculated to be 
0.592 nm, which is slightly larger than that of pure SnS2 (0.588 nm). The 
decreased number of layers and the enlarged inter-layer spacing of 
Co–SnS2 could be attributed to the structural strain generated by the 
expansion of the crystal lattice after the interstitial incorporation of 
cobalt. According to the Williamson-Hall method, the crystallite size of 
pure SnS2 nanoplates is about 25 nm, whereas introducing cobalt into 
nanoplates increases the crystalline size up to 48 nm. 

The optical transmittance measurements of pure SnS2 and Co–SnS2 
nanoplates were performed (Fig. 3a), followed by calculation the ab
sorption coefficient (α = (1 /d)ln(1 /T)) and bandgap estimation by 
Tauc plot (Fig. 3b) [36,37]. The transmittance values of Co–SnS2 
nanoplates in the visible region are lower than those of pure SnS2 
nanoplates. On the other hand, Co–SnS2 nanoplates exhibit higher ab
sorption coefficient values in the visible region compared to the pure 
SnS2 nanoplates. Additionally, the observed indirect bandgap energies 
of pure SnS2 and Co–SnS2 nanoplates are 1.95 and 1.86 eV, respectively, 
which is accepted in the literature [38,39]. Apparently, doping SnS2 
nanoplates by cobalt creates a microstrain in Co–SnS2 nanoplates 
compared to pure SnS2 nanoplates, affecting the electronic properties of 
valance and conduction bands (Fig. 3c). The detailed calculations of 
valance and conduction band energies, as well as the disorder band 
energy, are described in Supplementary S3. A closer look at Fig. 3c in
dicates that the valence band position moves from about 1.94 eV for 
pure SnS2 nanoplates toward lower energy for Co–SnS2 nanoplates 
(~1.83 eV). On the other hand, the conduction band position rises from 
− 0.01 eV for pure SnS2 nanoplates to − 0.03 eV for Co–SnS2 nanoplates. 
This is accepted with the strain-induced bandgap transition in bulk SnS2 
[40]. Additionally, the indirect bandgap and additional bands in 
Co–SnS2 nanoplates will affect the generation and lifetime of 
electron-hole pairs, enhancing the charge carrier to participate in 

Fig. 3. The optical and Electrical properties of undoped SnS2 and Co–SnS2 nanoplates. (a) The transmittance spectra for SnS2 and Co–SnS2 nanoplates. (b) The 
absorption coefficient of SnS2 and Co–SnS2 nanoplates. Tauc plots are shown in the inset of the figure presented for calculating the bandgap energies. (c) The band 
structure of SnS2 and Co–SnS2 shows the new valance and conduction bands, and the new configuration of the band structure is revealed by disorder in SnS2 and 
Co–SnS2 nanoplates. (d, e) The electrical conductivity scans and the mean electrical conductivity of SnS2 and Co–SnS2 nanoplates are in order. (f) The photocon
ductivity of SnS2 and Co–SnS2 nanoplates is relevant to the period spent under the UV irradiation. 
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photocatalyst applications. 
The surface morphology reflects the charge distribution dissemi

nated over the film’s surface. Keithley multimeter with a 4-point probe 
was used to investigate the local conductivity on the film’s surface to 
visualize how the charges are distributed at the surface and, hence, how 
to scan the conductivity in a contour-like charge distribution method. 
Hence, twelve distinct local points were used as surface-charge distri
bution focal centers. The electrical conductivity was found at each focal 
point. The average value was also calculated. A powerful software 
associated with the system was used to convert the charge distribution 
over the film’s surface, reflecting the conductivity distribution regarding 
topographic mapping to the charges. The electrical conductivity map
ping of the SnS2 and Co–SnS2 nanoplates on the surface demonstrate 
distinct differences associated with the surface morphology variation, as 
seen in Fig. 3d and e. Moreover, the mean electrical conductivity of SnS2 
nanoplates is 1.67× 10− 5 S.cm− 1, which agrees well with the findings in 
the literature [41]. Doping SnS2 nanoplates with cobalt increases the 
electrical conductivity to 1.64× 10− 4 S.cm− 1. The enhanced electrical 
conductivity can be attributed to denoting electrons in the conduction 
band of SnS2 by Co atoms, consequently increasing the number of free 
electrons and the electrical conductivity. Additionally, cobalt atoms act 
as acceptors that can trap electrons from the valence band, leaving holes 
in the valence band and consequently increasing the electrical 
conductivity. 

Fig. 3f shows the surface electrical conductivity for the bare SnS2 and 
Co–SnS2 nanoplates evaluated under dark conditions compared to that 
for the films evaluated under UV light (λ = 260 nm, 5 W) illumination. 
The electrical conductivity for the SnS2 nanoplate surface varies be
tween 1.67 × 10− 5 S.cm− 1 and 6.54 × 10− 4 S.cm− 1 while it varies be
tween 1.64 × 10− 4 S.cm− 1 and 1.25 × 10− 2 S.cm− 1 for the Co–SnS2 
nanoplates, all in an incremental trend. The experiment was repeated 

several times to ensure a consistent trend and reliability. The morpho
logical charge distribution, and hence the local surface conductivity, 
demonstrates the production of electron-hole couples caused by the 
absorption of the U.V. photons by the SnS2 and Co–SnS2 surfaces 
revealing enhanced excited species with more free carriers, and hence, 
enhanced photoconductivity [42–44]. It is demonstrated in the figure 
that electrical conductivity enhanced by the photon-film interactions 
(photoconductivity) for the Co–SnS2 nanoplates is higher than that for 
the SnS2 nanoplates, indicating that incorporating SnS2 with cobalt 
boosts the production of charge carriers as a result of composite 
degradation in the photocatalytic process. 

3.2. Photocatalytic degradation analysis 

3.2.1. Optimization of the photocatalytic degradation process 
The MIT was used to investigate the photocatalytic degradation ef

ficiency of undoped SnS2 and Co–SnS2 nanoplates under UV irradiation 
for 160 min. First, the optimal concentration of MIT for 50 mg/L of 
nanoplates for the best degradation was explored using various contents 
of MIT. The absorbance spectra of MIT in relevance to UV-irradiation 
time after the degradation by SnS2 and Co–SnS2 nanoplates with 
different MIT concentrations are plotted in Supplementary file 
Figures S3 and S4. The degradation efficiency (DE%) of MIT by SnS2 and 
Co–SnS2 nanoplates with different MIT concentrations was found by: 

DE%=

(

1 −
At

A0

)

× 100% (1)  

Where A0 and At are the cumulative areas under the absorbance band at 
initial and final periods of UV illumination, respectively (Fig. 4a); the 
degradation efficiency of Co–SnS2 nanoplates is higher than that for 
undoped SnS2 nanoplates for all the MIT concentrations. This increase is 

Fig. 4. Photocatalytic degradation analysis of MIT by SnS2 and Co–SnS2 nanoplates. (a) The degradation efficiency of MIT by SnS2 and Co–SnS2 nanoplates for 
different MIT concentrations. (b) ln(C /C0) of MIT degraded by undoped SnS2 nanoplates in relevance to the UV-irradiation time. (c) ln(C /C0) of MIT degraded by 
Co–SnS2 nanoplates in relevance to the UV-irradiation time. (d) The first-ordered kinetic factor k1 of the degradation development of MIT by SnS2 and Co–SnS2 
nanoplates for various MIT concentrations. (e) Half-life time of the degradation process of MIT by undoped SnS2 and Co–SnS2 nanoplates for different MIT con
centrations. (f) Langmuir–Hinshelwood kinetic model: 1/k1 of the degradation process of MIT by SnS2 and Co–SnS2 nanoplates versus initial MIT concentration. 
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indorsed due to the reality of incorporating SnS2 nanoplates with cobalt 
shrinks energy spacing between the V.B. and C.B. in the energy band 
structure by the creation of extra recombination sites with low emission 
energies and producing more e− − h+ couples leading to more hydroxyl 
radicals (OH∗) [45]. Additionally, doping SnS2 nanoplates by Co in
creases the electrical conductivity of the nanoplates, which increases the 
electrostatic interactions between the nanoplates and the adsorbed MIT 
molecules [46]. 

The higher degradation efficiency of undoped SnS2 and Co–SnS2 
nanoplates is at 5 mg/L of 66% and 91%, respectively, after 160 min. 
This can be attributed to many reasons, i.e., introducing Co ions into 
SnS2 nanoplates increases the surface area of the nanoplates, decreases 
the bandgap energy, as well as increases the electrical conductivity and 
the photoconductivity of the nanoplates. Additionally, according to M. 
Jiang et al. [47], Co-doped SnS2 nanostructures are chemical and 
catalysis stable under long-term cycles. 

Higher MIT contents reduce the degradation efficiency because MIT 
molecules accumulate on the nanoplate’s surface, forming aggregates of 
heavy load on the limited number of plates. This heavy load of aggre
gated MIT molecules masks the nanoplates from the solution, reducing 
the energetic spots for more interactions and revealing fewer hydroxyl 
radicals (OH∗) [48]. Additionally, the overconcentration of MIT reduces 
the depth penetration of UV light through the treated solution, which 
reduces the surface adsorption to the photons and decreases the gener
ation of hydroxyl radicals (OH∗) [49]. Therefore, the optimal contents of 
the MIT for 50 mg/L of nanoplates is 5 mg/L. 

The photocatalysis degradation effectiveness of SnS2 and Co–SnS2 
nanoplates was inspected using zero-, first-, and second-ordered kinetic 
constants (Supplementary file, Figure S5, Table S2). The first-order ki
netic reaction is more fit for all MIT concentrations. The first-order ki
netic constants (k1) of SnS2 and Co–SnS2 nanoplates were explored by 
plotting A/A0 versus the degradation period (Fig. 4b and c) based on 
Equation S6. The first-order kinetic constant (k1) is consistent with the 

degradation efficiency, where the k1 of Co–SnS2 nanoplates is higher 
than SnS2 nanoplates for all MIT concentrations. The higher k1 of 
undoped SnS2 and Co–SnS2 nanoplates is at 5 mg/L of 6.9 × 10− 3 and 
14.5× 10− 3, respectively (Fig. 4d). The half-life time of the degradation 
development of MIT by SnS2 and Co–SnS2 nanoplates is calculated using 
t1/2 = ln 2/k1. The half-life time of the degradation process of MIT by 
Co–SnS2 nanoplates is lower than that of undoped SnS2 nanoplates. The 
lower t1/2 of undoped SnS2 and Co–SnS2 nanoplates is at 5 mg/L for 
about 100 and 48 min, respectively (Fig. 4e). 

The adsorption factor at equilibrium (KL) and the kinetic rate con
straints of the plate’s surface interaction (ks) were modulated by Lang
muir–Hinshelwood formula (equation (2)) via manipulating the plots of 
the reciprocal first-order kinetic factor (1/k1) against the primary con
tents (C0) of the MIT (Fig. 4f) [50], 

1
k1
=

1
KLks

+
C0

ks
(2) 

The KL of SnS2 and Co–SnS2 nanoplates is 0.005 and 0.008 
(mgL− 1)− 1, and the ks of SnS2 and Co–SnS2 nanoplates is 1.47 and 1.69 
mgL− 1.min− 1. These outcomes designate that Co–SnS2 nanoplates have 
a higher adsorption rate of MIT molecules than SnS2 nanoplates. 

3.2.2. Analysis of MIT photocatalytic degradation 
Based on the outcomes found in the preceding part of this work, the 

highest DE% and k1 were found for 5 mg/L of MIT at 50 mg/L contents of 
Co–SnS2 nanoplates. In this section, we will investigate the photo
catalytic degradation pathway of MIT molecules by analyzing MIT’s 
UV–Vis and FTIR spectra evolution that was photodegraded using 
Co–SnS2 nanoplates. First, the UV–Vis absorbance spectra evolution of 
MIT aqueous solution for different photocatalytic degradation times is 
plotted in Fig. 5a. The primary peak response for the MIT absorption by 
UV illumination in the composite solution was found at 274.0 nm, 

Fig. 5. Analysis of the MIT absorption spectra growth. (a) The absorbance spectra growth for the MIT is relevant to the UV-illumination period beyond the 
degradation process by 50 mg/L of Co–SnS2 nanoplates in an initial MIT content of 5 mg/L. The Gaussian function fitting peaks for the main absorbance peak of MIT 
for the photocatalysis developing periods are (b) 0 min, (c) 20 min, (d) 60 min, (e) 120 min, and (f) 160 min. 
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forming an under-curve area of 5.70 and a main full linewidth of 29.45. 
The absorption response curve for the MIT molecules decays by 
increasing the period of the UV irradiation to form an absorbance band 
with a peak at 281.7 nm with an under-curve area of 0.48 and main full 
linewidth of 25.8, revealing a most degrading time to be 160 min with a 
DE% of around 91%. 

The absorption curve-trend for the MIT becomes more convoluted by 
increasing the photocatalytic dispossession period. The drop in the ab
sorption curve-trend by more prolonged UV exposure proposes that the 
main absorption band encompasses two sup-absorption frequencies that 
are influenced separately by the photocatalytic degradation periods. 
According to Shirley’s analysis technique, a base reference line was first 
made for manipulating the absorption peak [51]. Various curve-fitting 
approaches to find the best outreach results include two Gaussian 
curves fitting, Voigt, bi-Gaussian, and log-normal distribution functions. 
Gaussian curve-fitting was the greatest treatment for our experimental 
data over the whole range of the wavelengths with an average square 
root R2 of 0.99 as it best fits the dye absorption bands [52–54]. Hence, 
the absorption bands were fitted to double Gaussian peaks between 240 
and 320 nm, as seen in Fig. 5b–f. 

The main absorbance band comprised two sub-bands: a high- 
frequency band with an absorption peak of 262.7 nm and band area of 
2.07 a.u. and a low-frequency band with an absorption peak of 280.6 nm 
and band area of 3.63 a.u. (Fig. 5b). The UV irradiation period influences 
each sub-band’s peak position, area, and linewidth differently 
(Fig. 5c–f). The two sub-bands The area shows a similar cur-trend as that 
for the main MIT absorbance band-trend (Figure S6a), demonstrating 
that the degradation process occurs throughout the composite platform 
of the Co–SnS2 nanoplates and the MIT molecules. The degradation 
process reveals hypsochromic coupling indicated by the absorption 
peak’s red shifting. The high-frequency band acquired considerable red 
shifting behaviour from 262.7 nm to 270.1 nm, while the low-frequency 
peak shifted slightly from 280.6 nm to 283.7 nm. The influence of U.V. 
irradiation on catalytic degradation indicates that the process reveals a 
tendency to reach lower energy by such a hypsochromic interaction 
where MIT molecules serve as hydrogen acceptors while producing 
hydroxides from the photo-oxidation process (Figure S6b) [55]. The 
variation in the absorption band’s behaviour reflects various in
teractions that may have occurred during the catalytic degradation 
process, including hydrophobic/hydrophilic and dipole-dipole in
teractions based on the role of the hydrogen interaction [56]. 

The photocatalytic degradation process produces hydroxyl radicals 
due to the role of hydrogen bonding interactions. Hence, acidity level 
(pH) is correlated to the production of hydroxyls. The pH is shown to 
increase from 5.11 to 7.24 while the electrical conductivity declines 

linearly from 118.0 μS cm− 1 to 59.2 μS cm− 1 as the period of the UV- 
illumination increases from 0 to 160 min (Figure S7). Increasing line
arly the pH level while decreasing the electrical conductivity as a 
function of the UV-illumination period shows that the degradation 
process is dominant by the role of hydrogen bonding interactions. In 
contrast, ionic interactions do not affect the process. However, the hy
droxyl radicals and hydronium ions have mutual interactions and 
consequently terminate the activation of the MIT molecules away from 
ionic interactions. 

Based on the above discussion, FTIR spectra analyses (Supplemen
tary file, Figure S5) were used to investigate the possible MIT degra
dation pathway. The MIT can be degraded with two degradation 
pathways (Fig. 6), as reported in the R. Ren et al. study [13]. The first 
pathway contains five stages, whereas the second one contains two. In 
the first pathway, the hydroxyl radicals (OH∗) interact with the 
electron-rich double-bonded MIT, forming 4,5-dihydroxy-2-methyliso
thiazolidin-3-one. After that, oxygen interacts with the hydroxyl 
groups, forming 2-methylisothiazolidine-3,4,5-trione. Subsequently, 
several interactions were performed with 2-methylisothiazolidine-3,4, 
5-trione, forming 2,2-dihydroxy-2-(mercapto(methyl)amino)acetic 
acid. 

On the other hand, the second pathway involves direct oxidation of 
MIT molecules by undoped SnS2 and Co–SnS2 nanoplates, leading to the 
cleaving of the carbon-carbon double bond in the heterocyclic ring of 
MIT, forming 2-(dimethylamino)-2,2-dihydroxyacetic acid. Subsequent 
removal of a methyl group from 2-(dimethylamino)-2,2-dihydroxyacetic 
acid gives rise to N-mercapto-N-methylacetamide. The final products in 
the two pathways undergo further mineralization, ultimately forming 
CO2 and H2O. 

3.2.2.1. Photocatalytic degradation process. The optical chemo- 
mechanism of the photocatalytic degradation process occurs between 
the semiconductor and the organic molecules under UV illumination, as 
in the following scenario. The organic molecules of the MIT are initially 
adsorbed at the surface of SnS2 and Co–SnS2 nanoplates [57]. The 
semiconductors (SnS2 and Co–SnS2) are motivated by UV illumination, 
causing a generation of free carriers (e− − h+ in pairs. Electrons are then 
captured by surrounding oxygen (O2), producing superoxide radicals 
(O−

2
∗). In the meantime, holes interact with water molecules (H2O) to 

produce hydroxyl radicals (OH∗) as seen in Fig. 7 [58]. The free radicals 
react with the organic molecules, destroying the MIT strong coupling 
bonds and, hence, degrade by the adsorption process to the semi
conductor surface [59]. 

3.2.2.2. Consumption of electrical energy. The energy consumed by the 

Fig. 6. Established degradation pathway of MIT.  
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reaction of the photocatalytic degradation process is defined by the 
electric energy consumed/order (EEO) kilowatt-hours (kWh) needed to 
extract a named contaminant per first order of magnitude (90%) per 1-m 
cube of polluted water. EEO is defined by Ref. [60]: 

EEO =
1000Pt

60Vln
(

Co
Cf

) (3)  

where EEO is the electric energy per order (kWh/m3); P is the nominal 
power of the light source (kW) (16 W); t is the irradiation time (minutes) 
(160 min); C0 and Cf are the MIT initial and final concentrations (mg/L), 
and V is the solution volume (0.05 L). The electrical energy consumption 
of Co–SnS2 nanoplates is 356 kWh/m3, which is lower than that of 
undoped SnS2 nanoplates (793 kWh/m3). This means using Co–SnS2 
nanoplates requires about half the electric energy used in undoped SnS2 
nanoplates. A research study has investigated the photocatalytic 
degradation of MIT using a TiO2NPs/persulfate system under simulated 
solar irradiation. P. Gómez-Rodríguez et al. [12] successfully decom
posed the MIT using TiO2NPs/persulfate system under a 1500 W Xenon 
lamp (λ < 300 nm). Their system’s calculated electrical energy con
sumption is about 650 kWh/m3, meaning that our system (Co–SnS2 
nanoplates) requires lower electric energy in the TiO2NPs/persulfate 
system. 

4. Conclusions 

In this work, the degradation of MIT in water under U.V. irradiation 
was investigated with undoped SnS2 and Co–SnS2 nanoplates synthe
sized by a hydrothermal method at 180 ◦C. Fourier transform infrared 
and energy-dispersive X-ray spectroscopies were confirmed to be suc
cessfully incorporated for Co with SnS2 nanoplates. On the other hand, 
X-ray diffraction patterns show that the crystallite size of nanoplates 
increases from 26 nm to 48 nm. Undoped SnS2 nanoplates exhibit plate- 
like nanostructure with smooth surfaces, with a size of 150–400 μm and 
a 50–70 nm thickness. Doping SnS2 nanoplates with cobalt increases the 
nanoplate’s size to 300–600 nm. Undoped SnS2 and Co–SnS2 nanoplates 

have indirect bandgap energy with values of 1.95 and 1.86 eV, respec
tively. On the other hand, the electrical conductivity of undoped SnS2 
and Co–SnS2 nanoplates is 1.67 × 10− 5 S.cm− 1 and 1.64× 10− 4 S.cm− 1, 
respectively. The degradation efficiency of Co–SnS2 nanoplates is higher 
than undoped SnS2 nanoplates for all MIT concentrations. The higher 
degradation efficiency of undoped SnS2 and Co–SnS2 nanoplates after 
160 min is at 5 mg/L of 66% and 91%, respectively. The higher k1 of 
undoped SnS2 and Co–SnS2 nanoplates is at 5 mg/L of 6.9 × 10− 3 and 
14.5× 10− 3, respectively. The adsorption equilibrium constant (KL) of 
undoped SnS2 and Co–SnS2 nanoplates is 0.005 and 0.008 (mgL− 1)− 1, 
and the kinetic rate constant of the surface reaction (ks) of undoped SnS2 
and Co–SnS2 nanoplates is 1.47 and 1.69 mgL− 1.min− 1. These results 
indicate that Co–SnS2 nanoplates have higher adsorption of MIT mole
cules than undoped SnS2 nanoplates. The electrical energy consumption 
of Co–SnS2 nanoplates is 356 kWh/m3, which is lower than in undoped 
SnS2 nanoplates (793 kWh/m3). This means using Co–SnS2 nanoplates 
requires about half the electric energy used in undoped SnS2 nanoplates. 
To conclude, according to the previous discussion, this research may 
pave the way for the further design of SnS2-based photocatalysts in 
enhancing the photocatalytic activity of organic materials degradation. 
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[59] F. Bureš, Fundamental aspects of property tuning in push–pull molecules, RSC Adv. 
4 (102) (2014) 58826–58851. 

[60] J. R. Bolton, K. G. Bircher, W. Tumas, and C. A. Tolman, Figures-of-merit for the 
technical development and application of advanced oxidation technologies for 
both electric-and solar-driven systems (IUPAC Technical Report), Pure Appl. Chem. 
73 (4) (2001) 627–637. 

Q.M. Al-Bataineh et al.                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0254-0584(24)00309-2/sref58
http://refhub.elsevier.com/S0254-0584(24)00309-2/sref58
http://refhub.elsevier.com/S0254-0584(24)00309-2/sref58
http://refhub.elsevier.com/S0254-0584(24)00309-2/sref59
http://refhub.elsevier.com/S0254-0584(24)00309-2/sref59
http://refhub.elsevier.com/S0254-0584(24)00309-2/sref60
http://refhub.elsevier.com/S0254-0584(24)00309-2/sref60
http://refhub.elsevier.com/S0254-0584(24)00309-2/sref60
http://refhub.elsevier.com/S0254-0584(24)00309-2/sref60

	Cobalt-doped SnS2 nanoplates for high-efficiency catalysis applications
	1 Introduction
	2 Methods
	2.1 Synthesis
	2.2 Characterizations
	2.3 Photocatalytic degradation experiments

	3 Results and discussion
	3.1 SnS2 and Co–SnS2 nanoplates characterizations
	3.2 Photocatalytic degradation analysis
	3.2.1 Optimization of the photocatalytic degradation process
	3.2.2 Analysis of MIT photocatalytic degradation
	3.2.2.1 Photocatalytic degradation process
	3.2.2.2 Consumption of electrical energy



	4 Conclusions
	Consent to participate
	Consent to publish
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


