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KEYWORDS Abstract Pollution of surface waters containing chemical dye combinations and/or biological
Perovskites; materials can have adverse effects on human health and other organisms, even in small quantities.
Semiconductor; The photocatalytic oxidation procedure has been widely regarded as a commercially viable method
Co-Precipitation method; of removing environmental pollutants. In recent research, Caesium-hexaiodostannate nanostruc-
Cs,Snlg nanostructures; tures (Cs,Snlg) were prepared through a co-precipitation approach and their photocatalytic perfor-
Visible-Light-Driven mance was analyzed. A number of surfactants were examined for their influence on the structure,
photocatalysis purity, and morphology of the sample. It was found in the SEM data that the presence of surfac-

tants has a negative impact on the morphology, which may be due to the inability to remove sur-
factants by calcination at high temperatures. Photocatalytic activity of Cs,Snlg catalysts was
demonstrated over a variety of organic dyes, including methylene blue (MB), rhodamine b
(RhB), methyl orange (MO), and methyl violet (MV). Upon exposure to visible light for
180 min, 5 ppm methylene blue showed the greatest degradation (84.0%). Cs,Snlg nanostructures
are being applied for the first time in photocatalytic applications. Due to their wide bandgap
(1.7 eV) in the visible region, they may be a suitable candidate for water purification. Moreover,
the results indicated that the efficiency of photocatalysis was affected by various parameters, includ-
ing pH, dye concentration, dye types, catalyst dosages, and surfactants. In the recyclability test,
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Cs,Snlg nanostructures were found to be stable, and the removal efficiency was reduced by 6.9%

after the fifth run.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

It is widely accepted that population growth and industrial develop-
ment are not only reducing clean water resources, but also causing
degradation in water quality, which negatively impacts the health
and safety of humans and other living organisms (Ajibade &
Oluwalana, 2021; Zhang et al., 2022). Furthermore, wastewater con-
tains a variety of organic compounds, including dyes, medicines, and
personal care products that are often resistant to natural degrada-
tion (Li et al., 2022a). Although their concentration is very low,
the damage they cause cannot be ignored (Li et al., 2022b). Diverse
industries can release sewage directly into the environment, which
can have a negative impact on aquatic life and human health
(Sharwani et al., 2021). In order to purify them, a great deal of
energy must be expended (Khan, 2021). As a result of chemical
spills, agricultural runoff, and industrial effluent, toxic coloring
agents are discharged into water systems (Islam et al., 2021;
Lavanya et al., 2014). In many countries, regulatory authorities
and societies face problems as a result of stability, acute toxicity,
and durability in the ecosystem for long periods of time (Kubra
et al., 2021). During the dyeing process, a significant amount of
water is used and discharged into the ecosystem on a regular basis.
Textile dyeing industry effluents, which contain carcinogenic and
hazardous dyes, are poisonous to mammals, aquatic microorgan-
isms, and fish, threaten to destroy the aquatic environment by
destroying hydrophyte plants in their photosynthesis (Fu et al.,
2011; Nasar, 2021). Increasing amounts of chemical oxygen from
dye wastewater produced by photographic and textile industries
are causing an ecological crisis due to their unsuitable color, toxic-
ity, and resistance to biological, photochemical, and chemical degra-
dation (Kumar et al., 2021; Waheed et al., 2021; Zhou et al., 2021).
Most colorants are mutagenic, carcinogenic, and life-threatening.
Dye can cause allergic reactions, such as respiratory infections, con-
tact dermatitis, respiratory tract irritation, and even cancers of the
liver, bladder, and kidney. Highly poisonous textile dyes can reduce
the penetration of light in water, reduce the transparency and qual-
ity of water, and affect the photosynthetic behavior of hydrophytic
plants, leading to a lack of oxygen in aquatic environments (Al
Kausor & Chakrabortty, 2021). Contaminants such as these pose
a great threat to the aquatic ecosystem as well as to human health.
In an attempt to remove these pollutants, methods such as ozona-
tion, biochemical treatment, and electrochemical oxidation have
been used, but they are hindered by several limitations (Sui et al.,
2020; Xu et al., 2022). The purification of these toxic colorants in
organic micro-pollutants (OMP) has always attracted the attention
of scientists. As a general rule, conventional methods of eliminating
organic dyes do not meet the standards for water quality and are
not compatible with existing water sources. Due to its ability to
remove toxic pollutants entirely to mineral acids, water, and carbon
dioxide, photocatalysts based on semiconductors have gained con-
siderable attention for their use in the refinement of environmental
contaminants in sewage (Arunachalam et al., 2021; Ghanbari &
Salavati-Niasari, 2018; Liu et al., 2011; Zhang et al., 2007).

A semiconductor-based photocatalysis technology is the most
lucrative due to its potential applications in a variety of fields, par-
ticularly in the decomposition of toxic contaminants(Pasternak &
Paz, 2013; Wu et al., 2010). As a result of the advancement of nan-
otechnology, photocatalysis has become one of the most important
approaches in wastewater treatment. Two aspects of issues related
to water are of particular interest to researchers: first, simple and

low-cost access to clean drinking water, and second, appropriate
and low-cost treatment of effluents to limit environmental harm.
All around the world, significant amounts of research are conducted
daily in these fields. Several technologies and methods are being
developed and optimized for the treatment of water and wastewater,
including the use of photocatalysts. The process of photocatalysis
involves the use of a semiconductor material that is capable of pro-
ducing electron holes in the presence of visible or ultraviolet light
(Karami et al., 2021).

Perovskites are characterized by a wide range of structural and
compositional variations that offer many possibilities for overcom-
ing the challenges posed by MPbX; and MSnXj; perovskites halides.
As with perovskites oxides, halide perovskites are also available
(Attfield et al., 2015). The BI6 octahedron undergoes a phase tran-
sition that reduces symmetry during cooling, resulting in a coordi-
nated tilt that affects its conductivity and bandgap (Amat et al.,
2014; Chung et al., 2012; Moller, 1958; Swainson et al., 2015).
Besides, halides can create ordered double perovskites with the gen-
eral equation M,N’N*“Xg, wherein the rock-salt ordering of the N’
and N” metals are present. The order is usually due to an extensive
charge difference between the two metals (Anderson et al., 1993).
Substitution of one site of N cation with an empty site in the
M,N’N*“X¢ double perovskite results in the vacancy-ordered double
perovskites, M,NX4. Commonly mentioned as antifluorite com-
pounds, these defective perovskites embrace the K,PtCls structure
type, which is defined as isolated [BX¢]* octahedra units bridged
with M cations (Maughan et al., 2016; Wang et al., 2019). There
are some similarities between M,NX¢ perovskites and MNX3 per-
ovskites. A close-packed ionic lattice similar to that of ABXj per-
ovskites is maintained, despite the removal of all other [BXg]
octahedrons. Additionally, vacancy-ordered structures undergo coor-
dinated octahedral tilts and rotations during phase transitions,
reducing their symmetry during the cooling process (Abrahams
et al., 1989; Henkel et al., 1980; Lee et al., 2014; Saparov et al.,
2016). Cs,Snlg exhibits a cubic structure at ambient temperature
with a space group of Fmsm, as indicated by its radius ratio ~
of 0.94 (Shin et al., 2019). The mixture is characterized by n-type
electrical conductivity, strong visible light absorption, moisture sta-
bility, and air stability, which are all beneficial for photovoltaic
devices (Lee et al., 2014; Saparov et al., 2016). One of the most crit-
ical factors in the selection of light for photocatalysis is the catalyst
bandgap. We have conducted a wide range of photocatalysis
research using semiconductor nanoparticles in our lab. In this field,
new materials are constantly being created, optimized, and utilized.
It is known that Cs2Snl6 has a bandgap that is suitable in the vis-
ible region; 1.622 eV (Qiu et al., 2016). Because of its low cost, envi-
ronmental friendliness, and high efficiency, the cesium tin iodide
perovskite semiconductor (Cs,Snlg) has recently attracted consider-
able attention as a semiconductor for light-emitting diodes, solar
cells, catalytic electrodes in fuel cells, superconductivity, sensors,
and photodetectors. (Rasukkannu et al., 2018).

As one of the primary objectives of this paper, Cs,Snls nanocom-
posite will be synthesized in a simple and cost-effective manner. Syn-
thesis of nanocomposite Cs,Snlg was accomplished by co-
precipitating. The characterization of Cs,Snlg has been performed
using a variety of methods, including XRD, SEM, EDS, TEM, BET,
and DRS. As part of this study, Cs,Snls was examined for its photo-
catalytic activity. It is a first-of-its-kind study that will investigate pH,
dye type, catalyst dosage, dye concentration, scavenger type, and sur-
factant type.
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2. Experimental

2.1. Materials and characterization

The reagents used in this study were all of analytical quality.
Potassium iodide (KI), Cesium chloride (CsCl), Tin(IV) chlo-
ride pentahydrate (SnCly-5H,0), Polyethylene glycol (PEG-
6000), Sodium dodecyl sulfate (SDS), polyvinyl pyrrolidone
(PVP-25000), sodium dodecylbenzene sulfonate (SDBS),
Ethylenediamine tetra acetic acid (EDTA), Sodium salicylate
(NaHSal), Benzoic acid (BA), 1,4-Benzoquinone (BQ), sodium
azide (NaNj;), were purchased from Merck Company and
applied without additional purification. We employed methyl
violet (C24H28N3C1), rhodamine B (C28H31C1N203), methyl
orange (C4H14N3NaOsS), and methylene blue (C;¢H;sCN3S)
as contaminants for studying the photocatalytic behavior of
Cs,Snl¢ nanostructures.

XRD (X-ray diffraction) patterns were collected using a
Philips diffractometer with X’PertPro monochromatized Cu
K radiation (A = 1.54) to determine the type of structure
and purity of the as-synthesized nanoparticles. The shape
and distribution of nanoparticles were examined using
FESEM (field emission scanning electron microscopy) (Mira3
TESCAN). The nanoparticles were evaluated by transmission
electron microscopy using a JEM-2100 TEM, and by energy
dispersive spectrometry using a Philips XL30 microscope. Cat-
alyst specific surface areas were calculated using the Brunauer-
Emmett-Teller (BET) technique. To determine adsorption/des-
orption, an automated gas adsorption analyzer (Tristar 3000,
Micromeritics) was used to pump liquid N, at —196 °C.

2.2. Synthesis route

Precursors must be prepared before Cs,Snlg nanoparticles can
be synthesized. Snl4 was synthesized using the co-precipitation
method in the first step. A solution of 1.5 mmol SnCy-5H,0
and a solution of 3.0 mmol KI were dissolved in distilled water
in two beakers and then combined. Second, stoichiometric
amounts of CsCl (1.5 mmol) and Lil (1.5 mmol) were dissolved
in distilled water in two beakers for the synthesis of CslI (if sur-
factant (1.5 mmol) was used, it was added at this point). Fol-
lowing the mixing and stirring of the solutions, the reaction
was carried out for 15 min. Csl solution was added to a beaker
containing Snl; and the solution turned yellow. Following
30 min of stirring, the precipitate was washed several times
with ethanol to remove residual surfactant and dried in an
oven at 65 °C. It is apparent from the black precipitate
obtained that nanoparticles have been formed (Scheme 1). A
variety of tests and analyses were conducted on the precipitate
resulting from the reaction.

2.3. Photocatalyst process

In order to conduct the photocatalysis procedure, different
amounts of the optimum samples were added to 100 ml of
dye solution at different concentrations (such as 5, 10, and
15 ppm). During the photocatalysis process, the solution was
aerated for 20 min. The photocatalytic process was carried
out using an Osram light (400 W) with a wavelength ranging
between 400 and 780 nm. As soon as the aeration process

had been completed, the first sample was collected. To reach
equilibrium, the mixture containing catalyst and dye was
blended in the dark for 30 min before turning on the lamp
below visible rays. The reaction medium was then illuminated
with visible light. Despite the fact that the initial sampling was
conducted after 30 min, subsequent samplings were conducted
every 30 min. Photocatalysis was performed at room tempera-
ture without external light or catalyst, and after 120 min,
hardly any dye was degraded without light and catalyst. A
UV-visible spectrophotometer was used to measure the absor-
bance of the collected samples in order to verify the discol-
oration. The percentage of discoloration was calculated by
using the following formula (Eq. 1), where Aq represents the
quantity of dye absorption before and after exposure to light,
and A, represents the amount of dye absorption after exposure
to light:

AO_AI

0

%Decolorization =

x 100 (1)

2.4. Cyclic voltammetry (CV) test

Electrochemical energy storage capacity and attributes of
products were assessed using the cyclic voltammetry (CV) tech-
nique. The probe solution of potassium ferricyanide/potassium
ferrocyanide (K3(Fe(CN)g)/K4(Fe(CN)g) in the 0.1 M phos-
phate buffer solution (pH = 7.2) was applied for CV test at
the scan rate of 0.1 Vs™'. Electrochemical cells were thermosta-
tized at 25 °C in 2 M KOH electrolyte. These electrodes consist
of the working electrode, Pt electrode, and Ag/AgCl electrode.
In order to prepare the working electrode without a binder, a
thin layer of as-fabricated materials was coated on a copper
substrate using the drop cast method. Through the current
between the as fabricated electrode and the counter electrode,
the potential of the fabricated working electrode was measured
against the reference electrode.

3. Results and discussion

3.1. Characterization of Cs,Snl

The XRD pattern of Cs,Snlg as synthesized is shown in
Fig. la. Each diffraction peak is associated with cesium tin
iodide with JCPDS No. 073-0330 having a cubic crystal struc-
ture (space group = Fm™m). The effect of several surfactants
on the purity and structure of Cs,Snlg was studied, including
SDS, SDBS, NaHSal, PEG6000, PVP, and EDTA. Fig. 1b
and lc illustrate the XRD pattern of Cs,Snlg prepared with
SDS and SDBS as anionic surface active agents. Tin iodide
with JCPDS No. 075-1559 was composed as a by-product
along with the main phase. A small amount of unknown phase
was also formed in the presence of SDBS. When sodium sali-
cylate (NaHSal) is used as a surface-active agent, it can result
in certain impurities such as unknown phase and Snl4 in the
sample (Fig. 1d). In Fig. le and 1f, polymeric surface-active
agents, such as PEG6000 and PVP, were applied in order to
obtain pure Cs,Snlg with high crystallinity. Furthermore, Cs»-
Snlg and Snly were formed as a result of EDTA acting as a
chelating agent. The pure phase of Cs,Snlg was obtained under
three different conditions, including the absence of surfactants
and the presence of polymeric agents such as PVP and
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Magnetic Stirrer
(30min)

CsCl

Scheme 1

PEG6000. Based on the Scherrer equation, the crystal size of
the samples was determined to be between 36 and 54 nm
(Table 1). (Karami et al., 2021; Tahir et al., 2020).

0.94
- pcosb 2)

The morphology of the synthesized nanoparticles was
examined using SEM. A variety of surfactants were used to
prepare nanoparticles, as previously mentioned. It was
expected that the morphologies of nanoparticles would differ
due to the use of different types of surfactants. The images
in Fig. 2a and b illustrate synthesized nanoparticles without
surfactants. Particles are arranged in a regular pattern and
are in different polyhedral states. As can be seen in the
200 nm scale image, the polyhedral structures are formed by
tiny nanoparticles. In this sample, a bulk nanostructure is
observed. In contrast, different surfactants formed agglomer-
ates of considerable size, contrary to expectations. In the case
of SDS, an anionic surfactant (Fig. 2c and d), flakes were

Black powder

KI

Without
surfactant

SDBS

PVP

Schematic diagram of the fabrication of Cs,Snlg nanostructures.

formed without being properly distributed. In the presence
of SDBS, an anionic surfactant, small nanoparticles with some
agglomerations were obtained (Fig. 2¢ and f). PEG-6000, an
anionic (polymeric) surfactant, was used to produce bulk
nanostructures in Fig. 2g and h. Further, when PVP was used
as a polymeric surfactant, the d-spheres appeared quite clear
(Fig. 2i and j). As in sample 1, tiny particles are observed on
the surface of the nanoparticles that form the sphere in this
sample (sample 6). EDTA was also used as a chelating agent
in the preparation of the bulk nanostructures (Fig. 2k and 1).
As a result of the use of various surfactants, diverse morpholo-
gies are produced with larger sizes and irregular shapes. The
synthesis of nanostructures with controlled size, shape, and
aspect ratio has made extensive use of surfactants of different
ionic phases (cationic, anionic, and non-ionic) (Carswell et al.,
2003). In general, surfactants are thought of as capping agents,
structure guiding agents, or templates. Every surfactant has its
own mechanism for preparing nanostructures. During the fab-
rication procedure, surfactants are adsorbed to the growing
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Fig. 1

XRD patterns of Cs,Snlg nanostructures (samples 1-7).

surfactants may adversely affect the structure and morphology
of products. It is possible that the lack of particles with the
appropriate morphology and size is due to the inability to
remove surfactants through calcination at high temperatures.
The HRTEM images of Cs,Snlg are shown in Fig. 3. In accor-
dance with SEM results, the particles are arranged in a regular
pattern. These photographs clearly demonstrate the coexis-

tence of tiny nanoparticles. In order to demonstrate the high

crystal planes. T}}e lattice planes are presented by the interpla-
nar space of 3.2 A, which conforms to the crystal planes (222)

Table 1 Fabrication conditions for Cs,Snlg nanostructures.
Sample Type of Capping  Products Crystal Size
No. Agent (nm)
1 - Cs,Snlg 40.1
2 SDS Cs,Snlg, Snly 40.7
3 SDBS Cs,Snlg, Snly, 43.2
Unknown
4 NaHSal SSZEHI@ Snl, 513 crystallinity of Cs,Snlg, parallel lines were specified for the
nKknown
5 PEG6000 Cs,Snlg 36.6
6 PVP Cs,Snlg 48.7 .
7 EDTA Cs,Snl, Snl, 54.6 of Cubic CstnIG CI'yStalSA

crystal and, depending on the starting material concentration
and surfactant characteristics, they can limit the growth rate
of crystal faces, thereby assisting in the regulation of crystal

Similarly, Fig. 4(a-e) illustrates the EDS mapping images

and EDS spectrum of Cs,Snlgs. As shown in Fig. 4(a-d), the
related maps of I, Sn, and Cs elements exhibit glossy zones
similar to the calcification zones. It is evident from the EDS

elements, indicating its

sizes and shapes (Santra et al., 2001). It is possible that some

spectrum of Cs,Snlg that the product contains I, Sn, and Cs
high purity.
(Fig. 4e), the W% and A% of each element are clearly visible.

In this spectrum
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It is also important to note that the Cs,Snlg sample lacked any
other elements. The Fig. 4f illustrates the N, adsorption—des-
orption isotherm of Cs,Snlg, along with its associated pore size
distribution profile. A microporous or mesoporous material is
implied by the isotherm of type III (Karami et al., 2021). The
isotherm exhibits a H3-type hysteresis loop, which corresponds
to groove pores formed by flack particles in a nonrigid gener-
ation (Chen et al., 2018). Total pore volume at p/p0 = 0.989
was obtained at 0.018 cm’g~1, average porosity diameter
was estimated at 17.6 nm, and specific aBET was achieved at
4.1 m?g~'. Fig. 4g displays the porous size distribution
obtained from the desorption part of the isotherm via the
BJH technique. It can be seen that the pore distribution of
the generated Cs,Snl¢ is multi-peak.

DRS spectrum of Cs,Snlg (sample 1) is shown in Fig. 4h.
The absorption peaks from 200 to 400 nm verify the semicon-
ducting properties of the prepared Cs,Snlgs. The calculated
bandgap was determined using the following equation
(Ghanbari & Salavati-Niasari, 2018):

(ohv)'"" = B(hv — Eg) (3)
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FESEM micrographs of Cs,Snlg nanostructures (samples 1-7).

that o is absorption constant; hv is the energy of the photon
(eV); ris 2 for the direct or 1/2 for the indirect transitions; Eg is
bandgap, and P is constant. Fig. 4i indicates the plot of (ahv)?
vs. hv for Cs,Snlg (sample 1). Bandgap was calculated by par-
tially linear extrapolating this curve to a point (ahv)®> = 0 to be
1.7 eV.

The CV diagram of Cs,Snlg is shown in Fig. 4j. The CV
characteristics curves was used to calculate the conduction
band (CB) and the valence band (VB).

CB(or VB)(eV) = —48 — (E — Eypp)(eV) (4)

where E is the redox potential peak (Mora-Sero et al., 2013)
and E,j, is the formal potential (E;, = 0.09 V) against the
Ag/Ag™ system (Qin et al., 2015). Energy values for CB and
VB are — 4.22 and — 5.71 eV, respectively. The Cs,Snlg VB
and CB energy levels are consistent with previously published
values (Zhou et al., 2021).
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d=3.2A
(222)
Cs2Snls

Fig. 3 TEM micrographs of Cs,Snls nanostructures (sample 1).

3.2. Photocatalytic behavior

To fully understand the photocatalytic process, several factors

must be considered, including light source, dye types, pH, cat-
alyst dosages, dye concentrations, etc. (Ghanbari & Salavati-
Niasari, 2018). In order to assess the effect of visible irradia-
tion on the degradation of MB at ambient temperature, i.e.,
photolysis, a control test was conducted first. The dye was
rather degraded in visible light after 180 min of irradiation,
as illustrated in Fig. 5a (about 6 percent). The experiment
was then conducted in the dark in order to evaluate the
adsorption of dye on the catalysts. A UV—Visible spectrometer
was used following centrifugation to monitor the aliquot at
10 min intervals for 60 min. Adsorption capacity (Qt) is
expressed as earlier by Ajibade et. al. (Ajibade & Oluwalana,
2021):

0, - (%) v )

where Cy, C, (mg/L), W, and V are the initial dye concentra-
tion, concentration at a specific time, weight of the adsorbent,

and volume of dye, respectively. The Cs2Snl6 nano photocat-
alyst reached equilibrium adsorption capacity in the photocat-
alytic process after 30 min for all dosages (Fig. 5a). After
30 min, the adsorption capacity remained stable, indicating
that equilibrium between adsorption and desorption had been
achieved. We used this procedure to determine the amount of
dye adsorption on Cs,Snlg nanoparticles. According to the
findings, approximately 15% of the degradation had been
observed after 180 min (Fig. 5b). Rather, this number repre-
sents dye adsorption on the catalyst surface, which was further
examined using BET analysis. The degradation of methylene
blue is not possible without a catalyst and visible light. In this
study, both light and catalyst play a crucial role in the elimina-
tion of organic contaminants.

3.2.1. Organic pollutant types

An illustration of the influence of dye species on Cs,Snlg
nanoparticles can be found in Fig. 5c. The removal efficiency
of MB, RhB, MV, and MO is approximately 72.9, 61.9,
27.1, and 23.7%, respectively. Based on the results of this
study, it can be concluded that the efficiency of cationic
organic pollutants is greater than that of anionic dyes, since
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Fig. 4
and j) cyclic voltammetry of Cs,Snlg nanostructures (sample 1).

iodide ions (I") are negatively charged within the nanostruc-
ture. Fig.10a illustrates how pH solution affects MB
discoloration.

3.2.2. Effect of pH of the solution

We examined the impact of the pH of the solution on the
removal efficiency (Fig. 5¢). In acidic (pH = 3), neutral
(pH = 6), and alkaline (pH = 10) media, the degradation effi-
ciency was approximately 34.8%, 52.6%, and 84.0%, respec-
tively. Based on these results, alkaline media (pH = 10)
showed the greatest increase in efficiency. Because methylene
blue is a cationic dye, it acts efficiently at pH > 7 by increasing
the concentration of OH groups in the solution. It is reason-
able to assume that the concentration of OH groups will
increase with increasing pH. In other words, the generation
of OH in the solvent will be extended, and the photocatalytic
efficiency will be enhanced.

3.2.3. Cs,8Snls doses

Moreover, the removal efficiency yield of Cs,Snlg (sample 1)
was examined in relation to its dose. As noticed in Fig. As
shown in Fig. 6a, the catalytic efficiency is largely dependent
on the catalyst dosage. Changing the nanocatalyst dosage from
50 to 70 mg enhanced the degradation efficiency of Cs,Snlg
from 72.9 to 78.5%. By increasing the nanocatalyst dosage
from 70 to 100 mg, the catalytic yield was increased from
78.5 to 84.0%. Therefore, increasing the Cu,Hgl,; doses

(a-d) EDS mapping, ¢) EDS spectrum, f) N, adsorption/desorption isotherm, g) BJTH plot, h) DRS spectrum, i) (shv)? vs. hv plot,

increases the surface area of the catalyst and enhances dye
adsorption on Cs,Snlg.

3.2.4. Concentration of organic pollutants

Fig. 6¢ illustrates the effect of different dye concentrations (5,
10, and 15 ppm) of MB after 180 min. A decrease in dye con-
centration from 10 ppm to 5 ppm increases the degradation
percentage from 71.0% to 84.0%, while an increase in dye con-
centration reduces dye decolorization. By increasing pollutant
concentrations from 5 ppm to 15 ppm, the removal efficiency
declined from 84.0 to 63.0%. The binding sites on the Cs,Snlg
surface are occupied by a large number of MB molecules at
15 ppm. It is evident that enhancing the dye concentration
reduces the degradation percentage (de Luna et al., 2013).

3.2.5. Kinetic study

Langmuir—Hinshelwood mechanism was used to calculate the
rate constants (eq.4) of the photocatalytic reaction of organic
dyes (Kumari & Meena, 2020). Where k is the rate constant
(min~") for Pseudo-first order reaction; Cy is the primary con-
centration of contaminating solution; and C is the pollutant
concentration at t time. The rate constant (k) for Pseudo-
first order reaction has been defined from In(Cy/C) linear cor-
relations versus time. Fig. 6b, 6d, and 6f indicate that the max-
imum photocatalytic degradation is obtained at a greater rate
constant (k = 0.0098 min ).

kt = In(Cy/C) (5)
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3.2.6. Effect of surfactant

Fig. 6e illustrates MB photodegradation in the presence of var-
ious surfactants. Due to the better interaction between MB, a
cationic dye, and anionic surfactants, the removal efficiency is
improved in the presence of anionic surfactants such as SDS
(64.4%) and SDBS (91.2%). There are three factors that con-
tribute to the excellent photocatalytic activity of Cs2Snl6 in
the presence of SDBS: i) The presence of Snl4 with a band
gap of 1.52 eV results in a narrower band gap. According to
the XRD pattern of sample 3 (SDBS), Snl4 peak intensity is
higher in sample 3 than in sample 2 (SDS), indicating that sam-

ple 3 contains a greater amount of Snl4. Due to the narrower
bandgap, more radiation can be used to excite more charge
carriers, leading to enhanced photocatalytic activity. The par-
ticles that are formed in the presence of SDBS are smaller than
those formed by SDS, resulting in a larger specific surface area,
as shown by the FESEM images of samples 2 and 3. It is gen-
erally accepted that a photocatalyst’s specific surface area is
closely associated with its photocatalytic activity. A higher sur-
face area not only boosts the contact area between photocata-
lyst and the reactant, but it also supplies more active sites
through the photocatalytic operation, which improves photo-
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catalytic performance (Song et al., 2015). iii) smaller particle
size. The photoinduced charge carriers have a shorter diffusion
distance due to the smaller particle size, which causes them to
migrate quickly to the catalyst surface and successfully sepa-
rate (Peng et al., 2015).

3.2.7. Mechanism study through scavenger test

In aqueous catalyst suspensions, it has been completely
demonstrated that valence band holes (h™) and conduction
band electrons (e-) are produced when light energy exceeds
the band gap of the catalyst (1.7 eV). Using photoinduced elec-
trons, the colorant can be reduced or reacted with electron
acceptors, such as O, dissolved in water or adsorbed on the
catalyst surface, thereby reducing it to O5 (radical of superox-
ide anion). Photoinduced holes can react with H,O and OH-
to form OH" radicals or oxidize organic dyes to produce R ™"
ions. As well as other high oxidant species (peroxide radicals),
they are reported to be responsible for the photodegradation
of organic dyes. Multiple initial reactive species, including
'0,, H', h™, HO", and O3 can be created through photocat-
alytic degradation methods in UV-Vis/semiconductors. The
formation of O3 can prevent the recombination of photogen-
erated charge carriers. The HO™ might be produced within the
e —» 05 — H,O, » OH" way. Besides, the OH" radicals are
created by several stages of reduction O5 in the process. It was
reported that the water separated in subsequent molecular lay-
ers and on the TiO, surface has three roles (1) preserving
charges (inhibiting recombination of electron-holes), (2) per-
forming as an electron acceptor (creation of H atoms in a reac-
tion of photoinduced electrons with protons on the surface, —
OH; + ), and (3) performing as an electron donor (reaction of
water with photoinduced holes to produce OH" radicals). As
claimed by prior investigations (Jiang et al., 2015), the princi-
pal active oxygen species produced through photocatalytic,
and oxidation reactions are OH" and 'O, radicals, respectively.
Relying on the above thoughts, we can suggest that the possi-
bility of creating OH" should be much higher than the O35 for-
mation. Nevertheless, OH" is a powerful, unselective oxidant
that drives to the complete or incomplete mineralization of
numerous organic compounds. According to the above state-
ments, 'OH, '0,, and O3 are the active species in the mecha-
nism of photocatalytic degradation of organic dyes. Therefore,

the literatures have been indicated that the reactive ‘OH per-
forms the main role and, 'O, and O3~ perform an insignificant
role in the photocatalytic degradation of organic dyes (Tzeng
et al., 2016). The "OH may be produced by an h™ with H,O.
The 'O, may be created by an h™ with O3* species. The 05"
may be formed through an e~ with O, and/or 'O, with e"-
species (Rahimzade et al., 2021). Therefore, "OH can help as
the most essential active species in this research.

Scavenger experiments were accomplished by employing
Benzoic acid (BA) for *OH, EDTA for h', Benzoquinone
(BQ) for ‘05, and sodium azide for 'O, to demonstrate
the function of active species in the degradation of organic
dyes (Rahimzade et al., 2021). As noticed in Fig. 6f, the rate
of photocatalytic decomposition decreased from 72.9% to
15.2% by adding benzoic acid to the mixture, confirming
that hydroxyl radicals (OH) are the most prominent active
species in the photocatalytic reactions. Regardless, the pho-
tocatalytic efficiency declined from 72.9% to 67.2%,
71.0%, and 69.9%, respectively, by adding benzoquinone,
EDTA, and sodium azide to the mixture separately, illustrat-
ing the impact of *Oz, h™, and '0, on the degradation of
methylene blue was not significant. An electron-hole pair
can be produced by illuminating visible light to the Cs,Snlg
photocatalyst (Sakthivel et al., 2003). Active hydroxyl radi-
cals can be generated from the electron (e”) and hole (h™")
reaction in the presence of water and oxygen molecules,
which can recreate a role in the decolorization of organic
pollutants (Wenderich & Mul, 2016). The possible mecha-
nism to degrade methylene blue under visible light is as
[33,46]:

Cs,Snlg + hv — Cs,Snlg*+e~ +h' (6)
h*+H,0 — OH + H* (7)
2H,0 + 2 h*—2H*+H,0, (8)
‘0,” +H"+20H — H,0, + O, 9)
H,0, — 2'OH (10)
O, + e =0, (11)

Counts

©® Cs2Snls 073-0330

Position [2Theta] (Copper (Cu))

01-073-0330; Cs2 Sn |4

Fig. 7 XRD pattern Cs,Snlg nanostructures (sample 1) after photocatalytic reaction.
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Table 2 The photocatalytic performance of different iodide compounds.

Catalyst Highest degradation = Lowest degradation  Catalyst dosage Source of Ref.

(%) (%) (mg) light
Cs,Snlg nanostructures 84.0 and 91.2% 23.7 (MO) 100 Vis This work

(MB)
TI4Hgls nanostructures 76.9 (RhB) 48.9 (ThB*) 70 Uuv (Karami et al., 2021)
Cu,Hgl, nanostructures  92.4 (MO) 41.1 (RhB) 70 Vis (Abkar et al., 2022)
Rb,Hgl, nanostructures ~ 72.1 (AB1") 48.1 (RhB) 70 Vis (Abkar et al., 2021)
T14Cdlg nanostructures 85.7 (AB1) 49.1 (MB) 50 uv (Ghanbari & Salavati-Niasari,

2018)

T14Pblg nanostructures 72.6 (ThB) 47.8 (RhB) 50 Vis (Rahimzade et al., 2021)
Cu,Cdl,/Cul 66.0 (MB) 29.1 (MO) 50 Uuv (Ghanbari et al., 2016)
nanocomposites
Ag,Cdl, nanostructures 95.3 (RhB) 57.1 (AB1) 50 Uuv (Ghanbari et al., 2017b)
TICdI; nanostructures 94.6 (MB) 27.0 (MO) 50 uv (Ghanbari et al., 2017a)

* Thymol Blue.
™ Acid Black 1.

‘OH + Methylene blue — Degradation products (CO,, H,O, etc.)
(12)

3.2.8. Reusability and stability

Cs,Snlg was tested for reusability in order to determine its sta-
bility. Catalysts were centrifuged, rinsed with water, parched at
70 °C for 18 h, and then reprocessed for five periods under the
same conditions. Cs,Snly exhibits remarkable durability and
maintains its total photocatalytic efficiency over five cycles,
as shown in Fig. 6g. Over the course of the fifth test, the pho-
tocatalytic efficiency decreased by 6.9%. Fig. 7 shows the
XRD pattern of the decolorized Cs,Snlg nanostructures. This
figure illustrates that all diffraction peaks are coordinated with
Cs,Snlg (reference code: 073—0330), which has a cubic crystal
structure (space group: Fm-3 m). Following the destruction
of organic colorants, it may be concluded that the host compo-
sition remains intact. Cs,Snlg is therefore highly stable in an
aqueous solution.

3.2.9. Comparison of photocatalytic behavior

Table 2 compares the photocatalytic efficiency of several
iodide nanostructures. In conclusion, Cs,Snlg nanostructures
have the potential to degrade MB efficiently, and can compete
with other iodide nanostructures as photocatalysts. It is possi-
ble to introduce Cs,Snlg as a new nanophotocatalyst for the
treatment of water.

4. Future prospects

There has been extensive debate regarding recent develop-
ments in the fabrication of Cs,Snlg nanostructures, with spe-
cial emphasis on their photocatalytic properties. The
presence of toxic organic dyes in wastewater generated by a
variety of industries has produced undesirable contaminants
in the environment. With a suitable bandgap in the visible
area, Cs,Snlg is a good candidate for removing toxic organic
pollutants from wastewater.

5. Conclusions

A simple and rapid co-precipitation method was successfully used to
fabricate Cs,Snlg nanostructures. Based on the DRS results, Cs,Snlg
has a bandgap of approximately 1.7 eV, which is suitable for activation
in the visible range. The photodecomposition of dyes revealed that
Cs,Snlg has a higher potential to decompose cationic dyes due to the
presence of negatively charged iodide ions (I') in the nanostructure.
As a result of photocatalytic activity, Cs,Snls decomposed
5 ppm MB approximately 84.0% in an alkaline medium after
180 min below the visible spectrum. Due to the interaction between
MB as a cationic dye and SDS, removal efficiency was enhanced in
the presence of SDBS (91.2%) as an anionic surfactant. According
to these results, Cs,Snlg alone or in combination with other semicon-
ductors performs excellently in the visible region as a photocatalyst for
the purification of water in the future.
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