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In this article, undoped double perovskite materials like caesium tin iodide (Cs>Snl), methyl ammonium tin iodide [MA2Snls: MA denotes |
CH;NH;'] and mixed double perovskite material [(Csos0MAgs0)-Snls] were synthesized using a wet chemical methodology. The crystal |
structure confirmation, optical properties, thermal properties, surface morphology and presence of elemental composition of the prepared
samples using XRD, UV, TGA and FESEM-EDAX analyses were thoroughly investigated. The synthesized materials were employed as |
photocatalysts to degrade methylene blue dye within 120 min under visible light. An increase in the optical properties of the synthesized |
double perovskite materials was confirmed by ultraviolet (UV) analysis, which showed that the introduction of various cations into the |
perovskite material at the A-site shifted the photoluminescence (PL) emission peak to the red. TGA results demonstrated that |
(Cso.50MA50).Snls has greater thermal stability, which was confirmed by the presence of 43% of sample despite the temperature reaching |
almost 870 °C. Doped double perovskite material (CsosoMAys0).Snls exhibited increased photocatalytic activity, with methylene blue dye
degradation efficiency attaining 89% after 120 min of visible light irradiation, which is greater than pure double perovskite materials. The |
photocatalytic degradation of methylene blue dye is mostly facilitated by hydroxyl radicals and holes, according to a radical trapping |
experiment that we conducted by employing different scavengers. The results of the current work showed that doped double perovskite |
materials [(Csys0MAs0)>Snls] exhibit high thermal stability as well as higher photocatalytic activity than pure double perovskite materials. |
A possible photocatalytic reaction process is also diagrammatically using the band positions of double perovskite materials found using
Mott-Schottky plots , which confirms that the synthesized double perovskite material has an N-type semiconductor nature. I
|
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INTRODUCTION by converting it to inorganic, non-polluting compounds using
photocatalyst materials mixed with wastewater. Organic dyes
may trigger a variety of side effects, including but not limited
to feeling dizzy, increased perspiration, nausea, vomiting, stomach
discomfort, diarrhoea, an upset stomach or stomach cramps.
Ingestions of methylene blue in high quantities might result
in chest pain and confusion [5,6]. As a result, the development
of highly efficient and environmentally friendly technologies
for improving organic dye treatment processes is critical for
cleaner production and long-term sustainability. Various tech-
nologies, including adsorption, biodegradation and advanced
oxidation, have been proposed in this regard [7-10].

Effluents from the textile, dyeing, printing and cosmetics
industries have contaminated water, which has become one of
the most polluted bodies of water due to the massive expansion
of industries and technologies in recent years [1,2]. Methylene
blue dye, for example, is commonly used as a dye in various
industrial sectors such as textile, food and chemical industries
and it can mix with and pollute domestic water [3,4]. Elimina-
ting these contaminants is essential for preserving ecosystems,
human health, and the environment due to the hazardous and
non-biodegradable properties of these chemicals. As a result,
it is critical to remove this toxic dye from contaminated water
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Photocatalysis technology is an advanced oxidation tech-
nology that uses radiation energy to perform photocatalytic
degradation of dyes from water sources without producing more
poisonous byproducts [11-13]. In photocatalytic treatment,
semiconductors that are photoexcited by radiation with an energy
level higher than their band gap are used [ 14,15]. Highly reactive
oxygen species such as OH*® and O, could be produced from
photo-generated electrons and holes under these conditions.
TiO,, ZnS and ZnO are common semiconductor materials used
in the dye degradation process [16]. Titanium oxide (TiO,) has
been used as one of the most attractive materials among these
different semiconductor photocatalysts for many reasons,
including high stability, resistance to different pH conditions,
non-toxicity, strong redox reaction potentiality, low cost and
market availability [2,11]. Unfortunately, because of its large
band gap of more than 3.2 eV, conventional TiO is active and
can only be used under UV illumination, which accounts for
only a small fraction of the sun’s energy (5%) [12,13]. Visible
light, on the other hand, accounts for nearly 45% of all available
solar radiation. As a result, in order to use solar energy in photo-
catalytic processes because it is a renewable, green and low
cost light source, photocatalysts that can activate in the visible
region must be synthesized. As a result, by utilizing novel
visible-light using active photocatalysts, sunlight would be
used more efficiently and overall solar-based applications
would be greatly improved [14-17]. Thus, designing new and
highly efficient visible-light active photocatalysts for practical
applications appears to be profitable. As a result, the new lead-
free halide perovskite material has practical significance as a
visible light photocatalyst for organic dye degradation. Double
perovskite structures possess exceptional characteristics such
high temperature stability, non-toxicity, high electrical conduc-
tivity, oxygen storage capability, considerable tunneling magneto
resistance and magneto-dielectric effects, making them potential
alternative materials for photocatalysts [18-20].

Recently, many researchers have utilized perovskite-based
materials as photocatalysts to degrade organic dye solutions
due to the well-established catalytic characteristics of perovs-
kite structures. Zhang et al. [21] developed a simple wet chemical
method for producing bare MASnI; and doped MASnI5/TiO,
photocatalysts and found that after 40 min of light irradiation,
doped MASnI3/TiO, had a photodegradation efficiency of
rhodamine B (97%), which was higher than pure MASnl; and
pure TiO,. The increased photocatalytic activity is due to
improved light-collecting ability and easy transfer of photo-
generated carriers because of a decrease in the energy bandgap
position between MASnI; and TiO,. It has also been reported
that lead-free Cs,AgSnCls double perovskite exhibits high
photocatalytic activity by degrading 98.5% water-insoluble
carcinogen Sudan Red III after 16 min of exposure to light and
has good stability for 5-cycle operations [22]. A simple hydro-
thermal synthetic approach was used to develop doped rGO/
SrTiOs for photocatalytic applications. Under UV-visible light
irradiation, the degradation efficiency of these photocatalysts
reached 91% for methylene blue dye and 81% for 2- nitro-
phenol, respectively [23]. Azar et al. [24] also investigated the
photodegradation ability of ZnTiO; nanocomposite perovskite

material and achieved more than 93% degradation of crystal
violet and rhodamine B dyes as pollutant in 180 min under
natural sunlight irradiation . The sol-gel citrate method was used
to synthesize the novel double perovskite oxide Dy,CoMnOg
material and the results show that DCMO nanoparticles exhibit
remarkable photocatalytic efficiency, degrading rhodamine-
B by almost 98% in 4 h under visible irradiation [25]. Similarly,
Bresolin et al. [26] prepared the novel methylammonium iodo-
bismuthate perovskite material was successfully prepared using
alow-temperature solvothermal method and the results showed
that the increase in photocatalytic activity towards the values
of removal was higher for rhodamine B than for the other dyes,
with a removal of 98% after 3 h under visible light irradiation.

Previous research has not extensively explored the use of
tin-based double perovskite materials as photocatalysts. In this
regard, we synthesised doped and undoped tin-based double
perovskite materials using a wet chemical method and they
were used for photocatalyst applications as well as photocatalyst
studies to compare the degradation efficiency of methylene
blue dye under visible light radiation. The results show that
doped double perovskite materials showed better photocatalytic
activity than undoped double perovskite materials in the dye
degradation process.

EXPERIMENTAL

Caesium iodide (Csl), tin iodide (Snl,) and methyl ammo-
nium iodide (MAI) were purchased with 99% purity from
Sigma-Aldrich, USA and used without further purification.
Caesium tin iodide (Cs,Snls) was synthesised by wet chemical
using CsI and Snl, as precursors in a 1:1 molar ratio and then
dissolved in solvent (deionized water). To obtain a clear solution,
0.1 M HCI was added to Snl, solution. The prepared solution
was stirred for 60 min to obtain perovskite material. These
solutions were then exposed to air after being stirred. Since
CsSnls is typically unstable in air, it can be easily oxidized to
Cs,Snlg via a phase change. The resulting powder was tested
in a hot air oven at 120 °C for 24 h. Finally, pure white minute
nanocrystals of Cs,Snls were obtained [27-29]. The other two
perovskite nanocrystals [(MA,Snls) and (Css0MAgs0).Snl]
were prepared using the same method, by mixing stoichio-
metric amounts of their respective chloride salts.

Photocatalytic experiment: The degradation of methylene
blue dye under visible light irradiation was used to investigate
the photocatalytic activity of the prepared double perovskite
materials. The photocatalytic experiment was carried out by
exposing methylene blue dye solution (40 mL, 40 mg L) to
visible light irradiation in the presence of 40 mg Cs,Snl,
MA,Snls and incorporated caesium with methyl ammonium
perovskite materials. The visible light source for dye degrad-
ation process was an Osram lamp with a wavelength range of
380 nm to 700 nm and a frequency range of 4 x 10" to 8 x
10" cycles per second, with a distance of 15 cm between the
light source and the reaction solution. The solutions were
thoroughly mixed in the dark for 30 min to achieve adsorption-
desorption equilibrium between the photocatalyst particles and
dye molecules. The photocatalytic reaction was then started
by illuminating the dye solution with visible light for 120 min.
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Every 30 min, 3 mL of the dye solution was collected and the
concentration of the dye solution was measured using a UV-
vis spectrometer with a maximum wavelength of 420 nm.

The radical trapping experiment was carried out using three
different scavengers such as benzoquinone (BQ), disodium salt
ethylenediaminetetraacetic acid (EDTA-2Na) and isopropanol
(IPA) to learn about the predominant active participants involved
in the dye degradation process and then samples were collected
every 30 min up to 120 min and its UV-Visible spectrum absor-
ption changes were analyzed. The spectrum helped to identify
more dye degradation active species.

Characterization techniques: X-ray diffraction (XRD)
pattern was obtained at room temperature using Bruker- AXS
D8 Advance X-ray diffractometer with CuKo. radiation (A =
1.54186 A) to study the crystal structure of the prepared samples.
The thermal Stablhty of CstnI(,, MAzSHI(, and (CS()_5()MA()_5())2$HI(,
was investigated using Perkin-Elmer Diamond TGA instrument
in a nitrogen atmosphere with the temperature range from 30 to
900 °C. The optical properties and band gap values of synthe-
sized perovskite materials were determined using a Varian Cary
60001 UV-vis-NIR spectrometer. Photoluminescence spectrum
of synthesised double perovskite materials was employed using
a home-built system combined with a 532 nm CW laser and a
Si photodetector, respectively. The surface morphology and
elemental presence in synthesised double perovskite materials
were investigated using a FESEM and an EDAX spectrum
(model CARL ZEISS SUPRA 55, Germany). The photocatalytic
experiment for the synthesized double perovskite materials
was carried out with visible light irradiation using 60 W Osram
lamps.

RESULTS AND DISCUSSION

XRD studies: The crystallinity of the synthesized double
perovskite materials was examined using XRD technique. An
XRD measurement is shown in Fig. 1a for Cs,Snls perovskite
material. The pure Cs,Snls exhibited diffraction peaks at 26
values of 13.17°,21.50°, 30.72°,34.46°, 37.86°,44.00°, 49.53°,
52.12°,56.45°,59.42°,61.16°, 68.39°, corresponds to the (111),
(220), (222), (420), (422), (440), (620), (622), (711), (642),
(731), (822) lattice planes of cubic perovskite with lattice
parameter a = b = ¢ = 11.63 A, respectively. As shown in Fig.
1a, all the obtained peaks are well matched with the JCPDS
card file no. 730330 and earlier work [30-32]. Fig. 1b shows
XRD spectrum of MA,Snls double perovskite material. For
pure MA,Snlg, we observed strong diffraction peak at 20 values
13.17°, 15.23°, 26.42°, 30.12°, 34.21°, 53.06° corresponds to
the atomic planes of (111), (002), (222), (004), (044) and (444)
face-centered cubic perovskite structure with its lattice constant
was measured to be 12.016 A, which was larger than that of
Cs,Snls (11.63 ;\) because the MA cation is larger than the Cs
atom, respectively, which is well-matched with already reported
literature [33,34]. The enhanced peak intensity of the (001)
lattice plane is due to the high concentration of methyl ammonium
cations [35]. These XRD investigations demonstrated that the
synthesized double perovskite materials are methylammonium
and caesium tin halide, respectively.
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Fig. 1. XRD pattern of synthesized double perovskite materials (a) Cs>Snle,

(b) MAzSnL, and (C) (CS(]_s()MA(]_s())zSnI(,

The XRD pattern of doped double perovskite material
(Cs0.50MA50)5ns is shown in Fig. 1c. All the peaks are identical
to the peaks found in Cs,Snl,, although the peak obtained at
20 value 12.06° corresponding to lattice plane (001) is somewhat
diminished when compared to the peak obtained in the same
position in MA,Snle. The peak has shrunk as the concentration
of methylammonium in (Csy 50MAy.50).Snls has decreased. When
compared to the peaks obtained in pure Cs,Snl, perovskite,
the position of the peaks obtained in doped perovskite is slightly
shifted towards a higher angle, which is due to an increase in
lattice size, most likely because the ionic radius of MA™* as the
A-site cation was larger than that of Cs* [36,37].

UV studies: The ability of photocatalytic activity of produced
double perovskite materials is dependent on light absorption.
As a result, UV-Vis absorption of samples was conducted to
determine the light absorption spectra of synthesized perovskite
materials. Fig. 2a-c shows the absorbance spectra of Cs,Snl,
MA,Snls and (Csy50MAg50).Snls measured in the wavelength
range of 200-800 nm to determine the optical properties. For
all the synthesized double perovskite materials a significant
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Fig. 2. UV-visible absorption spectra of synthesized double perovskite
materials (a) Cs>Snls, (b) MA,Snls and (c) (Cso.s0MAgs0)Snle
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amount of absorption occurs in the UV range of 200-300 nm
wavelengths. Whereas, the broad absorption band appeared
in visible region with wavelength range from 400-800 nm for
all the synthesized double perovskite materials. But these
obtained absorption peak is high for doped perovskite material
(Cso.50MAy.50)>Snls while compared with other two perovskite
materials. Hence, the optical properties were improved for
caesium doped with methyl ammonium [(Cso.50MAgs0)2Snle],
because of its increase in light absorption peak [38,39].

The bandgap of all the synthesized perovskite materials
were estimated using Tauc plot in which the variation of (cthv)*
and photon energy (hv) were plotted (Fig. 3a-c). From Tauc plot,
the band gap values for MAzSIlI(,, CstnI(, and (CS()_5()MA()_5())2SHI(,
were estimated to be 1.87, 1.70 and 1.65 eV, respectively, which
is in a good agreement with previous reports [40-43]. The band
gap was found to be 1.65 eV for (Csys0MAgs0).Snls, which is
smaller than that of other two pure double perovskite materials
such as Cs,Snls (1.70 eV) and MA,Snl¢ (1.87 V). Therefore,
doped perovskite material [(Csos0MAo.s0)-Snls] could absorb
maximum light because of lower bandgap value obtained. This
result strongly indicates that photocatalytic activity was
improved for doped perovskite materials compared with pure
perovskite materials. Hence, the photocatalytic activity of the
synthesized perovskite materials was performed towards the
degradation of methylene blue dye under visible light irradiation.

(€) (Csp.50MAg50).Snlg
E,=1.65eV

(b) MA,Snl,

(chv)’ (cm ® eV?)

0 2 4 6 8 10 12 14 16
hv (eV)
Fig. 3. Band gap values obtained from Tauc plot for synthesized double perovs-

kite materials (a) Cs,Snlg, (b) MA,Snls and (¢) (Csos0MAg.s0)2Snls

Photoluminescence (PL) studies: Synthesized double
perovskite materials MA,Snle, Cs,Snls and (Csos50MAq.50)2Snls
are shown in Fig. 4 with their respective photoluminescence
spectra, respectively. The incorporation of caesium with methyl
ammonium cation in the A-site of double perovskite material
caused the emission peak obtained for synthesized materials
to shift towards longer wavelength, resulting in red shift, which
indicates lower bandgap. The bandgap values obtained from
the graph for the emission peak wavelength are in good agree-
ment with band gap value calculated from the Tauc plot and
previously reported work [32,34,44,45]. Based on the PL and
absorption measurements, it is possible to conclude that the
synthesized double perovskite materials have direct band gap
values ranging from 1.54 to 1.87 eV, which is due to an equal
proportion of caesium and methylammonium incorporation
at the A-site of the double perovskite material.
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Fig. 4. PL spectrum for synthesized double perovskite materials (a) Cs>Snle,
(b) MAQSDI(, and (C) (CSo_soMAo_so)zSnI(,

Thermogravimetric (TGA) studies: TGA studies under
nitrogen flow from 30 to 900 °C of Cs,Snls, MA,Snls and
(Cso50MA.50)25nl are shown in Fig. 5a-c. According to Fig. 5a,
the thermal decomposition of Cs,Snls begins about 300 °C,
where it decomposes into Csl and volatile Snl, [44]. This material
loses weight continually until 24% of sample remains at 500
°C and then there is no weight loss up to 900 °C. As a result,
this material Cs,Snl; is stable up to 300 °C. Fig. 5b indicates
that MA,Snl; is thermally stable up to 227 °C and thereafter
loses weight owing to decomposition of MA,Snl, into MAI,
and Snl, that may occur during the process [35,45]. From 227
to 400 °C, the compound continues to decrease weight until
around 80% is disappeared, which means that the residual
chemical is mostly consist of Snl, [46-48].

Fig. 5c shows that a minor weight loss occurs about 250
°C due to the presence of methylammonium cation in doped
double perovskite (Cso.s0MAy.s0).Snls material. Following that,
the weight loss occurred gradually as temperature increased,
with 43% of sample remaining available even when the temp-
erature reached almost 870 °C. As a result, the present research
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Fig. 5. TGA studies of synthesized double perovskite materials (a) Cs>Snle,
(b) MAzSnIE, and (C) (CS()_s[)MA()_s[))zSnIE,

demonstrates that doped perovskite material (Csos0MAgs0)>Snle
has higher thermal stability than undoped double perovskite
materials.

FESEM/EDAX studies: The surface morphologies of
synthesized double perovskite materials were analyzed by
scanning electron microscopy (SEM) as shown in Fig. 6a-c.
All of the double perovskite produced are nanosized and the
catalyst particle size may be somewhat reduced by the addition
of caesium with methylammonium cation [29]. Smaller particle
sizes allow for easier charge transport, resulting in more electron-

Fig. 6. FESEM images for synthesized double perovskite materials (a) Cs,Snls, (b) MA,Snls

hole pairs, which improves the photocatalytic activity of doped
double perovskite material (Csos0MAgs0)-Snls [49-51]. Fig. 7a-c
depicts the presence of elements in Cs,Snls, MA,Snls and
(Cs050MAys0).Snls. The presence of components Cs, Sn and |
reveals that the synthesized double perovskite is Cs,Snls [45],
whereas the existence of N, C, Sn and I components in Fig. 7b
demonstrates that the synthesized powder is MA,Snls [47].
Similarly, the presence of Cs, Sn, I, N and C elements, as shown
in Fig. 7¢, indicates that the synthesized material is an incorp-
oration of both caesium and methyl ammonium tin halide at
the A-site of double perovskite material [(Cso.soMAgs0)>Snls].

Photocatalyst studies: The synthesized double perovskite
materials were tested for their photocatalytic activity using
methylene blue (MB) dye, a common dye found in textile
industry wastewater and often used as a standard pollutant for
photocatalytic experiments, under visible light irradiation. The
activity was evaluated against 3 ppm MB with 40 mg of catalyst
added. At first, a UV-visible spectrophotometer was used to
measure the absorbance at regular intervals after mixing the
dye-catalyst and then agitated the solution in dark. The reduction
of the MB absorption peak prior to visible light irradiation
(dark reaction) suggests MB adsorption on the catalysts. Fig.
8a-c depicts photocatalytic degradation of Cs,Snls, MA>Snls
and (Csos0MAq.s0).Snl defect perovskite materials produced.
The spectra show a minor fluctuation with generated samples
observed at 30 min intervals. The dye degraded under steady
UV light irradiation and the colour degradation was constantly
recorded until the colour disappears completely. The decolouri-
zation suggests that the dye’s absorption band has been dimin-
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Fig. 7. EDAX spectrum for synthesized double perovskite materials (a) Cs,Snlg, (b) MA,Snls and (c) (Csos0MAos0)25nls
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Fig. 8. Absorption spectra for methylene blue dye degradation by synthesized double perovskite materials (a) Cs,Snle, (b) MA,Snls and (c)

(Csp50MAgs0)2Snls

ished by light exposure, with the absorption band nearly disap-
peared after 120 min of light exposure for (Csgs0MAgs0)>Snle
compared to perovskite materials without any additional subs-
tances. The results showed that the degradation of MB dye for
(Cs050MAy50).Snlg was higher than for the other two pero-
vskites, MA,Snls and Cs,Snls.

The methylene blue degradation (photocatalytic efficiency)
was achieved after 120 min of light irradiation at 74%, 85%
and 89% for MAzSHI(,, CSzSHI(, and (CS()_5()MA()_5())2$HI(,, respe-
ctively. The photocatalytic effectiveness of (CsgsoMAgs50)Snle
increases owing to significant light absorption, considerable
separation of electron-hole pairs and nanoparticle size.

Kinetic studies: The absorbance spectra gradually decrease
as illumination duration increases. According to Lambert-Beer’s
rule, the reduction in dye concentration in the solution indicates
dye degradation [52,53]. The photocatalytic activity of the
defect perovskites MA,Snls, Cs,Snls and (Cso.s0MAg.s0)2Snle
is shown in Fig. 9a. According to this graph, the ratio of C/C,
decreases with increasing light irradiation period for all synthe-
sized samples. Despite this, the C/C, value for the doped
double perovskite (Csos0MAq.s0).Snlg is lower at all times when
compared to other perovskite materials. As a result, it demons-
trates that mixed cation photocatalytic activity may be enhanced
over undoped perovskite materials.

1.0 .|
0.8 4
Re)
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' =@ Cs,5nl,
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0 ¥ T T T
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Furthermore, the investigation of photocatalytic reaction
kinetics, as shown in Fig. 9b, reveals that the photocatalytic
activity of the generated synthetic defect perovskite materials
obeys first-order reaction kinetics as follows [54]:

Ct —
log C. Kt
where C, and C, represent the concentrations of MB dye after
and before the photocatalytic process, t represents the irradi-
ation time and k represents the rate constant.

Photocatalytic degradation of methylene blue dye: Fig.
10a-c show that the usage of different scavengers like p-benzo-
quinone (BQ), ethylenediaminetetraacetic acid (EDTA-2Na)
and isopropanol (IPA) reduces photodegradation efficiency from
74 to 68%, 46 and 26%, 85 to 70%, 52% and 30% and 89 to
72%, 55% and 32% for MAZSnlﬁ, CSzSIlIﬁ and (CSQ,soMAo,so)le’llé,
respectively. As demonstrated in Fig. 11a-c, the photodegra-
dation of MB dye was greatly decreased when IPA and EDTA-
2Na were added, but there was only a little reduction when BQ
was introduced [55,56]. After 180 min of photocatalytic degra-
dation with visible light, the MB degradation % is as follows:
IPA > EDTA > BQ. This pattern implies that the primary oxid-
izing agent involved in the breakdown of MB is the OH. As a
result, the formation of ROS occurs in the following order:

067 —m— Cs,Snl,

—e— MA,Snl,
—h— (Cso.soMAo.so)zsnls

(b)

0.51

0.41

0.31

—log (C/C,)

0.21

0.11

0 30

60 90
Irradiation time (min)

120

Fig. 9. (a) Degradation rate and (b) Kinetic fit of methylene blue dye under visible light irradiatio
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Fig. 11. Effect of different scavengers on methylene blue dye degradation for (a) Cs,Snls, (b) MA,Snls and (c) (Csys0MAgs0)>Snls

OH® > h" > O,". Finally, the trapping experiment revealed

that the oxidation processes of hydroxyl radical and holes 124 7 (8) MASNl,
dominated the degradation of MB dye. |77 (b) CsSnl,
Mott-Schottky plot and proposed mechanism for the 0d (€) (Csy5MA, 50),5nlg

photocatalytic activity enhancement: To understand the photo-
catalytic mechanism of synthesized perovskite materials, the
flat band potential (Eg,) of synthesized MA,Snls, Cs,Snls and
(Cs0.50MA.50)>Snls must be determined using a Mott-Schottky
plot. The positive slope fitting line of the M-S plot in Fig. 12a-c
indicates that the synthesized double perovskite materials
exhibit N-type semiconductor nature [57,58]. The flat band
potentials (Ew) were calculated by intercepting the plot (1/C
= 0) on the x-axis, as shown in Fig. 12.

o]
2

1/C* (10° F? em®)
(o)}

Using the flat band potential and optical band gap energy 21 Ep=0.41V
values, the valence band (VB) and conduction band (CB) E, = 0.45V
positions were calculated. The CB bottom band positions for 0 . - .
MA;Snlg, Cs,Snls and (Cso50MAg.s0)>Snls perovskite materials 0.2 04 0.6 0.8 1.0
were obtained to be 0.45V, 0.41 V and 0.36 V, respectively. Potential (V)

Similarly, the VB edge potentials were found from the equation Fig. 12. Mott-Schottky plot of synthesized double perovskite materials (a)
Evs = Ecs + E, and these values were 2.32V, 2.11 V and 2.01 V Cs:Snls, (b) MA-Snls and (¢) (CsosoMAaso)2Snls
for MA,Snlg, Cs>Snls and (Csos0MAg.s0)-Snls materials, respec-
tively [59]. demonstrated by the elemental trapping experiment, the super-
Electrons are excited from the valance band and transferred oxide radicals are not active participants in the MB dye degra-
to the conduction band (CB) upon exposure of the photocatalysts dation process. The CB edge potential of (Css0MAgs0)2Snlg
to light. This process resulted in the formation of holes in the is, however, more negative than the conventional redox potential
valance band on both catalysts. Since for (CspsoMAos0).Snls,  (0/H,0,) (0.685V vs. NHE), suggesting that oxygen adsorbed
the CB edge band potential [0.36 V vs. NHE] is more positive on the catalyst’s surface can react with two electrons to generate
than the typical redox potential (O,/O,™) [- 0.33 eV vs. NHE], H,0,. Following that H,O, interacts with one electron to generate
electrons at the CB could not change O, to O,"". As aresult, as ‘OH, which has a strong oxidizing capacity and is involved in
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photocatalytic activity [6]. Furthermore, the (Cso.s0MAg.s0)2Snlg
VB edge potential [2.01 V vs. NHE] is more positive than the
standard redox potential of "OH/OH™ [1.99'V vs. NHE], implying
that the accumulating holes on the VB of (Csgs50MAgs0)>Snle
may readily oxidize OH, to create “OH. These hydroxyl radicals
(*OH) react with the MB dye to form a mineralized product,
which is the primary active species in the degradation process
and resulting in the exceptional photocatalytic activity [60].
According to the elemental radical trapping experiment, some
of the holes may be directly involved in the oxidation of organic
compounds. Based on the above discussion, the mechanism
of MB dye degradation in the presence of perovskite materials
when exposed to visible light can be explained as follows,
which is also depicted diagrammatically in Fig. 13.

(Cs050MAys0)2Snls + hv —— hig + ecs
O, +2e +2H"—— H,0,
H,O0, + e —— "OH + OH
OHy + h*—— *OH
OH + h*—— "OH
MB Dyes + *OH, h* —— CO, + H,O

-0.5- 0, 0,/0, =-0.33V  |=-0.5
+07 N =40
cB(0.36V)€ €€ =
7Y O, 0,/H,0,=0.695V |-, 5
+0.5— Light (hv) N e e Zeem—_—
=+1.0
+1.0 = \E—165ev +
+0.5= \ . ~+0.5
MB dye f‘ OHTOH=190V |
+2.0-] VB (201V) 0,/OH S——— -2,
"h'h’ idati -+2.5
+2.5+ h'h'h Oxidation
(CSOSOMADSO)anls HZO/OH_
Fig. 13. Working diagram of photocatalyst process
Conclusion

In this study, undoped and doped double perovskite materials
such as Cs,Snle, MA,Snls and (Csos0MAg 50).Snls were synthe-
sized successfully using wet chemical method for photocatalyst
applications. The crystalline nature, optical properties, thermal
stability, surface morphology and presence of elements in the
synthesized perovskite materials were studied using XRD, UV,
PL, TGA and FESEM-EDAX, respectively. The XRD analysis
confirmed that the synthesized perovskite materials are well
crystalline in nature. The optical investigations revealed that
addition of caesium and methyl ammonium cations to the A-
site of double perovskite material (Csos0MAgs0).Snls improves
light absorption due to tunable bandgap values ranging from
1.65 to 1.87 eV, which is confirmed by photoluminescence
(PL) spectra. The effect of various cation incorporation, which
leads to considerably increased thermal stability for doped
perovskite mixed halide material and it was confirmed based
on the 43% of sample still available without loss even when

temperature reached around 870 °C. The photocatalytic results
showed that doped perovskite material (Csos0MAg50).Snls had
exceptional photocatalytic activity for methylene blue dye
degradation as compared to undoped perovskite materials, with
a degradation efficiency of 89% after 120 min of visible light
irradiation. The increased photocatalytic activity might be due
to the production of additional electron-hole pairs as a result
of widening the light absorption range via band gap tuning,
which results in a red shift of the PL emission peak. In this
study, the band position of synthesized perovskite materials
has also been used to explain a proposed photocatalytic reaction
mechanism. It was found that the hydroxyl and holes radicals
were the primary active species in the methylene blue dye
degradation process after conducting radical trapping experi-
ments with various scavengers. These results suggest that a
doped double perovskite material is a stable and efficient photo-
catalyst for the degradation of methylene blue dye when exposed
to visible light and it might be a promising candidate for
photocatalytic applications.
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