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Developing novel photocatalytic materials for removing organic contaminants has been a research focus.
The current study reports the synthesis of third-generation photocatalysts perovskites and their photocata-
lytic efficacy. The lead-free cesium-based titanium halide Cs2Tils double perovskite was successfully synthe-
sized via the solution processing method and characterized by various spectroscopic and morphological char-
acterization techniques such as X-ray diffraction (XRD), UV-visible spectroscopy, Zeta potential, and Trans-
mission Electron Microscope (TEM). The novel aspect of this study is to investigate the photocatalytic effi-
cacy of the CszTils double perovskite.Various morphology and spectroscopy characterization insights about
synthesized photocatalysts were explored. Eosin Y (EY) and Eosin B (EB) were chosen as the model com-
pounds for degradation in this work due to their wide applications in industry. The photocatalytic degrada-
tion efficiency of Eosin Y and Eosin B dye by Cs:Tils perovskite photocatalysts after exposure of 240 minutes
to visible light was 85.08% and 13.66% respectively. The rate constant of degradation of Eosin Y is approxi-

mately 14.66 times larger than that of Eosin B.
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1. INTRODUCTION

Water contamination is a major global issue affecting
human life and natural ecosystems [1]. The unprece-
dented rise in the human population and the expansion
of industry have caused the quality of water to decline,
adversely affecting all living things, including hu-
mans[2]. Therefore, to reduce the impact on the environ-
ment and public health, it is crucial to ensure that in-
dustrial wastewaters are properly treated before dis-
posal into the water bodies [2, 3]. The most prevalent
contaminants in water are organic dyes and pigments,
found in various industrial effluents, including leather,
textiles, paper, printing, and cosmetics industries [2].
Eosin Y and Eosin B are two closely related compounds.
Eosins are a type of red fluorescent dye
[4, 5].Wastewater containing these dyes causes serious
environmental issues due to its stability, high toxicity,
poor biodegradability, and dark color [6]. These hazard-
ous organic pollutants can be removed from wastewater
by using Advanced Oxidation Processes (AOPs), which
convert them into carbon dioxide and water. AOPs offer
a promising solution for mineralizing bio-resistant or-
ganic contaminants in wastewater [3]. In the list of dif-
ferent degradation techniques, semiconductor photoca-
talysis has drawn a lot of interest as an environmentally
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acceptable technique for hydrogen production (Hz), deg-
radation of organic dyes, carbon dioxide reduction, and
antibacterial activity [3, 7].

In the past few decades, more researchers have con-
centrated on the creation of new-generation photocata-
lytic materials due to the growing awareness of the re-
moval of organic impurities using photocatalytic techno-
logical advances.Metal halide perovskites (MHPs) have
been gaining popularity in photocatalysis due to their
impressive optoelectronic properties, including optimum
band structures, long charge carrier lifetimes, high car-
rier mobility, high photoluminescence quantum yields,
and high absorption coefficient [8]. Halide perovskites
have excellent optoelectronic features that make them
suitable for a wide range of applications such as light-
emitting diodes, solar cells, field effect transistors, pho-
todetectors, lasers, thermoelectrics, a-particle detection,
X-ray detection, etc [9]. In one study, a Cs2AgBiCls-
based photocatalyst was fabricated and it was able to de-
grade Sudan III dye 95 % in 10 minutes under exposure
to visible light irradiation [10]. Wu et al. reported that
lead-free double perovskites Cs2AgBiBrssynthesized via a
facile hot-injection method for photocatalytic nitric oxide
(NO) removal could reach an exciting removal rate of 97 %
[11]. Recently, the simulation of Cs2AgBiBrs-based solar
cells has been studied using SCAPS-1D, giving 86.09 %
quantum efficiency [12]. Currently, most of the research
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based on Cs2TiXs (X = Cl, Br, I, F) has been undertaken
on solar cells.Chen et al. report on Cs2TiBrs-based perov-
skite solar cells in which Cs2TiBrs thin films exhibit a con-
sistent efficiency of up to 3.3 % [13]. There is a very lim-
ited number of studies on Csz2Tils-based optoelectronic ap-
plications, and the majority of the research lacks continu-
ity with practical data. A novel lead-free Cs2Tils double
perovskite material for solar cells and a-particle detection
is examined using drift-diffusion theory, first-principles
calculations, and the Monte Carlo method. The study re-
veals that Cs2Tils shows significant potential in photovol-
taic cells and radiation detection [9].

In this article, the authors proposed a novel non-toxic
perovskite photocatalyst Cs2Tils for photocatalytic dye deg-
radation. The main objectives of this study are to fabricate
Cs2Tils using a solution processing method and evaluate
the photocatalytic dye degradation of Cs2Til¢ under visible
light irradiation.

2, MATERIALS AND METHODS

2.1 Materials

All the chemical reagents were of analytical quality
and used without further purification. The chemical re-
agents used to synthesize Cs2Tils were Cesium iodide
(99.9 %), Titanium (IV) iodide, and HI. All the chemicals
were purchased from Sigma-Aldrich and Merck (India).
All the aqueous solutions were prepared with double-
distilled water.

2.2 Synthesis

Cs2Tils solution was synthesized using the solution
processing method with the following chemical reaction

2CsI + Tils — Cs2Tils 1)

A hydroiodic acid (HI) was combined with a Cesium
iodide (Csl). The transparent solution quickly changed
into a brownish-black solution made of Cs2Tils after add-
ing a sufficient quantity of titanium iodide (Til4) liquid
to the combined solution [14]. The solid-liquid mixture
is then centrifuged and the extra liquid is discarded.The
resulting blackish-brown powder is oven-dried at 80 °C
to remove the remaining solvent and excess Tils, with-
out exposing the Cs2Tils powder to an ambient atmos-
phere. The dry powder is annealed in the muffle furnace
at 100 °C for 30 minutes to improve the crystallinity of
the prepared sample [15].

2.3 Characterization

The perovskite photocatalyst synthesized by the so-
lution processing method was characterized by various
spectroscopical and morphological characterization
techniques such as X-ray diffraction (XRD), UV-visible
spectroscopy, Zeta potential, and Transmission Electron
Microscope (TEM). XRD analysis (XRD, D8 Advance
Bruker, Germany) was examined to identify the phase
structure and crystalline size of the powder samples.
UV-vis diffuse absorbance spectra were measured using
a UV-vis spectrometer (Lambda 650 Perkin Elmer Spec-
trometer) equipped with an integrating sphere attach-
ment. The Zeta potential of the prepared perovskites
has been measured using dynamic light scattering
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(Litesizer 500, Anton Paar). The TEM model JEM-
100CX II, JEOL Japan was used for analyzing the to-
pography and surface morphology of the samples.

2.4 Photocatalysis

The synthesized photocatalysts were studied for
their potential to degrade some of the organic dyes
namely, Eosin B and Eosin Y. The photocatalytic activ-
ity was conducted under a 200 W Xenon lamp using vis-
ible light of illuminance of 940 lux as a light source. For
every reaction, 0.01 g catalyst in 100 mL dye solution of
25 ppm was used. To attain adsorption/desorption equi-
librium the reaction was kept in a dark condition for 15
minutes. Then the solution was exposed to the light for
4 hours. During the decomposition process at every 30-
minute interval, a 3-5 mL sample was drawn for absorb-
ance measurement and centrifuged to remove the cata-
lyst. Thereafter, the centrifuged clear solution was ana-
lyzed using a UV-vis spectrophotometer (SL 210 -
ELICO) to measure the extent of dye degradation.

3. RESULTS AND DISCUSSION
3.1 X-ray Diffraction

The XRD (X-ray diffraction) pattern of Cs2Tile is
shown in Fig. 1. Powder X-ray diffraction measurements
can determine unit cell characteristics of the materials.
The XRD pattern of as-prepared Cs2Tils is consistent
with the corresponding literature [14]. The formation of
Cs2Tils is confirmed as it exhibits 26 peaks at 27.31°,
30.16°, 38.77°, 44.01°, 50.04°, 52.09°, 55.38°, and 64.20°
corresponds to Akl planes at (222), (400), (422), (440),
(620), (622), (444) and (800) respectively [14, 16].
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Fig. 1 — Powder XRD pattern of Cs2Tils

A successful synthesis is confirmed by the good agree-
ment between the previously reported values and meas-
ured data. the presence of additional peaks indicates the
unreacted residues of CsI.The crystallite size of the in-
tense peak of the synthesized material Cs2Tils is calcu-
lated from the broadening XRD peak (222) using the De-
bye Scherrer equation, (Eq. 2).
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where D is the crystallite size, £ is the full-width half
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maximum (FWHM) of the most intense peak, 6 is the
diffraction angle, A is the wavelength of X-ray radia-
tionand K is the shape factor. The crystallite size of the
Cs2Tils, calculated by using the Debye Scherrer equation
is 52.25 nm. By using Bragg’s law, the d-spacing of the
respective diffraction angle was determined i.e.
A = 2dsinf, where A is the X-ray radiation wavelength, 6
is the diffraction angle and d is the interplanar spacing
between the lattice planes. The calculated interplanar
spacing of the respective diffraction angle of the (222)
plane is 0.33 nm. The results show that Cs2Tils exhibits a
cubic crystal structure with lattice parameters of 11.43 A
[14, 16].

3.2 3.2. UV-visible Spectrophotometer

The UV-vis diffuse reflectance spectrum was studied
to examine the spectral response of the prepared sam-
ple. The absorbance spectrum of Cs2Tils in the wave-
length range of 200-800 nm is shown in Fig. 2(a). The
absorbance spectrum revealed that Cs2Tile has wide
peaks between 500 nm and 700 nm, which indicates its
suitability for optoelectronic applications.The Cs2Tils
exhibitsabsorption in the near-IR region [14]. The
bandgap energy of Cs2Tile was derived from the Tauc
plot of the transformed Kubelka-Munk function of
UV-visible spectroscopic absorbance spectrausing the
expression (ahv)?2 = A(hv — Eg); where h is Planck con-
stant, ais absorption coefficient, v is the frequency, A is
the proportionality constant and E; is the band gap. The
Tauc plot of the Cs2Tils is shown in Fig. 2 (b).
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Fig. 2 — (a) UV-visible spectroscopy absorbance spectra of
Cs2Tils (b) Corresponding Tauc plot
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3.3 Zeta Potential

Zeta potential is analyzed to calculate the surface
charge of the materials in a colloidal solution. It
measures the stability of the samples against agglomer-
ation. In this experiment,ethanol was used as a solvent
for zeta potential analysis. The zeta potential analysis
spectrum of CszTils is shown in Fig. 3. The zeta potential
values ranging between — 10 mV and + 10 mV are re-
garded as approximately neutral while highly stable na-
noparticles range from greater than +30 mV to less than
— 30 mV [17].The zeta potential adjacent to zero pro-
motes agglomeration. The mean zeta potential value of
Cs2Tils is 30.8 mV. The positive charge on nanoparticles
enhances the interaction with anionic dye. Compared to
the other metal halide perovskites Cs2TiXs (X=Cl, Br),
Cs2Tils exhibits better stability.

Relative frequency (%)

T T T T
-100 -50 0 50 100 150 200
Zeta potential (mV)

Fig. 3 — Zeta potential analysis spectra of CsoTils

3.4 Transmission Electron Microscope (TEM)

The TEM image shows the surface morphology and
topography of the Cs2Tilsperovskite nanoparticle. Fig. 4
(a) shows the TEM image of Cs2Tils. The HR TEM image
shown in Fig. 4 (b) shows the interplanar spacing

21/nm

Fig. 4 — (a) LR-TEM image of Cs:Tils, (b) HR-TEM image of
Cs2Tils, (c) SAED pattern of Cs2Tils
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between two lattice planes. The d-spacing of the nano-
particle calculated from the HR TEM image is found to
be 0.33 nm for the (222) plane respectively. The selected
area electron diffraction (SAED) pattern of the Cs2Tilsis
shown in Fig. 4 (c). The polycrystalline nature of the na-
noparticle is seen from the bright diffraction spot of the
SAED pattern. The orientation acquired from the TEM
image is analogous to the XRD data.

4. PHOTOCATALYTIC PERFORMANCE OF
ORGANIC DYES

4.1 Photocatalytic degradation of Eosin Y

The photocatalytic performance of the prepared sam-
ple degrading an anionic dye Eosin Y under visible light
is shown in Fig. 5. The UV-visible absorbance spectra of
the Eosin Y solution photocatalyzed by Cs2Tils are plot-
ted in Fig. 5 (a). The rate of degradation of Eosin Y by
Cs2Tile is plotted in Figure 5 (b).

The photocatalytic degradation efficiency was calcu-
lated by using the following formula,

7(%) = === % 100 3)
Co

Where Co is the initial concentration of dye and C: is the-
concentration of dye after light irradiation at time ¢. The
rate constants of each reaction were calculated by plot-
ting — In C/Covs. time (Figure 5 (c)). This analysis shows
that the photocatalytic activity of the prepared photo-
catalyst obeys the first-order reaction kinetics equation
—In (C/Co) = kt, where k& is the rate constant of the pho-
tocatalytic reaction. The photocatalytic degradation effi-
ciency of Csz2Tils perovskite photocatalysts is 85.08 % for
Eosin Y.The reaction rate constant of photocatalytic EY
degradation of Cs2Tils is shown in Table 1.

Absorbance (a.u.)
crc,
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Fig. 6 — Photocatalytic degradation of Eosin B, (a) UV-visible
absorbance spectrum of Cs2Tils, (b) Degradation of Eosin B with
time, and (d) Pseudo first-order kinetics curve

The rate of degradation of Eosin B by Cs2Tils is plotted in
Figure 6 (b).

From the absorbance spectrum, it has been observed
that the degradation of EB is much less as compared to
the degradation of EY. The photocatalytic degradation
efficiency of Cs2Tils perovskite photocatalysts is 13.66 %
for Eosin B. The rate constant of degradation of EY is
approximately 14.66 times larger than that of EB. The
reaction rate constant of photocatalytic EB degradation
of Cs2Tile is shown in Table 1.

Cesium-based double perovskite materials have per-
formed well in numerous studies and developments in the
realm of photocatalytic applications, such as fuel produc-
tion and pollution remediation. As summarized in Table 2
these materials are suitable for photocatalytic pollutant
degradation.

Table 1 — The reaction rate constant of photocatalytic degrada-
tion Of CSzTiIe

850 [} 50 100 150 200 250

Wavelength (nm) Time (min)

In(C/C,)

Time (min)
Fig. 5 — Photocatalytic degradation of Eosin Y, (a) UV-visible
absorbance spectrum of CszTils, (b) Degradation of Eosin Y with
time, and (c) Pseudo first-order kinetics curve

4.2 Photocatalytic Degradation of Eosin B

The photocatalytic performance of the prepared sample
degrading Eosin B dye under visible light is shown in Fig.
6. The UV-visible absorbance spectra of the Eosin B solu-
tion photocatalyzed by CszTile¢ are plotted in Fig. 6 (a).

S. No Name of Eosin B Eosin Y
Sample k min-! k min-1
x10-3 x10-3
1. Cs2Tils 0.4 + 6.45 +
0.00007 0.0009

Table 2 - Comparison of reported Cesium-based Photocatalytic
pollutant degradation efficiency with present work

Name of Light Photo- Efficiency | Reac-

perovskites | Source cata- (%) tion
lytic Time
degra- (min)
dation

(Cs2Agy Visible Rhoda- 94.94 60

Na:-.InCle) | Light mine

Incorpo- ‘ 6G

E‘teﬁ 8]“’1“1 & 90.39 150

a Methyl

Orange

Cs2AgBiCls | Visible Sudan 95.70 10

[10] Light 111

03018-4



oU

VISIBLE LIGHT- DRIVEN CESIUM-TITANIUM IODIDE...

CssAgBiBrs | Visible | Nitric 97 N/A
[11] Light oxide
INO)
Cs:TiCls 200 W Eosin B | 59.12(EB) | 240
[19] Xenon (EB) &
Lamp Eosin Y | 72.35(EY)
(EY)
CsTiBre 200 W Eosin B | 48.77(EB) | 240
[19] Xenon (EB) &
Lamp Eosin Y | 89.94(EY)
(EY)
CsoTile* 200 W Eosin B | 13.66(EB) | 240
Xenon (EB) &
Lamp Eosin Y | 85.08(EY)
(EY)

*The result corresponds to the presented work

4.3 Mechanism of Photocatalytic Degradation

Halide perovskite materials provide various distinct
properties in photocatalysis. The Valence Band Maxi-
mum (VBM) and Conduction Band Minimum (CBM)
sites are almost optimal for thermodynamically driving
diverse photocatalytic reactions. Second, the tuning of
chemical composition can easily change band topologies
and charge migration characteristics. Finally, ferroelec-
tric and piezoelectric phenomena may enhance photo-
catalytic activity [8]. The efficiency of a photocatalytic
reaction is determined by the potency of the three pro-
cesses listed below: (i) photon absorption to generate
electron and hole pairs, (il) charge separation and
migration to reaction sites on the photocatalyst surface,
and (ii1) chemical reactions at the photocatalyst surface
by the photogenerated electrons and holes [8, 20]. The
reaction mechanism of the synthesized perovskite pho-
tocatalyst is shown in Fig. 7.

o
)

R
&
N
W

Catalyst

OH*

on 118

Fig. 7 — Reaction mechanism of photocatalytic degradation

Under exposure to visible light irradiation, the Cs2Tils
metal halide perovskites can absorb photons, and the
photogenerated electrons are excited from the valence
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5. CONCLUSION

In this work, a novel non-toxic perovskite photocata-
lyst Cs2Tils for photocatalytic dye degradation was syn-
thesized successfully using a solution processing ap-
proach and characterized by various spectroscopical
andmorphological characterization techniques. The
crystallite size and the interplanar spacingvalue of
theCs2oTils, calculated from XRD data is 52.25 nm and
0.33 nm for the lattice plane (222). Additionally, the
XRD result shows that CszTils exhibits a cubic crystal
structure with lattice parameters of 11.43 A. The XRD
pattern of as-prepared Cs2Tils is consistent with the cor-
responding literature. The bandgap calculated by Tauc
plot from a wide peak between 500 nm and 700 nm indi-
cates its suitability for optoelectronic applications. The
positive mean zeta value of the Cs2Tils photocatalyst
may enhance the interaction with anionic dye. The pol-
yerystalline nature of the nanoparticle is seen from the
bright diffraction spot of the SAED pattern. The orien-
tation acquired from the TEM image is analogous to the
XRD data. The photocatalytic degradation efficiency of
Eosin Y and Eosin B dye by Cs2Til¢ perovskite photo-
catalysts after exposure of 240 minutes to visible light
was 85.08 % and 13.66 % respectively.The rate constant
of degradation of Eosin Y is approximately 14.66 times
larger than that of Eosin B. Cs2Tilsis a promising next-
generation optoelectronic material due to its biocompat-
ibility, environmental sustainability, and versatility in
various applications. More research is being done to en-
hance the photocatalytic efficacy of this material.
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Hesiit-turan itoqun (Cs2Tils) Bumumoro ceitia: moasiiiHa gerpamaiis mepoBCKITHOTO
doTokaraiTUIHOrO OapBHUKA

Sujubili Narzary!, Sanat Das!, Kunal Chakraborty!, Mahua Gupta Choudhury?, Samrat Paul?

L Advanced Materials Research and Energy Application Laboratory (AMREAL), Department of Energy Engineering,
North-Eastern Hill University, Shillong-793022, India
2 Department of Animal Health and Fisheries Sciences, Indian Council for Agricultural Research, North Eastern
Hill Region Research Centre (NEHRC), Umiam, Shillong-793103, India

Po3pobra HOBHX (POTOKATAITHYHUX MaTEPlaIiB JJIs BUIAJIEHHS OpraHidHuX 3a0pyIHeHb O0yira (POKycoM
mocimxeHb. [Toroure qoctiIskeHHS HOBIIOMIIsIE IIPO CHHTE3 (POTOKATAII3ATOPIB TPETHOTO IIOKOJIIHHS IIEPOB-
CKITIB Ta ixX ¢ororaTamituunay edexTuBHicTh. [lonBiiiHMI EpOBCKIT TUTAaHY 0e3 CBUHIIO HA OCHOBI I1e3ii0
Cs2Tils OyB ycmiImHo CHHTE30BAHUM 32 JOIIOMOIOI0 METO/LY 00POOKH PO3YMHY TA 0XapPaKTePU30BAHUN PISHUMU
MeTOIaMH CIIEKTPOCKOIIIYHOI Ta MOP(OJIOTiYHOI XapaKTePUCTUKY, TAKUMU SK AU(MPAKIA PEeHTTeHIBCHKUX
npomeriB (XRD), VO-suauma CIEKTPOCKOIisA, J3eTa-IOTeHIal Ta IIPOIyCKAHHS eJIeKTPOHIB. MiKpocKoI
(ITEM). HoBuM acmeKToM IIhOTO JOCIIIKEHHS € JOCIIKeHHS (DOTOKATAITHYHOI epeKTUBHOCTI IIOIBIAHOIO
neposckity Cs2Tils. ¥ pobori mociimsreni pidHi MOPQOJIOrivHI Ta CHEKTPOCKOIIYHI XapaKTePUCTUKU CUHTE30-
Baunx gororarasizaropis. Eosin Y (EY) 1 Eosin B (EB) Oysin 06paHi ik MOZeJIbHI CIOJIYKH /1A PO3KJIATAHHS
B I po0OTI Yepes iX IIUPOKe 3aCTOCYBAHHSA B IIPOoMUCI0BOCTi. EderTuBHiCcTS dhoTOKATAIITUYHOIL Jerpamariil
GapBHuKa neposckiTHuME pororaramizdaropamu CseTils micss 240-XBUIMHHOL €KCIIOSUIIT Y BUIUMOMY CBITIIL
cramosmiia 85,08 1 13,66% Bigmosiguo. Komcranra msuakocti merpamariii Eosin Y nmpubansso B 14,66 pasis
Oispira, Hisk KoHCTaHTa Kosin B.

Kmouori ciosa: Mogu turany 1esio, @ororarama, Jlerpagaris 6apsauka, KosiH.
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