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Hydrothermal synthesis of pristine and Sr doped TiO, is proposed. The synthesized products were studied
for their physiochemical properties. 3% Sr-TiO, showed a narrow bandgap, which facilitate an increase in
oxygen vacancies. The agglomerated morphology was tuned to a nanoball structure after doping with Sr
ions. Surface area was increased for the Sr doped TiO,. The samples were used to reduce Janus Green B

(JG) dye as a model pollutant. The pure TiO, showed poor efficiency, while the prepared Sr-TiO,

photocatalyst showed enhanced efficiency with a corresponding increase in the rate constant values of
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the samples. Tuning of the bandgap, an improvement in the morphology and an increase in the surface

area were the major positives of the Sr doped TiO, samples compared to pure TiO,, 3% Sr-TiO, is
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1. Introduction

Owing to the rapid industrial revolution, the level of pollution has
also increased at a high rate. With the increase in the population
and production, the industries were developed to meet the
demand of the growing population. The growth of industries has
resulted in an increase in the pollution. Without proper discharge
of effluents, industries end up dumping organic matter into the
environment." The large-scale pollutants are released by textile
industries. The unused dyes containing inorganic substances
that are highly carcinogenic and teratogenic to living beings are
directly discharged into nearby water resources.

The dyes are comprised of aromatic chain compounds that
are mutagenic in nature. Reducing the colour by the biodegra-
dation of these compounds is a good approach for wastewater
management.” India is the second largest producer and
exporter of textile fabrics in the world. There is the greatest
scare for water source in India. The real time removal of dyes
from wastewater is difficult as industries do not share their
original ingredients.® Many processes, such as electrofiltration,*
nanofiltration,® electrocoagulation,® Fenton reaction,” ozona-
tion,®* and reduction,® are available for the removal of organic
compounds from water. Advanced oxidation processes (AOPs)
are fascinating invention for reducing pollutants from
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for water remediation in the future.

emerging as the best photocatalyst in reducing toxic pollutants. The 3% Sr-TiO, is a promising candidate

wastewater.' Photocatalysis is a potential process for water
remediation. The eco-friendly nature of photocatalysts is an
added advantage to heterogeneous photocatalysis. The bandgap
and morphology of the photocatalyst must be modified for
a high potency in absorbing sunlight, which will be cost-
effective and result in a greater reduction of dye molecules."
Janus Green B dye is an organic compound that has wide
application in industries and research. However, the dye
consists of chemicals that cause unwanted effects on the envi-
ronment.” The toxicity produced by this dye has been a great
challenge to the environment, thus it was chosen as the model
pollutant for the degradation study using Sr-TiO,.

TiO, is considered an inherent photocatalyst and has been
extensively studied for the degradation of dyes and the reduc-
tion of organic compounds. TiO, is already in use in photo-
catalysis as it is the first material to be identified as
a photocatalyst. TiO, has excellent chemical and physical
properties, which are suitable for mineralizing dyes at improved
reaction rates. Due to the wide bandgap of TiO,, some chemical
modifications like doping and the addition of carbon-based
materials have been studied to reduce the bandgap and to
make it work efficiently under visible light.”* The doping of
transition and alkaline earth metals into TiO, particularly
amends the electronic structure and reduces the bandgap of
TiO,, which then alters the rate of recombination on photoex-
citation. It also enhances the photo absorbing property of
TiO,.** Strontium is used as the dopant to alter the inherent
properties of TiO,. TiO, can be produced by employing co-
precipitation, sol-gel, hydrothermal, organometallic route,
green production, hydrolysis, and microwave assisted routes.
Hydrothermal route, which has been reported as a better
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approach, was followed in this study. The optimal conditions of
the synthesis route result in an improved morphology and
a higher surface area.”

Bingbing Quan et al. produced Ni-TiO, through a green
hydrothermal route, which reduced methylene blue (MB) dye
with 93% efficiency under solar light irradiation for 60 min.*
Divyalakshmi et al. fabricated Ni and S co-doped TiO, and
degraded Bismarck brown red with 96% efficiency under visible
light irradiation for 110 min." Shafei et al. prepared Cu doped
TiO, by a ball milling method and investigated the reduction of
MB dye and achieved 66% efficiency under visible light irradi-
ation for 120 min.'® Anju Rani et al. produced Sr** doped TiO,
via the hydrothermal route and used 0.2 mol% Sr-TiO, for the
reduction of Congo red dye with 64% efficiency." The concept
of the doped catalyst has been studied extensively over the
years, and Sr** doped TiO, was produced to effectively reduce
Congo red dye. Mohd Shkir et al. produced Sr-ZnO nano-
particles by a one-pot flash combustion technique and reduced
MB dye completely using black light.*

In this study, we report the synthesis of Sr-TiO, via hydro-
thermal method. The synthesized nanoparticles were studied
using XRD, UV-vis spectroscopy, Raman spectroscopy, FTIR
spectroscopy, SEM, and BET analyses for the characterization of
the structure, vibrational modes, optical properties,
morphology, and surface area of the pristine and doped
samples. The photocatalytic properties of the samples in the
removal of toxic pollutants were investigated. Janus Green B dye
was used as the model pollutant and was degraded under visible
light. By comparing the results with previous literature reports
on reducing Janus Green B dye, it was found that the photo-
catalyst in this study was more efficient and reached maxima in
2 h; further, the kinetics of the reaction were examined.

2. Experimental

Tetra-n-butyl orthotitanate (TNBT), strontium chloride hexahy-
drate, and Janus Green B dye were purchased from Sigma-

o:: EDZI .:o. —>

0.3 M TNBT HNO,

$ o Fapgd =

0.3 M TNBT HNO; SrCl,

Fig.1 Scheme of the preparation of nanoparticles.
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Aldrich. Acetone and methanol were procured from Thermo
Fisher Scientific Pvt. Ltd. Nitric acid was purchased from Nice
chemicals. Distilled water and Whatman filter paper of labo-
ratory grade were used in this synthesis. Fig. 1 shows the
scheme of nanoparticle synthesis. 0.3 M TNBT was dissolved in
60 mL DI water and stirred for 15 min to get a homogenous
solution. After this, 1 mL HNO; 98% concentration was added
slowly to the above-mentioned solution. The mixture was stirred
using a magnetic stirrer for 1 h. The resultant white solution
was moved to a 100 mL Teflon lined autoclave and kept inside
a furnace at 180 °C for 12 h. The 0.01 M and 0.03 M Sr doped
TiO, was synthesized by the inclusion of 0.01 M and 0.03 M of
SrCl, suspended in 10 mL DI water separately and added to TiO,
solution separately and kept it for hydrothermal action. The
obtained precipitate was filtered and washed with DI water,
acetone, methanol, and ethanol 3 times to remove the impuri-
ties. The filtered products were dried at 80 °C for 12 h. The
samples were ground using a mortar and pestle and annealed at
600 °C for 6 h. The white samples were further characterised for
the analysis of their physio-chemical properties.

2.1. Characterisation techniques

The structural information was collected using a PANalytical/X
Pert powder X-ray diffractometer. The vibrational modes were
examined using a Thermo Nicolet 380 FTIR spectrophotometer.
The optical properties were analyzed using an Ocean optics
HR2000 spectrometer. The morphology of the samples was
characterized using a Carl Zeiss EVO-18 scanning electron
microscope. The surface area was analyzed using a Quantach-
rome Nova 2200e surface area and pore size analyzer.

2.2. Photocatalytic activity

The obtained products were tested using Janus Green B (JG) dye
as a model pollutant. To prepare the stock solution, 0.01 mole
dye was dissolved in 100 mL DI water and stirred in the dark for
3 h to reach maximum adsorption and desorption. Pure dye
sample was prepared by adding 2 mL stock solution to 48 mL DI

Proper nucleation of spherical
nanoparticles

© 2023 The Author(s). Published by the Royal Society of Chemistry
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water and stirred in the dark for 30 min. For the catalyst
appended dye sample, 0.1 g of catalyst was first added to DI
water and sonicated for 15 min. Then, 2 mL of the dye solution
was added and stirred in the dark. The solutions were trans-
ferred to glass tubes and placed vertically to 300 W tungsten
visible lamps. Water was circulated continuously to reduce the
heat liberated by the light. The temperature was maintained at
24 °C. The photocatalytic action of the obtained product was
performed in an annular photoreactor. The distance from the
light to the sample was 12 cm. A visible light source was used
2 mL aliquots of the samples were collected at 15 min intervals
and were examined by UV-vis spectroscopy.

3. Results and discussion

The structure of the pristine, 1% Sr-, and 3% Sr-TiO, were
investigated by XRD studies (Fig. 2). The patterns were well
matched with standard JCPDS card # 74-1940 and 82-0514 refers
to the TiO, with a tetragonal primitive lattice, and an anorthic
crystal structure was also identified as the minor phase.*** The
crystallite size was estimated from the Debye-Scherrer equation
and the obtained values were 32 nm, 24 nm, and 18 nm for the
pristine TiO,, 1% Sr-TiO,, and 3% Sr-TiO,, respectively. The
crystallite size reduced with the addition of the dopant and it
further reduced with the increase in the dopant percentage. On
incorporating the dopant Sr into the TiO, lattice, the lattice
strain and crystal size decreased. The doped Sr ions reduced the
size of the crystals, which was also confirmed from literature.*
For the metal ion doped catalyst, the oxide corresponding to the
metal ions should not be detected in the doped catalyst, and the
metal ions should immerse into the lattice of the original
catalyst to change its crystal structure. Once the metal oxide is
detected by XRD or other characterization techniques, the
composite catalyst can be called a heterojunction, such as the
as-prepared 3% Sr-TiO,.

JCPDS Card # 74-1940
JCPDS Card # 82-0514
A- Anorthic

—Tio,
1% Sr-Ti0,
3% Sr-Tio,

s

Intensity (a.u.)

(110)

2 O (degree)

Fig. 2 XRD patterns of the pristine and Sr doped TiO, samples.
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Fig. 3 Raman spectra of the pristine and Sr doped TiO, samples.

The Raman spectra of the samples demonstrate seven
characteristic Raman modes identified at 125, 137, 152, 206,
276,413, and 626 cm™ " (Fig. 3). The bands at 125 and 137 cm ™"
were due to strong Ti-Ti interactions.”* The peak at 152 cm™
was attributed to the anatase phase of TiO,. The bands at 206
and 276 cm ™! were assigned to the E; and B;, modes of anatase
TiO,, respectively.>*?® The wide band at 413 cm ™' and sharp
band at 626 cm™* were attributed to the B;; mode of anatase
TiO, and E, of rutile TiO,.”

The infrared spectra of pristine and Sr-TiO, samples showed
the stretching vibrations of Ti-O (~492 ¢cm '), Ti-O-Ti bonds
(~895 cm™'), carbonate (~1443 cm '), and O-H bonds
(~1638 cm™ '), which corresponded to the adsorbed water
during synthesis (Fig. 4).® The peaks at 1092 and 3439 cm ™"
were due to the stretching vibrations of C-O and O-H bonds.
The peak at 913 cm ™ revealed a Ti-O bond.?*?* The absorption
spectra and the bandgap of pristine and Sr doped TiO, were
analysed by UV-vis spectra, as shown in Fig. 5(a) and (b). The
broad absorption from 350 to 400 nm showed a high activity of
the photocatalyst, which correlates with the previous litera-
ture.*® The bandgap was estimated using Tauc plot. The pristine
TiO, showed a bandgap value of 3.4 eV, as reported in litera-
ture.** For the 1% Sr-TiO, and 3% Sr-TiO, photocatalysts, the
calculated bandgap values were 3.05 eV and 2.68 eV, respec-
tively. The reduction in the bandgap after doping with Sr was
due to the charge transfer from the TiO, valence band to the Sr
conduction band, creating active defective sites, which
enhanced the light absorption efficiency of TiO,.**

The semiconducting property of the pristine and Sr doped
TiO, samples was confirmed by PL spectra, as shown in Fig. 6.
The bands in the range of 320 to 400 nm showed a combination
of electrons and holes in the conduction and valence bands.*
The peak at 411 nm confirmed oxygen vacancies and that at
490 nm was due to the charge transfer of Ti to oxygen.**

The morphology of the obtained products was examined by
SEM (Fig. 7a-f) in 2 um and 200 nm. The morphology of the

1
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Fig. 4 FTIR spectra of pristine and Sr doped TiO, samples.

pristine TiO, indicated agglomerated nanoparticle growth with
improper arrangement. There was no uniformity in the growth
of the nanoparticles. The particles were agglomerated and had
a rough surface. The agglomeration in 1% Sr-TiO, reduced due
to the addition of strontium ions. As seen from Fig. 7(b) and (e),
1% Sr-TiO, has nanoparticles with spherical shape and defined
boundaries compared to pure TiO, (Fig. 5a and d). The spher-
ical shaped nanoparticles were formed at the initial stage. The
small amount of dopant only initiated the formation of the
spherical structure and less agglomeration. Among all the three
samples, 3% Sr-TiO, showed a clear growth of spherical
morphology with a clear surface and no agglomeration was
identified. By comparing Fig. 7(a) and (c), it can be seen that
there was a clear growth of nanoparticles in 3% Sr-TiO,. As seen
in Fig. 7(f), the shape of the nanoparticles was clearly defined
and there was no improper growth on the surface of the nano-
particles. This was purely attributed to the inclusion of Sr ions
as dopant.*
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Fig. 6 PL spectra of the pristine and Sr doped TiO, samples.

The surface area was analysed using BET surface area anal-
ysis. Fig. 8(a)-(c) shows N, isotherm and the pore volume plot of
pure and Sr doped TiO, photocatalysts. The surface area ob-
tained were 8.9 m* g ', 11.4 m* ¢ ', and 12.8 m> g for TiO,,
1% Sr-TiO,, and 3% Sr-TiO,, respectively. The surface area was
higher for 3% Sr-TiO, than TiO,. A higher the surface area
facilitates greater photocatalytic activity. The BJH plot exhibits
a type IV hysteresis loop and the pore volume plot shows the
mesoporous nature of the photocatalysts.

3.1. Photocatalytic activities

For the photocatalytic process, the separation of photo-
generated electrons and holes is the key to determine the
performance of photocatalysts. The photocatalysts were used to
degrade JG dye as a model pollutant under visible light. The
liquid samples were investigated with UV-vis absorption for ¢ =
0, 15, 30, 60, and 90 min. The UV-vis absorption spectra of the
prepared products are shown in Fig. 9(a)-(d). The characteristic

Absorbance

Tio,
1% Sr-TiO, b
3% Sr-TiO,
—Tio,
diz. 1% Sr-TiO,
2 3% Sr-Tio,
7 /" /
I3 r /
) ) L} T L) L] ) ] ) ] ) I L] L) L} L) L)
200 300 400 500 600 20 22 24 26 28 3.0 3.2 34 36 38 4.0 42 44 46 48 50
Wavelength (nm) hv (eV)

Fig. 5
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(a) UV-vis absorption spectra and (b) Tauc plot of the pristine and Sr doped TiO, samples.
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Fig. 8 (a—c) N, sorption isotherm, insets: the pore distribution plot of pristine and Sr-TiO,.

absorption peak showed a decrease in the intensity after the
irradiation of light. The efficlency was determined by
Ai — Ay
i

absorbance, respectively. It also appears that the absorbance
curve at 0 min in Fig. 9c (red trace) was lower than that initially
observed at longer times. The efficiencies obtained for pure JG,
TiO,-JG, 1% Sr-TiO,-JG, and 3% Sr-TiO,-JG were 54%, 76%,
86%, and 92%, respectively. The pure JG sample showed poor
efficiency as it showed the water cannot be reused. In the TiO,
assisted sample, the efficiency was improved, and a consider-
able reduction in pollutants was observed. In the doped
samples, the efficiencies were much higher and exhibited better
remediation in water treatment.

The C/C, plot and kinetics plot were derived from the UV-vis
absorption data, and the resultant plots are shown in Fig. 10(a)
and (b). The C/C, value was calculated by dividing the concen-
tration of the dye after every fifteen min to the initial concen-
tration. The C/C, plot of the pure JG dye demonstrates a high
value and the plot was almost a straight line because of the high
C/C, values, revealing the poor activity as expected. The catalyst

DE. = X 100, where A; and A¢ are the initial and final

© 2023 The Author(s). Published by the Royal Society of Chemistry

assisted samples showed steep lines with better degradation
values. The 3% Sr-TiO,-JG sample showed the best catalytic
performance as the dopant induced the host material with
numerous active sites. The dopant Sr improved the oxygen
vacancies that help the radicals to recombine at a good rate.*
There is no separation of SrO, phase in the doped photocatalyst.
The efficiency improved with the increase in the Sr dopant
level.*” The major photocatalytic action was because of TiO,.
The rate constant value was approximately calculated by

~In(CICy) = kt
k = —In(CICy)/t

where “k” is the rate constant and ¢ is the time. C, and C are the
initial concentration of the dye (0.2 g L") and concentration of
dye after activity, respectively. The rate constant values were
calculated for 90 min concentration and the values attained
were 0.0066, 0.0158, 0.0203, and 0.0256 min ™" for pure ]G, TiO,-
JG, 1% Sr-TiO,-JG, and 3% Sr-TiO,-JG, respectively. The system
followed the pseudo first order kinetics. The higher rate
constant value indicates greater efficiency. The 3% Sr-TiO,

RSC Adv, 2023, 13,18779-18787 | 18783
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facilitated a better separation reaction of holes and electrons
that reduced the pollutants in high efficiency. The separation
indicates the movement of electrons and holes and does not
mention the reaction rate.

The reusability test and scavenger test are shown in Fig. 11(a)
and (b). The stability of the material was tested and 3% Sr-TiO,
exhibited almost the same efficiency in all the three cycles. This
sturdy nature of the photocatalyst shows that the material is
stable and can be used for industrial applications with larger
cycles. The active species responsible for the higher

18784 | RSC Adv, 2023, 13, 18779-18787

performance of the photocatalyst was identified by the scav-
enger test. In this study, H,O,, IPA (hydroxyl), EDTA (holes), and
benzoquinone (superoxide) were used as the scavenging agents.
Meanwhile, on adding H,0,, the efficiency was almost similar
to the efficiency of the photocatalyst. Then, on the addition of
EDTA and benzoquinone, the efficiency was slightly reduced
and there was no drastic deduction of variance in efficiency,
which indicates the lower presence of holes and superoxide
radicals. In the case of IPA, the efficiency was greatly sup-
pressed, which confirmed that the rich presence of hydroxyl

© 2023 The Author(s). Published by the Royal Society of Chemistry
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radicals is highly responsible for the photocatalyst in achieving
a good efficiency.

The 3% Sr-TiO, photocatalyst with the appropriate dopant
level endowed the TiO, photocatalyst with a narrow bandgap
and better surface area, facilitating the improved recombina-
tion of electrons and holes from the valence band to the
conduction band; the bond between the dye molecules and
water molecules is broken down to a greater extent, and the
water can be reused for domestic purposes. The dye molecules
were decomposed and the stronger bonds between dye mole-
cules were broken down. Fig. 12 shows the mechanism of the
photocatalysis. When the light was irradiated, the electrons
moved to the conduction band and created holes in the valence
band. These created electron and hole couples recombined and
degraded the dye molecules. Sr inhibits the electron hole
recombination by trapping the electrons and controlling the
recombination in the appropriate manner.*®

In literature, JG dye has not been used as a model pollutant to
degrade with TiO, as photocatalyst. Hence, JG was chosen as
a model pollutant. The efficiency reached substantially and the
pollutant was reduced. It can be concluded that Sr-TiO, is
a potential candidate for water treatment process. With Sr

0,

hv
f\ Sr
0,

H,0

OH

Tio,

Fig. 12 Scheme for the photocatalytic activity.
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doping, the peaks of SrO, were observed at low levels, while
a composite material was formed when the dopant was
increased; hence 3% Srwas chosen as the optimum dopant level.

4. Conclusion

In this study, we report the facile synthesis of pure and Sr doped
TiO, photocatalysts via the hydrothermal route. The photo-
catalysts were characterised using XRD, Raman spectroscopy,
FTIR spectroscopy, UV-vis spectroscopy, SEM, and BET analyses
to study their structural, vibrational, morphological properties
and surface area. 3% Sr-TiO, possessed a narrow bandgap that
improves the activity of TiO, under visible light. The morphology
of the best sample exhibited nanoball with no agglomeration and
a high surface area that enhanced the photocatalytic activity. JG
dye was used to examine the photocatalytic performance of the
prepared samples as it has not been used in previous studies.
The efficiency of 3% Sr-TiO, was higher and almost 100% and
the kinetics value was also compared to pure TiO,. 3% Sr-TiO,
achieved 92% efficiency under visible light within 2 h. As there
was no other literature reported on JG dye degradation, we
selected this dye and reduced the dye with higher efficiency. 3%
Sr tuned the characteristic behaviour of TiO, that inherently
achieved competent efficiency. 3% Sr-TiO, is proved to be
a potential candidate for water remediation.
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