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INTRODUCTION

The interest for vitality and ascend in barometrical tempe-
rature are trying to advance new materials for most extreme
usage of sunlight based insolation. Generally, the reactant
execution of fine particles is impacted by the crystal phase,
size, surface area and crystallinity. Strontium titanate (SrTiO;)
is a very much recognized with a bandgap of 3.25 eV having
cubic-perovskite type structure, possesses unrivaled chemical
stability and is known substrate for the epitaxial development
of different perovskite oxides with assorted properties [1,2].
SrTiOs in purest form of semiconductor has 3.25 eV (indirect
bandgap) and 3.75 eV (direct bandgap) and furthermore as a
quantum (ferroelectric) material. The dielectric constant of mate-
rial increases (~10") as temperature decreases and then remains
constant below 4 K. Inorganic perovskites has gained interest of
researchers as a promising semiconductor, photocatalyst as a
result of its structural simplicity, excellent stability, brilliant
steadiness and the simple incorporation of different metallic
elements in the lattices [3-5]. The perovskites materials with
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The strontium titanate (SrTiOs) nanotubes with perovskite structure was incorporated utilizing hydrothermal synthesis approach were |
examined with their photo catalytic activity. The TiO, nanoparticles employed in synthesis of SrTiO; nanotubes were synthesized prior |
using Azadirachta indica leaf extract commonly termed as green synthesis. SrTiO; nanotubes with bandgap of 3.25 eV (purest form of
semiconductor) showed the much better photocurrent intensity was attributed to the more homogenous and nanotube formation with |
perovskite structure and greater surface area with maximum light retention property. The SrTiO; nanotubes obtained at much lower temperature |
of 150 °C were characterized by XRD, TEM, FESEM, EDAX and FTIR analysis. Herein, we report the strontium titanate (SrTiO;) |
nanotubes as active photocatalyst and their kinetics study were performed for first order rate constant which confirmed the photodegradation |
of methylene blue dye in 90 min under UV light and 150 min under natural sunlight (visible) irradiation at ambient temperature. |
|
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excellent outperforming and mechanical interests have gained
attention for their utilization as a photocatalyst in catalysis [6],
in photovoltaic cells, electron transport material [7]. The SrTiO;
nanotubes can be synthesized by numerous approaches such as
hydrothermal, electrospinning technique, sol-gel, efc. [8-10].
Regardless of the broad research endeavors, control of
their size and shape has not been sufficiently accomplished
yet. Rheinheimer and Hoffmann [11] portrayed a convention
to blend stoichiometric strontium titanate powder utilizing
blended oxide/carbonate course dependent on crude materials
(TiO, and SrCOs;). Novel permeable Cr-doped SrTiO; nanotubes
were synthesized by utilizing a basic and monetary electrospinning
procedure for visible light driven photocatalytic activity which
evaluated by degradation of azo dye acid orange 7 and removal
of NO under visible light irradiation for nearly ~240 min [12].
Strontium titanate has appropriate band structures for water
splitting whereas TiO is widely used for water splitting by UV
light and this was first exhibited by Fujishima and Honda [13]
utilizing a TiO, photo-electrode by applying an external bias.
Rather than TiO,, SrTiO; photoelectrodes can split water without
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providing an electric bias as a result of the more appropriate
band structure of titanate [ 14]. Its high thermodynamic strength
is further leeway of strontium titanate; it doesn’t decay under
lessening conditions even at high temperature, in an unexpected
way from numerous other oxide perovskites, and shows great
chemical and redox stability.

In spite of various synthesis methods the hydrothermal
synthesis approach has two fundamental points of interest: (i)
it empowers the readiness of exceptionally unadulterated and
incredibly fine powders with high explicit surface area; (ii)
the particle size and morphology can be effortlessly controlled
and structured by changing the response time, temperature,
nature of precursor and concentration of precursor [15]. As
photocatalyst strontium titanate has gained key attention to
researchers in the degradation of organic and inorganic comp-
ounds and reduction of CO, [16-18]. For photosensitized solar
based devices SrTiOs is used as a photoelectrode material, which
has been investigated many researchers all over the world,
owing to the fact that it is less proficient than TiO, anatase [ 19].
Hydrothermal is the general process for synthesis of SrTiOs by
reacting TiO, powder (rutile or amorphous or anatase titania)
with a soluble Sr salt such as SrCl,, Sr(OH),, Sr(NOs), main-
taining under highly alkaline nature [15,20-22].

Herein, strontium titanate (SrTiO3) nanotubes were synthe-
sized using hydrothermal synthesis approach which is simple,
economic and easy synthesis process. Using the lower initiation
temperature of 150 °C strontium titanate nanotubes were synthe-
sized by incorporating the TiO, nanoparticles into strontium
nitrate Sr(NOs), in autoclave for 22 h. The photocatalytic activity
of SrTiOs nanotubes and their kinetics study were performed
for first order rate constant, which confirmed the methylene
blue photodegradation in 90 min under UV and in 150 min under
natural sunlight (visible) irradiation at ambient temperature.

EXPERIMENTAL

AR grade titanium(IV) isopropoxide with 97% purity
(Sigma-Aldrich), St(NOs), with 99.9% purity (Sigma-Aldrich),
TiO, 99% purity (Loba Chemie), NaOH pellets and HCI 32%
AR grade and ethyl alcohol 99.9% (S.D. Fine Chemicals) were pro-
cured for the synthesis of TiO, nanoparticles and SrTiO; nanotubes.

Preparation of aqueous Azadirachta indica leaf extract:
A. indica (Neem) leaves were collected and cleaned with fresh
water followed by deionized water as initial cleaning process
and dried with hot air gun at room temperature. The leaves were
shredded into pieces nearly 50 g were put in 200 mL beaker
containing 100 mL of deionized water. The resultant mixture
was heated at 110 °C on a hot plate (magnetic stirrer) under
continuous stirring for 4 h leading to the formation of greenish
solution. The so obtained extract was then filtered using filter
paper grade 1 (Whatman) in a different beaker allowing it cool
at room temperature, resulting dark greenish solution of
Azadirachta indica leaf extract, which was further used in
synthesis of TiO, nanoparticles.

Synthesis of TiO, nanoparticles: Initially, titanium (IV)
isopropoxide of 2 mL was added to 20 mL of Azadirachta
indica leaf extract and continuously stirred using magnetic stirrer
with 400 rpm for 30 min at room temperature. The resultant

solution was further transferred to silica crucible and heated
at 150 °C using electric bunsen burner leading to the formation
of TiO, nanoparticles as titanium(I'V) isopropoxide reacts with
Azadirachta indica leaf extract leaving other components to
evaporate. The resultant powder was dried at 120 °C for 2 h and
then fine grinded for 5 min in an agate mortar and was made
available to utilize for the synthesis of SrTiOs nanotubes.
Synthesis of SrTiO; nanotubes: The as-synthesized TiO,
nanoparticles (0.8 g) was added to the solution prepared prior
by adding 10 g of NaOH in 25 mL of deionized water under
continuous stirring with 400 rpm for 15 min at room temper-
ature and stirring was continued after adding TiO, nanoparticles
for next 15 min. The resultant mixture was further added with
1.5 g of Sr(NOs), allowing the stirrer to stir the mixture with
800 rpm for 30 min maintaining room temperature of 26 °C
with relative humidity of 40%. The ensuing solution was further
transferred to Teflon lined stainless steel autoclave of 60 mL
capacity and heated at 150 °C for 22 h and then cooled to room
temperature for the next process of neutralizing the pH value
by washing the mixture with deionized water and 0.1M of HCI
followed by ethyl alcohol for several times by centrifuging until
it reaches neutral pH and was then dried at 80 °C overnight in
vacuum oven. After fine grinding the obtained nanotubes using
agate mortar for 1 h without any further delay the sample was
transferred to glass bottle (amber sample) at room temperature.
The complete synthesis process of TiO, nanoparticles and SrTiO;
nanotubes schematic representation is shown in Fig. 1.

RESULTS AND DISCUSSION

XRD studies: XRD pattern recorded of the as-synthesized
TiO, nanoparticles at room temperature using Rigaku Ultima
IV X-ray diffractometer in the 26 range of 10°-70° is depicted
in Fig. 2a indicating several clear diffraction peaks confirming
the TiO, nanoparticles. The major peaks along (101), (103),
(004), (112),(200), (105), (211), (204) and (116) crystallogra-
phic planes was the Bragg’s reflection corresponding to 26
values 25.3°, 37.8°, 38.0°, 38.6°, 48.0°, 53.9°, 55.0°, 62.7° and
68.8° which was in good agreement with anatase phase of TiO,
nanoparticles (anatase XRD JCPDS card no. 21-1272). The
crystallite size was extracted using the peaks and calculated
using Scherrer’s formula (D = kA/(Bcos 0)) where, A is the wave-
length (CuKo = 0.1548 nm), K is a constant (0.89), B is full
width at half maximum (FWHM) and 0 is the diffracting angle.
The as-synthesized TiO, nanoparticles average crystalline size
was found to be ~ 70 nm. Similarly, the XRD patterns of TiO,
NPs employed SrTiOs; nanotube is shown in Fig. 2b. The as-
synthesized SrTiOj; at room temperature crystallizes in the ABO;
cubic perovskite structure (space group Pm3m) with a lattice
parameter of 3.90 A and p =5.12 g/cm® as density [23]. The
crystalline nature of SrTiO; was confirmed by the existence of
strong sharp peak and the notable peaks along (110), (111), (200),
(211) and (220) corresponding to the peaks occurring at 26 values
32.2°,39.8° 45.7°, 57.6° and 66.9° (JCPDS card no.: 35-0734)
confirmed the ABO; cubic perovskite structure, which is good
accord with published values [24]. Similarly, the as-synthesized
SrTiO; nanotubes average crystalline size was determined using
Scherrer’s formula and found to be approximately 14 nm.
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Fig. 2. XRD pattern (a) as-synthesized TiO, NPs, (b) as-synthesized SrTiO; NTs

SEM and EDAX analysis: The as-synthesized TiO, nano- agglomeration with irregular shape and size (Fig. 3b-c). The
particles were subjected to SEM and EDAX to analyze the EDAX spectrum was the clear evidence of elemental compo-
elemental composition atomic percentage and size/shape/surface sition of TiO, nanoparticles, which not only confirmed the
morphology as shown in Fig. 3a-c. SEM micrograph of TiO,  presence of Ti and O elements but also signified the synthesized
nanoparticles with different magnifications depicts the dense material purity (Fig. 3a). TiO, nanoparticles in SEM micrograph
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Fig. 3. EDAX-SEM studies of TiO, nanoparticles and SrTiO; nanotubes: EDAX images: (a) as-synthesized TiO, nanoparticles, (d) as-
synthesized SrTiO; nanotubes, SEM images: (b) & (c) as-synthesized TiO, nanoparticles; (e) & (f) as-synthesized SrTiO; nanotubes

also divulge about a flat texture and granular microstructure,
with the minimum surface roughness comprising spherical
particles about 70-80 nm in an average. In similar hydrother-
mally synthesized SrTiO; nanotubes were exposed to study of
elemental composition atomic percentage and size/shape/surface
morphology using EDAX and SEM, respectively (Fig. 3d-f).
Mesoporous structures of SrTiO; nanotubes were clearly seen
with no templates or additives. The SrTiOs; nanotubes with
continuous mesoporous walls were observed from SEM micro-
graph and these materials with mesoporous generally possess
large surface area with various active sites. The formation of
SrTiO; nanotubes in accordance with SEM micrograph showed
clear nanotubes formation with no agglomeration at
magnification of 200 and 500 nm scale (Fig. 3b-c). The presence
of Sr, Ti and O in the sample and their distribution were revealed
by the EDAX spectrum and mapping as can be seen in Fig.
3d. The stoichiometric ratio of Sr:Ti was well coordinated with
the as-synthesized, which was revealed by the strong Sr and
Ti peaks seen in the inset table (Fig. 3d). The high purity was
clearly evidenced with EDAX analysis of as-synthesized
SrTiOs nanotubes as per the stoichiometric ratio confirming
the absence of any other impurity peaks. The further
confirmation of functional groups of TiO, nanoparticles and
SrTiOs nanotubes were studied using FTIR analysis, which
interprets the elemental composition.

FTIR studies: The FTIR spectra of as-synthesized TiO,
nanoparticles were recorded using Perkin Elmer Spectrum 2
from 4000 cm™ to 450 cm™ range (Fig. 4a). The peaks at 732
and 485 cm™ confirmed the bonding for O-Ti-O in anatase
morphology [25,26] and the broad peak at 1633 cm™ corres-
ponds to the water and hydroxyl groups absorbed on the surface
[26]. The peaks obtained at 3360 cm™ is due to stretching

vibration of O-H groups in the prepared samples [27] and the
weak absorption bands at 2050 and 1987 cm™ represent the
C-H stretching modes. Similarly, Fig. 4b represents the FTIR
spectra recorded for as-synthesized SrTiO; nanotubes. The
characteristic frequency for SrTiO; nanotubes were observed
at 3361, 2051, 1986, 1640, 543, 457 cm™. The peaks around
3361 cm™ are due to the absorption of O-H stretching, while the
weak absorption bands at 2051 and 1986 cm™ represent C-H
stretching modes. The vibrations peaks at 457 cm™ is attributed
to Ti-O bending vibrations and the peaks at 1640 and 543 cm’!
correspond to C-H bend [28,29].

UV-visible studies: The as-synthesized TiO, nanoparticles
and SrTiOs nanotubes were characterized by UV-visible spectra
and from that results found the bandgap (E,) by plotting the
(0thv)? vs. photon energy (eV), which were matched the reported
values. The UV-visible spectra of TiO, nanoparticles, SrTiO;
nanotubes are shown in Fig. 5. Both TiO, nanoparticles (E, =
3.2 eV) and SrTiOs nanotubes (E, = 3.25 eV) are large band-
gap semiconductors [30], an intense absorption for these samples
are observed in UV range (wavelength < 400 nm). Conversely,
the spectra of TiO, nanoparticles and SrTiO; nanotubes show
a small "absorption tail" (Urbach tail) in the visible range,
between 500 and 400 nm, as a result of exponential increase
of absorption coefficient in the range of absorption edge [31].
Appearance of the absorption tail makes some disturbances
in finding of the optical band-gap (E,) energy from UV-visible
spectrum.

TEM studies: The transmission electron microscopy
(TEM) technique revealed the crystallographic structure facts
of the materials from the images of phase-contrast. In the present
work, ethanol was used as dispersion medium for SrTiO; nano-
tubes and was then sonicated. Further a droplet was placed
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onto carbon-coated copper grid (400 mesh) and dried. The
sample was then subjected to TEM and the obtained image
from the sample has been shown in Fig. 6a-b. From the TEM
image and SAED pattern (Fig. 6¢-d), the d-spacings of the (110)
crystallographic planes of cubic SrTiO; was well in consistent
with the interplanar spacing (~0.27 nm). Similarly, the d-spacings
of the crystallographic planes (111), (211), (220) and (101) bet-
ween lattice planes were well matched with obtained XRD pattern
as indicated in Fig. 6d. The TEM images of SrTiO; were clearly
evidenced the nanotube formation (~12 nm diameter and ~70
nm length) with number of irregular orientations (Fig. 6b).
Photocatalytic degradation of methylene blue dye: The
photocatalytic activity of as-synthesized SrTiO; nanotubes was
investigated for phase decomposition (aqueous) of methylene
blue dye in the presence of natural sunlight irradiation and
UV irradiation at ambient temperature and the comprehensive
study was compared with TiO, nanoparticles. The adsorption-
desorption equilibrium was attained by monitoring the adsor-
ption of methylene blue in double distilled water using the SrTiOs
catalyst maintaining the dark conditions for 150 min was

recorded using UV-visible absorption spectra as shown in Fig.
7f-g for UV light and visible light, respectively. The adsorption
of methylene blue showed the enhanced photocatalytic activity
which might be due to SrTiO; nanotubes molecular interaction
with methylene blue when exposed to sunlight and UV light.
Prior to illumination, 30 mg photocatalyst was added to the
methylene blue solution with 30ppm concentration. In a typical
experiment, 30 mg of photocatalyst was dispersed in 500 mL
of double distilled water to which 30 ppm methylene blue dye
was added to form the resultant solution. This resultant mixture
was stirred dynamically using magnetic stirrer at 600 rpm for
90 min and the degraded solution were collected at regular
interval of time period say 15 min and degradation efficiency
(n) was measured using formula:

(1-0)
n=" M

o

where, C, is the initial concentration before irradiation with
light and C is the concentration of dye after irradiation time.
The photocatalytic activities of SrTiO; nanotubes were inspected

TR %

Fig. 6. TEM images (a) as-synthesized SrTiO; nanotubes at 50 nm magnification, (b) as-synthesized SrTiO; nanotubes at 20 nm magnification,

(c) d-spacing of the (110) crystallographic planes of cubic SrTiO;nanotubes (d) SAED pattern (scale 5 1/nm)
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on the photocatalytic degradation of methylene blue dye under
visible light illumination and UV light. The absorption was
0.98 a.u. for every 15 min and was then gradually decreased
finally to 0.128 a.u. for 150 min (UV) and the initial absorbance
was 0.98 a.u. was reduced to 0.316 a.u. after visible light illumi-
nation for 150 min, which was much better photocatalytic

activity with respect to time compared to the earlier reported
[12]; the absorption rate constant was plotted for the same
(Fig. 7c), the absorbance (a.u.) vs. wavelength (nm) was plotted
(Fig. 7d).

The degradation efficiency 87% of methylene blue was
analyzed using UV-visible spectrophotometer and the peaks
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observed at 664 nm were assigned as the absorption of 7T-system
[32-40], the concentration versus irradiation time plot for TiO,
nanoparticles (Fig. 7a) and for SrTiO; nanotubes (Fig. 7b),
percentage degradation versus time was plotted for TiO, nano-
particles (Fig. 7c¢) and for StTiO; nanotubes (Fig. 7d) and the
absorption rate constant for both TiO, and SrTiOs was plotted
(Fig. 7e) and absorbance (a.u.) versus wavelength (nm) was
recorded (Fig. 7f-g) for UV light and visible light, respectively.

Reusability of SrTiO; nanotubes for methylene blue
degradation: The SrTiO; nanotubes was assessed for its re-
usability in order to prove the capability as photocatalyst and
maintained at more than 80%, which showed its durability
(Fig. 8). The SrTiOs nanotubes was collected after the photo-
catalytic degradation and sonicated in ultra sonicator for 10
min and washed for 3-4 times with deionized water and with
ethyl alcohol, followed by drying in an oven at 80 °C overnight.
Then, catalyst was disbursed to act as photocatalyst for conse-
quent cycles to run in the removal process. The SrTiO; nano-
tubes was examined for the catalytic activity was tested under
natural sunlight irradiation at ambient temperature. In all the
four cycles efficiencies of removal of methylene blue dye was
93.5, 87.2, 83.9 and 80.7%, respectively evidently proved the
consistency of SrTiOs nanotubes for the removal of methylene
blue dye.

100

Removal of methylene blue (%)

3° Run 4" Run

2" Run
Number of reusability runs

1% Run

Fig. 8. Reusability tests for SrTiOs; nanotubes the photocatalytic degra-
dation of methylene blue

Conclusion

The green synthesized TiO, nanoparticles were successfully
employed in synthesis of effective SrTiO; nanotubes as photo-
catalyst using hydrothermal method at 150 °C and its determi-
nation of chemical composition, purity, shape, surface morpho-
logy were proficiently analyzed using various analytical
methods. The as-synthesized SrTiO; nanotubes (~12 nm dia-
meter) with energy bandgap of 3.25 eV (purest form of semi-
conductor) were investigated using photocatalytic activity for
phase decomposition (aqueous) of methylene blue dye under
natural sunlight irradiation at ambient temperature and is
compared with TiO, nanoparticles for comprehensive analysis.

The degradation efficiency of 87% (SrTiO; nanotubes) was
evident from the obtained results of methylene blue dye
degradation under UV irradiation and visible light illumination
(150 min) showed the better photocatalytic property as com-
pared to the earlier reported literature. Reusability tests clearly
evidenced the SrTiO; nanotubes towards the consistency of
photocatalyst with greater durability and the percentage removal
of dye was 80.7% even after the run of 4th cycle. The results
show the usage of photocatalyst in terms good reusability and
effective wastewater treatment proving SrTiO; nanotubes to
be a promising material in the field of catalysis and optics.
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