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P123 assisted sol-gel combustion synthesis of mesoporous strontium titanate
nanomaterials for photocatalytic degradation of methylene blue
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We have reported the synthesis of strontium titanate (ST) nanomaterials via sol-gel combustion method in the presence
and absence of pluronic P123 as a templating agent and citric acid as fuel at relatively high temperature. The presence of
templating agent and fuel helps to generate mesoporosity in the materials resulting in mesoporous strontium titanate (MST).
The materials are well characterized by various instrumental techniques. X-ray powder diffraction analysis has confirmed
that both of the strontium titanate materials exhibited cubic perovskite structure. The FT-IR spectra has indicated that during
high temperature calcination, carbonate species expelled out from the decomposition of the volatile impurities get adsorbed
on the surface of titanate nanostructure, which is predominant in MST as indicated by the variation in the intensity of peak
in between 1450 cm™ —1470 cm™. From diffuse reflectance spectra, the absorption edge of the MST is extended to visible
regions and showed band gap energy of 3.14 eV compared to 3.21 eV for ST. The reduction in intensities of PL emission
bands in MST compared to ST has indicated that slow electron-hole recombination takes place in this material compared to
ST. The Transmission electron microscopic studies reveal the formation of spherical and cuboidal nanostructures with an
average size of 55 and 38 nm for ST and MST material, respectively. From N, sorption studies, the MST exhibit type IV
adsorption isotherms with H3 type hysteresis loop indicated the formation of mesoporosity in this material whereas the ST
indicated the formation of type Il adsorption isotherms typical of nonporous materials. The elemental analysis of MST
material is further confirmed from X-ray photoelectron spectroscopic analysis and confirm the formation of carbonate
species on the surface of the materials. The photocatalytic activity of the materials is elucidated by the degradation of
methylene blue under UV light irradiation and degradation followed first order kinetics with Langmuir-Hinshelwood
adsorption pathways. The activity of MST material is found to be 5 times faster than ST at similar experimental conditions.
The enhanced activity of the MST might be attributed to, lower band gap energy, presence of carbonate species, and lower
electron-hole recombination in this material.

Keywords: Sol-gel combustion synthesis, Pluronic P123, Citric acid fuel, High temperature calcination, Mesoporous
strontium titanate, Photocatalysis, Dye degradation

The rapid advancement in the industrial sector has
become a major factor for ecological imbalance and
effective methods are to be identified to alleviate
environmental issues. Complete mineralization of
hazardous pollutants using photocatalysis is a
proficient method to scale down the environmental
impacts of industrialization'. The photocatalytic
performance of a catalyst is dependent upon the
effectiveness of charge separation and absorption of
light. The strontium titanate (ST) (SrTiO3z) can be
considered as an effective photocatalyst for various
purposes like degradation of pollutants, dyes,
antibiotics, water splitting, and CO, reduction®. The
superior characteristics of strontium titanate, like
stability in chemical and structural aspects, resistance
to heat, and corrosion have triggered the application

of this material in the field of photocatalysis®.
Liang et al. synthesized ST via the sol-gel route for
the photocatalytic degradation of nitrogen oxides
(NOy) and observed that calcination temperature and
light condition have a pronounced influence on the
photocatalytic activity’. Henrique et al. developed a
conventional method for the synthesis of ST
microsphere to undergo pH-dependent degradation
of methylene blue (MB) and Rhodamine B®.
Macaraig et al. conducted a comparative study on
photocatalytic H, generation using ST nanoparticles
and nanofibers and reported that the mesoporous
nanofibers showed the highest photocatalytic
activity®.

The usage of textile dye has become a major issue
related to industrial pollution. Synthetic dye such as
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MB became a major ecological pollutant. Tarawipa
et al. employed mesoporou sstrontium titanate (MST)
nanocrystals via a surfactant-assisted sol-gel method
for the degradation of methyl orange’. Kumar et al.
synthesized phase pure samples of BaSn;,Ni,O; with
cubic crystal via solid state ceramic route®. There are
numerous methods employed for the synthesis of
MST nanomaterials®'. A facile solvothermal method
for the synthesis of mesoporous film of ST for
photosensitized solar devices was reported by
Burnside et al.’. Zheng et al. synthesized mesoporous
Nd-doped ST nanospheres and nanoplates with high
specific surface areas and excellent photocatalytic
activity via microwave assisted solvothermal
method™. Kayaalp et al. reported the synthesis of
MST for MB degradation by using the cooperative
assembly of metal chelate complexes and
alkoxysilanes™. The sol-gel method was adopted for
the synthesis of materials with purity, crystallinity and
uniform particle distribution'™. Therefore sol-gel
combustion method has been considered as one of the
cost-effective methods for the synthesis of pure,
homogenous, and crystalline oxide powder™*.
Bhagwat et al. synthesized cobalt ferrite nanoparticles
via the sol-gel combustion method in the presence of
various fuels such as ethylene glycol, glycine, and
urea and studied the influence of these fuels on the
structural, morphological, and magnetic properties of
cobalt ferrite!’. From the results obtained, it was
inferred that the particle size of the synthesized
material was influenced by the fuel employed during
sol-gel combustion.

Notably to our best of knowledge, synthesis of
mesoporous strontium titanate using pluronic polymer
or other carbonaceous sources is rarely reported.
Existing literature lacks (i) sol-gel combustion
strategy for the preparation of MST using
carbonaceous sources, (ii) influence of mesoporosity
of ST on the photocatalytic degradation of MB in
comparison with nonmesoporous ST materials.

In our present work, we demonstrated the
preparation of MST and ST by the sol-gel combustion
method in the presence and absence of nonionic
triblock co-polymer pluronic P123 as a structure
directing agent. The materials were well characterized
by  various experimental techniques. The
photophysical properties of the material were studied
by the photodegradation of MB under UV light
irradiation. The influence of pore size, crystallinity,
surface area, band gap, morphology, luminescent
properties, and elemental composition on the surface
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of the materials was well studied. The
photodegradation ability of the MST and ST were
studied by using MB as a model pollutant.

Materials and Methods

Synthesis of MST and ST

Titanium (1V) isopropoxide (TTIP; AR grade 97%),
ethylene glycol (EG; AR grade 99%), citric acid
(AR grade 99%), strontium nitrate Sr(NO,),
(AR grade 99%), pluronic P123 (AR grade), and
ethanol (AR grade 99 %) were purchased from Sigma
Aldrich. For the synthesis of MST, about 0.2 g of
pluronic P123 was dissolved in 60 mL ethanol and
stirred for 2 h. 6.5 mL titanium isopropoxide solution
was added to the above reaction mixture followed by
the addition of 6.7 mL ethylene glycol, and 6.6 mL
water. The resulting solution was stirred continuously
for 2 h. About 35 mL 6.3 g citric acid was added
dropwise with stirring to the above solution and
stirred for 10 min. This was followed by the addition
of 25 mL of 4.23 g Sr(NOs),, refluxed for 4 h at
80 °C, and kept in an oven at 100 °C for 24 h to
obtain the dried gel. It was followed by calcination in
a closed crucible at 800 °C for 3 h in a muffle furnace.
The obtained material was labeled as mesoporous
SrTiO; (MST). The same procedure was repeated in
the absence of pluronic P123 to obtain ST.

Characterization techniques

The X-ray powder diffraction patterns were recorded
on Bruker AXS D8 advance diffractometer using Cu-Ka
radiation (A=1.5406 A). The FT-IR spectra of the
materials were analyzed using Jasco-FTIR-4100
spectrophotometer in the range 4000-400 cm™. The
Jasco-V-550-UV/VIS spectrophotometer was used to
record UV-visible absorbance spectra using diffuse
reflectance accessories. The photoluminescence (PL)
spectra of the materials were measured by the Perkin
Elmer LS55 PL spectrophotometer. The JEOL/JEM
2100 transmission electron microscope was used to
obtain the HR-TEM image of the materials. BET surface
areas and pore size distribution of the materials were
analyzed by the BELSORP-max instrument. The
elemental compositions of MST material were
determined by X-ray photoelectron spectroscopic
technique (XPS) using the instrument Axis Ultra, Kratos
Analytical, the UK with an Al-Ko. (1486.6 €V) source.

Photocatalytic degradation studies
In order to study the photocatalytic efficiencies of
the MST and ST materials, photocatalytic degradation
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studies were conducted on a photoreactor. About
0.2 g of catalyst was added to 50 mL MB at a
concentration of 1x10* M taken in a beaker. The
solution was stirred for 30 min in the UV reactor in
the absence of light to maintain the adsorption-
desorption equilibrium. After that the photocatalytic
reaction was performed in the photoreactor of model
LZC-4X- Luzchem photoreactor with UV light
intensity 600 lux. The reaction was monitored by
withdrawing 3 mL aliquots at an interval of 20 min.
The solution was centrifuged to eliminate the effects
of scattering prior to record the absorption spectra.

Results and Discussion

XRD analysis

The XRD patterns of strontium titanate obtained
from the standard JCPDS file, ST and MST samples
were shown in Fig. 1. The peaks at 20 angles 22.6°,
32.3°, 39.9°, 46.4°, 57.6°, and 67.6°, can be indexed
to (100), (110), (111), (200), (211), and (220) planes
of ST with cubic perovskite structure®®?. The peak at
25.1 can be indexed to (101) plane of SrCO; formed
during the heat treatment process®. The dislocation
density was calculated by using Williamson and
Smallman's formula, 8 = 1/D? where, D is particle
size. The average crystallite size determined using the
Debye-Scherrer equation for ST and MST was found
to be 27.6 nm and 25.4 nm, respectively. Crystallite
size could affect the textural properties and
photogenerated electron-hole pair recombination. By
increasing the surface area, more reactant species
might be getting adsorbed on the surface the
materials. As the crystallite size decreases the path of
the charge to migrate to surface of the photocatalysts
also decreases, resulting in lower recombination rate
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Fig. 1 — XRD patterns of (a) standard JCPDS data of strontium
titanate, (b) synthesized ST and (c) MST materials
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of the charge carriers. Therefore, the size of the
particle can affect photocatalytic process. The
dislocation densities of ST and MST were 0.13
and 0.15, respectively. The dislocation density is
inversely as the crystallite size. Therefore the MST
material showed higher dislocation density as
compared to ST.

FT-IR analysis

FT-IR spectra obtained for ST and MST are shown
in the Fig. 2. The bands at 857 and 570 cm™ were
ascribed to the stretching vibration of Sr-O and Ti-O
bond, respectively??. The peak at 570 cm™ was
broadened for ST. The peak at 1453 cm™ arises from
COs* vibration®. The intensity of this peak was high
in MST indicating the presence of more carbonate
species on this material®®. Increase in the peak
intensity usually means an increase in the amount
of the carbonate species associated with the
molecular bond. The band at 1453 cm™ was slightly
blue shifted compared to ST. The blue shift of the
peak in MST might have aroused due to the
adsorption of more carbonate species on the surface
of MST?® resulting the variation in electron
distribution in molecular bond.

UV-visible DRS analysis

UV-visible diffuse reflectance spectrum (DRS) was
shown in Fig. 3a. The spectrum of ST shows a cut off
wavelength at 319 nm whereas MST shows an
absorption edge at 414 nm. The absorption spectra
of MST showed a slight red shift in comparison
with the spectra of ST due to the mesoporous nature
of the material. The reflectance spectra was further
analyzed with Kubelka-Munk theory to estimate the
band gap energy (Fig. 3b). The Kubelka-Munk
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Fig. 2 — FT-IR spectra of (a) ST and (b) MST materials
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Fig. 3 — (a) UV-visible DRS spectra and (b) Kubelka-Munk plots of ST and MST materials

387.94
416.01

Intensity (a.u)
Intensity (a.u)

(b)

Intensity (a.u)

L L] L] T
450 500 550 400

2 (nm)

350 400 350

450

450 500

A (nm)

500 550 350 400 550

A (nm)

Fig. 4 — PL emission spectra originate from various defect levels of (a) ST and (b) MST and (c) for relative PL intensities

function is given by F(R) = (1-R)%/2R, where, R is the
reflectance. The bandgap energy decreased from
3.21 eV to 3.14 eV for MST compared to that of ST.
Therefore in MST, the absorption edges extended to
the visible regions. The reduction in the bandgap
could be attributed to the attenuated light scattering
by the mesoporous structure®.

PL studies

The broad PL emissions observed for MST and
ST are shown in Fig. 4a and Fig. 4b, respectively.
The modification of MST has resulted in an
appreciable change in the PL intensity. The resolved
peaks exhibited in Fig. 4a are associated with
various transitions occurred due to its high sensitivity
towards visible light. The same results are also
obtained for MST with slightly displaced peak
centers. The emission band at 393 nm and 387 nm
are related to shallow defect levels in ST?. The
intense broad emission at 417 and 416 nm have
resulted from the recombination of excited electrons
and holes through the defect level and the emission
at 442 and 453 can be attributed to the recombination
of excited electrons and holes through their self-

trapped excited states®?°. The other two emissions
are relatively weak and are deep level defect
correlated emissions®. The PL intensity of MST was
guenched in comparison to that of ST (Fig. 4c). This
might be due to the better charge separation in the
mesoporous structure that resulted in the higher
density of charge carriers.

BET analysis

The effect of pluronic acid on the surface area of
the MST and ST was studied by N, adsorption-
desorption isotherms. The isotherms are shown in
Fig. 5. The isotherm of MST shown in Fig. 5a
indicates the presence of type IV pattern with H3
type hysteresis loop. This might be due to the
existence of well-developed mesopores with slit-like
pores with non-uniform size and shape®*%. The
isotherms of MST indicates typical type IV curve
with monolayer adsorption at low values of relative
pressures (P/Py), followed by multilayer adsorption
and capillary condensation at a relative pressure of
0.46-0.94 P/Py. The isotherm for material ST shown
in Fig. 5b indicates the presence of type Il adsorption-
desorption isotherm, which is typically characteristic
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Fig. 5 — N,-sorption isotherms of (a) MST and (b) ST along with the corresponding pore size distribution plot for MST is also shown in

the inset of (a)

of nonporous materials. The specific surface area
calculated from the BET adsorption isotherms of
MST and ST were 12 and 17 m?/g, respectively. The
pore diameter was calculated from Barrett—Joyner—
Halenda (BJH) equation, V, = Ry( AV,) - R, At Zc;
Al, using the desorption isotherm ,where, V,is the
volume of the pores involved in the nth desorption
step, the constants R, and c; depend on the average
pore size and average thickness of the physically
adsorbed multilayer, respectively, and At,is the
decrease in thickness of the multilayer as a result of
the nth desorption step and A the surface area of the
set of pores involved in the ith desorption step®.
The formation of mesopores in ST can be explained
by the soft structure-directing assembly and hard-
templating chemistry®. In presence of the structure
directing agent pluronic P123, the condensation and
aggregation of Sr-O-Sr occur at the polymer
template/water interface®. The citric acid addition
resulted in the effective control of the hydrolysis-
condensation process of metal precursors®. The
citrate complex promoted the interparticle interaction
by stabilizing and interlinking the metal ion resulting
in the organization of strontium titanate crystals
around the micelles of the polymer template®”. During
calcination, the combustion of citrate complex results
in the carbonization of pluronic P123 to form in situ
carbon residues that act as template producing
materials with mesostructures®’.

TEM studies

The HR-TEM images of ST and MST are shown in
Fig. 6. The average particle size of spherical and
cuboidal structures in ST and MST are found to be
55 nm and 38 nm, respectively. The results confirmed

that the particles are in the nanometric regime. The
measurements obtained from the SAED patterns for
ST and MST samples are in consistent with the ST
plane space and clearly provided a deep
understanding of the perovskite structure of titanate
nanostructure.

XPS studies

We investigated the elemental composition of the
prepared MST material by XPS. The XPS spectrum of
oxygen binding energy regions shown in Fig. 7a
indicates two main peaks at 529.2 and 531.4 eV
corresponding to the lattice oxygen and surface
adsorbed oxygen, respectively®®. The peaks in the
XPS spectra of MST in Fig. 7b around 458.05 and
463.8 eV are attributed to Ti 2ps, and Ti 2pyp,
respectively®. The difference in the binding energy of
5.8 eV explains the valency of Ti as Ti**. The Ti2p.
component located at 460.35 eV corresponds to the
C-Ti-O4 bond®. In Fig. 7c, the peaks at binding
energy values 133.05 and 134.45 eV corresponds to
Sr3ds;, and Sr3dy, in which Sr is present in Srt?
oxidation state®. The C1s peaks in Fig.7d at 279.5 eV,
284.6eV and 289.6eV corresponds to characteristics
bands of C-Ti, C—C, and C=0, respectively*®*'. The
results of XPS analysis confirmed the successful
synthesis of SrTiOs.

Photocatalytic degradation studies

Photocatalytic degradation of MB was performed
using MST catalyst whose performance was
compared with that of ST catalyst. The absorption
spectra of MB degradation recorded for ST and MST
catalysts are depicted in the Fig. 8a and Fig. 8b,
respectively. In the comparative study on
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Fig. 6 — (a, d) SAED patterns, (b,e) TEM images and (c, f) HR-TEM images of ST and MST materials

photocatalytic activity using 10* M MB solution
under UV source of illumination, the complete
degradation of MB was achieved within a time period
of 120 min. The efficiency of the degradation
experiment was evaluated by using the following
equation

Degradation percentage= [(Cy-C,)/Co] x100%

where, C, and C; represent the concentration of
methylene blue at the time ‘0’ and ‘t’, respectively.
Fig. 8c illustrates the degradation efficiency of MB
versus irradiation time using MST and ST catalysts. It
could be observed that the degradation efficiency of
MB enhanced greatly in the presence of MST catalyst.
Fig. 8d indicates a linear relationship between
In(Co/C) and time, illustrating that the photocatalytic
degradation of MB followed the first-order kinetics.
The rate of degradation experiment can be expressed
using the following equation

In(Co/C)= kt,

Where, C, is the initial concentration of the dye
methylene blue, C is the concentration of methylene
blue at time t, k is the apparent rate constant.

In Fig. 8d, In(Cy/C) varies linearly with time which
indicates the first-order Kkinetics with regression
coefficient of 0.95 and 0.85 for ST and MST,
respectively. The values of the rate constant obtained
for ST and MST materials were 0.007 and 0.04,
respectively. The photocatalytic activity of MST is
found 5.65 times faster than ST as the mesoporous
structures possessed nanoscale channel walls that
allowed the rapid arrival of the photogenerated
electrons and holes to the surface®. This enhances the
charge transfer efficiency and suppresses the electron-
hole recombination. Moreover, the low bandgap and
high density of charge carriers in MST samples
facilitated the higher activity of MSTcompared to that
of ST. The argument was well supported by DRS
spectra and PL measurement. In the case of the ST
photocatalyst, the low photocatalytic activity might be
due to the formation of non-porous structures. The
degradation mechanism in this structure recites as
follows, on irradiation with UV light the electrons in
the valence band of ST are promoted to the
conduction band thereby leaving holes in the valence
band. The holes react with surface adsorbed water
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producing hydroxyl radicals (OH) whereas the
electrons in the conduction band react with dissolved
oxygen generating superoxide anions (O,") which
subsequently reacts with H* to generate hydroxyl
radicals (OH'). The hydroxyl radicals (OH") with high
oxidizing ability degrade the MB dye. The high
density of charge carriers presents in the mesoporous
structures enabled the complete degradation of MB*.

Conclusions

Mesoporous strontium titanate nanomaterial was
synthesized by a cost-effective sol-gel combustion
method with high chemical purity and pronounced
crystallinity using pluronic P123 and citric acid as a
structure-directing agent and complexating agent
respectively. Citric acid addition resulted in the
enhanced purity and crystallinity of the samples. The
present study revealed that the triblock copolymer
was essential for the generation of mesostructure.The
measurements obtained from the SAED pattern for ST
and MST samples are in consistent with the strontium
titanate crystal plane obtained from XRD results.
The UV-visible DRS spectra showed a significant
reduction in band gap energy when samples were
reformed into mesoporous. The photoluminescence
studies showed various excitations and transitions
favorable for photocatalytic activity. The study
summarizes that the MST is an excellent
photocatalyst that can degrade methylene blue
effectively. Moreover, the photocatalytic performance
of MST prepared using P123 was enhanced
5.65 times faster than ST. The high photocatalytic
activity of MST compared to that of ST can be
attributed to the low band gap, mesoporous structure,
presence of carbonate species, and enhanced charge
transfer efficiency of MST. Based on the observations
we can conclude that MST synthesized using pluronic
P123 is a promising photocatalytic material for the
environmental remediation process and also for
related applications.
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