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ABSTRACT: Porous graphene-SrTiO; (PGST) composite
prepared by a facile solvothermal method was tested for its
photocatalytic activity in degradation of methylene blue (MB)
dye. First-principles density functional theory calculations were
also carried out to study the effect of nanocomposite formation
on the electronic structure and density of states. The combined
experimental and theoretical study gave insights regarding the
formation of the Sr—C bond which enhanced the charge
transport, effectively separating the charge carriers and reduced
their recombination rate. The formation of PGST nano-
composite favorably tuned the electronic structure with
decreased band gap due to introduction of the hybridized
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states extending the absorption to the visible region of electromagnetic spectrum. The microscopy studies revealed loofah like
PG wrapped SrTiO; nano structures with contusions providing high surface area facilitating adsorption of MB dye. Degradation
of ~92% was obtained by 7.5 PGST in 120 min with high cyclic stability indicating its suitability as an efficient photocatalyst for

the treatment of pollutants.
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1. INTRODUCTION

Photocatalysis constitutes the most propitious options for
environmental remediation due to its efficient utilization of
sunlight as a clean and renewable energy source. In the last
few decades, perovskite-oxide-based photocatalysts having
general formula ABO; have been receiving attention due to
their cost effectiveness, biocompatibility, and unique photo-
catalytic activity.” Among them, SrTiO; has attracted
tremendous interest due to its very good physicochemical
properties such as large number of active sites, excellent
chemical and thermal stability, and environmentally benign
nature.” However, it suffers from a major drawback as its
photocatalytic activity is strictly restricted to the ultraviolet
region of electromagnetic spectrum because of its wide band
gap of 3.2 eV.* Although doping has been implemented to tune
the electronic structure and reduce the band gap this leads to
surfacing of another drawback viz. the high rate of
recombination due to introduction of defect states of the
dopant atom.”® Also, poor transport of carriers leads to
inefficient charge separation and hence reduced lifetime of
photogenerated electron—hole pairs. Therefore, to facilitate the
rapid transport of charge carriers to the reaction site blending
S1TiO; with an eflicient conducting material is essential.
Graphene, a 2D layer of sp” hybridized carbon atoms with a
hexagonal motiff is known to possess high electrical
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conductivity, thermal conductivity, electron mobility, mechan-
ical strength, and chemical stability.”® Porous graphene (PG),
on the other hand, possesses higher surface area, excellent
hydrophobicity, higher stability, and acts as an electron
acceptor.” Hence, SrTiO;-PG composite is expected to exhibit
high conductivity, adsorptivity, and enhanced photocatalytic
activity. Although synthesis of SrTiO;/graphene composites
for photocatalytic applications has been previously reported, to
the best of our knowledge synthesis of porous graphene-
SrTiO;(PGST) composite has not been reported.'’~"* Hence,
development of a facile synthetic technique for producing
highly efficient PGST composite for photocatalytic applica-
tions is highly anticipated. The goal is to design the synthesis
such that the composite possesses high surface area, has
appropriate band gap for visible light absorption, and the
surface interaction between SrTiO; and PG is high so as to
facilitate easy charge carrier transfer along with reduced
tendency for recombination of photogenerated electron—hole
pair.

Herein, PGST composite was prepared by a facile and
reproducible one step solvothermal approach. The synthesized
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Scheme 1. Schematic Illustration of Synthesis of PGST Composite via Solvothermal Method
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materials were thoroughly characterized by X-ray diffraction
(XRD), Raman spectroscopy, X-ray photoelectron spectrosco-
py, field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), Brunauer—Em-
mett—Teller (BET) analysis, diffuse reflectance (DR) spec-
troscopy, photoluminescence (PL) spectroscopy and electro-
chemical impedance spectroscopy (EIS) techniques. The
photocatalytic efficiency of PGST was assessed by analyzing
the degradation of methylene blue (MB) dye solution.
Meanwhile, density functional theory (DFT) calculations of
PGST were carried out to understand the perturbation of the
electronic structure due to composite formation. The superior
photocatalytic activity of the composite was mainly attributed
to the high adsorption ability due to large surface area, visible
light absorption due to reduced band gap and low
recombination rate of photogenerated charges due to increased
rate of charge transfer as a consequence of Sr—C bond
formation in the composite.

2. METHODS

2.1. Synthesis of PGST Composite. All chemicals were procured
from Sigma-Aldrich and were used without further purification. GO,
PG, and SrTiO; were synthesized according to previously reported
procedure.”'® “x PGST” (x = 2.5, 5.0, 7.5, and 10.0 wt % GO) was
synthesized by a simple solvothermal approach (Scheme 1). A
calculated amount of SrTiO; powder was added to the solution of GO
dispersed in 1:1 water—ethylene glycol mixture and stirred for 3 h to
obtain a homogeneous solution. The resultant mixture was sealed in
an autoclave and then heated to 160 °C for 16 h. The obtained black
precipitates were thoroughly washed with distilled water and dried in
an oven at 70 °C for 8 h. The composite obtained by taking 2.5, 5.0,
7.5, and 10.0 wt % GO was labeled as 2.5 PGST, 5.0 PGST, 7.5
PGST, and 10 PGST, respectively.

2.2. Characterization. The crystallographic structures of the as
synthesized catalysts were analyzed using a powder X-ray diffrac-
tometer (XRD, Rigaku Miniflex 600) with monochromatic Cu—K,
radiation (4 = 0.154 nm) at a scan rate of 2° per min in the range of
5—80°. Raman spectra were recorded with the help of a He—Ne
source operating at 532 nm (Renishaw Invia). Kratos XSAMS800
spectrometer equipped with an Al K,, source was used to record X-ray
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photoelectron spectrum (XPS). The morphological features of the
synthesized catalysts were analyzed using field emission scanning
electron microscope (FESEM, Carl Zeiss Ultra 5S) and transmission
electron microscope (TEM, Fie Tecnai G2). The nitrogen
adsorption—desorption isotherms were obtained at 77 K using BEL
SORP II, JAPAN. The specific surface areas of the as synthesized
catalysts were calculated by BET method and the Barrett—Joyner—
Halenda (BJH) method was employed to determine pore size
distribution.'"* DR spectrum was taken using UV—visible DR
spectrometer (DRS, DR SPECORD S600 Analytic Jena) and the
PL spectra were obtained with a 288 nm excitation wavelength source
(LS-5S, PerkinElmer Instruments) at room temperature. EIS was
carried out in the frequency range of 10° Hz to 0.01 Hz by applying a
small AC perturbation of 10 mV using a three-electrode cell with
composite coated Ni sheet as working electrode, Pt wire as counter
electrode and saturated calomel electrode as reference electrode with
6 M KOH as electrolyte usmg IVIUM electrochemical workstation
(The Netherlands, Vertex)."* The working electrode was fabricated
according to a previously reported paper.”

2.3. Determination of Photocatalytic Activity. The photo-
catalytic reactor was fitted with a high-pressure 250 W Hg vapor lamp
functioning at a wavelength of 410—700 nm. PGST (25 mg) and MB
(1 mg) dissolved in 100 mL of water were loaded into a S00 mL of
pyrex glass beaker. Adsorption—desorption equilibrium was attained
by magnetic stirring for 1 h. In these studies, S mL of the MB solution
was drawn out periodically, centrifuged to remove the catalyst and the
absorbance of the dye solution was measured using UV—visible
spectrometer at 664 nm. The percentage of degradation of dye was
calculated as per eq 1."°

%degradation = [(C, — C)/C,] X 100 (1)

where, C, is the concentration of dye solution at time, t = 0 and C is
the concentration at different time intervals.

2.4, Computational Details. To understand the mechanism of
photocatalytic activity of PGST, DFT based electronic structure
calculations were carried out using Quantum ESPRESSO package.'®
Tonic core and valence electrons were represented using plane wave
basis set and ultrasoft pseudopotentials. Generalized gradient
approximation with Perdew, Burke, and Erzenhoff parametrized
form is used to treat the exchange-correlation energy functional.'” 5s?,
3d%4s?, 2s%2p*, 25%2p? electrons of Sr, Ti, O, and C, respectively are
considered as valence electrons in the calculations. Fully relaxed § X 5
X 1 supercell of PG along with SrTiOj; cluster was used for simulating
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Figure 2. High resolution XPS spectrum of 7.5 PGST (a) Sr 3d; (b) Ti 2p; (c) O 1s; (d) C 1s.

the composite. A vacuum of 12 A was used in the z - direction to
avoid the interaction between the successive layers. Brillouin zone was
sampled using a k mesh of 9 X 9 X 1 for self-consistent field
calculations and 18 X 18 X 1 for nonself consistent field calculations.
An energy cutoff of 50 Ry for plane wave basis and charge density
cutoff of 400 Ry was used. Electronic structure was determined along
I' - M - K- T path of high symmetry points for the composite.

3. RESULTS AND DISCUSSION

3.1. XRD and Raman Analysis. XRD technique was used
for the crystallographic study of the as synthesized catalysts.
The peak indexed XRD plot (Figure la) of PGST samples
matches well with the cubic phase of SrTiO; (JCPDS card no.
01—089—4934). A small shift in the 20 value of (110) peak
from 32.21° (SrTiO;) to 32.17° (7.5 PGST) indicates the
possible interaction between the components of the composite
formed. Scherrer equation was used to calculate the average
crystal sizes using (110) peak. The calculated values turned out
to be 34.7, 32.8, 30.0, 28.8, and 26.1 nm for SrTiO;, 2.5 PGST,
5.0 PGST, 7.5 PGST, and 10 PGST, respectively. Due to lower
quantity of PG in the composite, peaks corresponding to it are
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absent. However, its presence is confirmed from Raman
spectra. Among the different composite samples, 7.5 PGST
showed highest photocatalytic activity. Hence, for detailed
analysis, only 7.5 PGST sample was considered.

The Raman spectra of PG reveals a peak at 1347.5 cm™" (D
band), which can be assigned to the presence of sp® defects
and another peak at 1590.7 cm™'(G band), which can be
attributed to the in-plane vibration of sp* bonded carbon
atoms (Figure 1b).” These peaks shift to 1348.8 and 1588.5
cm™, respectively in 7.5 PGST. It is seen that the intensity
ratio of D band to G band (Ip/I;) in the case of 7.5 PGST
(0.94) is lower than that of PG (1.05). This is attributed to the
interaction of PG with SrTiO; moiety which neutralizes the
free defects present in the PG.”

3.2. XPS Analysis. XPS survey spectrum of 7.5 PGST
reveals the presence of Sr, Ti, O, and C (SI Figure S1). The
peaks at binding energies 132.5 and 134.3 eV is attributed to Sr
3ds,, and Sr 3d;), states, respectively (Figure 2a)."* While, the
peak at 132.96 corresponds to Sr bonded to C. This suggests
the chemical interaction of SrTiO; with the PG in the
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Figure 3. FESEM image of (a) SrTiO; nanoparticles; (b) PG; (c) TEM image of 7.5 PGST; (d) Nitrogen adsorption—desorption isotherm and

BJH pore size distribution (inset) of 7.5 PGST.
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Figure 4. Visualization of wave functions of SrTiO; of (a) valence band; (b) conduction band.

composite which is favorable for transport of photogenerated
electrons. One of the main reasons of low efficiency of a
photocatalyst despite having a favorable band gap is the
recombination of charge carriers. Formation of Sr—C bonds
facilitates the transfer of electrons generated in SrTiOj; to
electron accepting PG, there by separating the electrons and
holes and reducing the recombination of the charges. This is
further confirmed by the DFT studies. Ti 2p;,, and Ti 2p, ),
states appear as peaks in Figure 2b at binding energies of
458.13 and 463.93 eV, respectively.'> The peak at 529.3 €V in
Figure 2c is due to the lattice oxygen (O) and at 531.2 eV is
due to the surface hydroxyl groups (OOH).13 Figure 2d shows
the high resolution C 1s spectrum which is deconvoluted into
two peaks of binding energies 284.7 and 285.7 eV and is
attributed to sp> carbon of PG and C—H bond of sp® carbon
atom at the edge of PG, respectively.”
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3.3. Morphology Studies and Surface Area Analysis.
The morphological study of 7.5 PGST was carried out using
FESEM and TEM. Figure 3a reveals SrTiO; nanoparticles as
spherical agglomerates, whereas Figure 3b shows PG in the
form of wrinkled sheets with porous nature. The TEM image
of 7.5 PGST shows SrTiO; nanoparticles being wrapped in PG
sheets and the entire composite having a loofah like structure
(Figure 3c). The wrapping of nanoparticles by PG increases
the area of contact between the two components facilitating
better interaction for charge transfer in comparison to SrTiO;
particles being just distributed on the planar PG sheets.”'’ The
SAED pattern of 7.5 PGST shows polycrystalline nature (SI
Figure S2).

The nitrogen adsorption analysis was carried out in order to
obtain the information on the specific surface area and porosity
of PGST. The isotherms for 7.5 PGST was type IV with
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hysteresis loops of type H3, indicating the presence of slit like
pores (Figure 3d)."® The BET specific surface area of 7.5
PGST was found to be 65.35 m’g™", which is much greater
than SrTiO; (26.45 m®g™'). The large surface area of the
composite is due to the formation of contusions in the loofah
like structure. This in turn allows more MB dye molecules to
get adsorbed on to the surface of the catalyst due to the 7—n
interaction between the PG and MB dye molecule. The
photogenerated carrier migrates to the surface of the material
to react with oxygen or water to form active species.
Adsorption of MB dye on the surface of catalyst decreases
the path length to be traveled by the active species for the
effective reaction and hence increases the photocatalytic
activity. The Barrett—Joyner—Halenda (BJH) method was
utilized to analyze the pore size distribution of 7.5 PGST
indicating the presence of mesopores with the pore volume of
0.151 ecm®g™" (Figure 3d inset) while that of SrTiO; was 0.040
cm’g™". The pore size distribution of SrTiO; is given in SI
Figure S3.

3.4. Electronic Structure Analysis. The electronic
structure of SrTiO; is composed of O ‘p’ states constituting
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the valence band (VB) and Ti ‘d’ states constituting the
conduction band (CB) as revealed by the visualization of its
wave functions (Figure 4). A direct band gap (I point) of 2.74
eV and an indirect band gap (R — I') of 2.14 eV is estimated
from DFT calculations against the experimental band gap of
3.2 eV due to the well-known underestimation in DFT based
calculations.” Graphene is known to possess a zero band gap at
K point while PG has a gap of ~1.4 eV between VB and CB
with an asymmetric defect band of ~0.4 eV width (passing in
the mid gap region) arising out of ‘p’ states of C atom
surrounding the pore.

In order to study the electronic structure of PGST, two
different conditions were considered. In condition C—I, PG
containing a single pore within the simulated area (5 X § X 1
supercell) was chosen. As in the case of pristine SrTiO;, even
here VB is formed to a major extent out of O ‘p’ orbital
contribution while CB out of Ti ‘d’ orbitals. A prominent
decrease in the band gap to 1.21 eV is seen with the
introduction of levels comprising of ‘p’ states of C atoms about
0.82 eV above the VB edge. The presence of these in-gap states
extends the absorption into the visible range. In addition to
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this ‘s’ states of Sr atoms along with minor contribution of its
‘p’ orbitals form a level just beneath the CB overlapping with
the CB edge at K point (Figure Sa and b). A noteworthy
observation here is that the occurrence of this level due to Sr
atoms is quite a unique feature as in general, Sr states never
contribute in and around the Fermi level in SrTiO; based
materials.”'? At the Fermi level the ‘p’ orbitals of C hybridize
with s’ and ‘p’ orbitals of Sr leading to a peak in the DOS plot.
The above two features point toward the formation of Sr—C
chemical bond between the SrTiO; and PG confirming the
results of XPS. The formation of Sr—C bond facilitates easier
migration of charge carriers and hence lesser instances of
recombination of photo induced electron hole pairs. To mimic
higher porosity, two pores were considered in the same
supercell (5 X S X 1) viz. the condition, C—IL. The electronic
structure and DOS of C—II reveals that the C induced mid gap
states found in C—I is pushed further down and overlaps with
the VB. This increases the gap from C defect band to CB to
1.02 eV from 0.39 eV (estimated in the case of C—I) and
indicates lesser chances of recombination (Figure Sc and d).
The other features of the electronic structure of C—II resemble
that of C—I. The absence of mid gap level in C—II and
formation of stronger Sr—C bond due to higher extent of
overlap of C and Sr orbitals indicates that increase in the
number of pores not only increases the surface area for
adsorption of substrate but also improves the photocatalytic
activity by facilitating better charge migration and hence better
charge separation. Since there is a possibility of C being doped
into the SrTiO; lattice during the synthesis of PGST, we
studied two different types of doped composites, viz. C@Sr site
(D-I) and C@Ti site (D-II) with two pores in the PG
supercell. The electronic structure of D-I reveals that at the
Fermi level the states are contributed majorly by the ‘p’ orbital
of C@Sr site with minor contributions from each C atom of
PG sheet. Since the doped C atom bonds with the O atom of
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the lattice, their orbitals hybridize, and the contribution of O
‘p’ orbitals move further up in the VB toward the Fermi level
reducing the band gap to 0.97 eV (Figure Se and f). This
appears as a stripe just beneath the curved edge of VB. The Sr
states appear just 0.08 eV below the CB, 10 times lower than
that in the undoped case (C-1I). The D-II configuration reveals
a further decrease in the band gap to 0.84 eV. Unlike the other
three configurations here, overlap of orbitals of Sr with C or of
Ti with C is not observed. The ‘p’ orbitals of C@Ti shows
major contributions in the VB (2.5 eV below Fermi level) and
at the top of CB away from Fermi level unlike C@Sr which
had its effect exactly at the Fermi level (SI Figure S4). The ‘p’
orbitals of C atoms of PG form the lowermost part of the CB.
Interestingly, Ti s’ states form a donor level 0.21 eV above the
VB but 0.38 eV below the Fermi level within the band gap
region of 0.84 eV. Around 0.5 eV above the Fermi level in the
CB contributions from both ‘d’ states of Ti and ‘s’ states of Sr
is observed. In total, the simulated electronic structure and
DOS of PGST reveals a decrease in band gap extending the
absorption to visible range and the formation of Sr—C bond
which helps in transfer of electrons from SrTiO; to PG
facilitating charge separation and hence reduced recombination
of electron and holes enhancing the photocatalytic activity as
experimentally observed.

3.5. Optical, Electrochemical, and Photocatalytic
Study. The UV-visible absorbance plot of SrTiO; exhibited
an absorption edge at 387 nm, due to the electronic transition
from the O p’ to the Ti ‘d’ states. The absorption band edges
of PGST exhibited a red shift from 405 to 431 nm (Figure 6a).
The Tauc relation was employed to calculate the direct band
gap of the as synthesized samples as given in eq 2.”

2

(ahv)” = K(hv — Eg) )
where, a is the absorption coefficient, E, is the energy band gap
of the semiconductor, K is a constant, hv is the energy of
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Figure 7. Mechanism of photocatalytic degradation of MB by PGST.

photon. SrTiO; exhibited a band gap of 3.21 eV, whereas the
band gap (aborption edge) of the PGST samples decreased
gradually from 3.06 eV (405 nm), 3.03 €V (409 nm), 2.93 eV
(424 nm) to 2.87 eV (431 nm) for 2.5 PGST, 5 PGST, 7.5
PGST, and 10 PGST, respectively. This decrease in the band
gap of PGST is attributed to the formation of C p’ states
above the VB and Sr ‘s’ states below the CB as explained in
detail in previous section under the DFT studies.

The PL spectra of the as synthesized SrTiO; and PGST were
examined in order to get more information on recombination
behavior of photoinduced charges (Figure 6b). Compared with
SrTiO;, a severe decrease in the fluorescence intensity of
PGST samples can be observed. This decrease in the PL
intensity of the PGST samples is because of the lower
recombination rate of photoinduced holes and electrons due to
efficient electron transfer from SrTiO; by the PG through Sr—
C bond. Further increasing the PG content above its optimal
value resulted in the enhancement of fluorescence intensity
due to agglomeration of PG which again introduces
recombination centers.

Nyquist plot showed that the addition of PG decreased the
resistance value of SrTiO; from 3.18 € to 0.19  for 7.5 PGST
(SI Figure SS). Although the values decreased with the
increase in amount of PG, the 10 PGST sample showed
comparatively higher resistance which may be due to the
agglomeration of PG sheets. Further, the obtained resistance
values from EIS measurements revealed that combination of
SrTiO; with PG decreases the interfacial as well as charge
transfer resistance (SI Table S1). This leads to decrease in the
recombination of photogenerated charge carriers due to the
increased rate of electron acceptance and transport by PG.”'

The percentage degradation of MB by SrTiO;, 2.5 PGST,
5.0 PGST, 7.5 PGST, and 10 PGST was found to be 45.7, 70.4,
80.8, 91.9, and 79.5, respectively (Figure 6¢). The enhanced
photocatalytic activity of 7.5 PGST can be attributed to the
enhanced light absorption in the visible region, high surface
area, high pore volume and low recombination rate of
photoinduced charges. Large surface area of the 7.5 PGST
composite allows more MB dye molecules to get adsorbed on
to the surface of the catalyst and the higher pore volume leads
to rapid diffusion of various inorganic products formed during
the photocatalytic reaction.”' On the other hand, in the case of
10 PGST, the higher amount of PG content hinders the
absorption of light by SrTiO; nanoparticles which can cause
decreased generation of electron—hole pair.” The presence of
excess PG can also act as recombination center for photo-
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induced electron—hole pairs as revealed by PL results. Due to
these reasons, the photocatalytic activity of 10 PGST was
found to be lower. The above photocatalytic reaction follows
the pseudo first-order rate eq 3.”

In(C/C) = —kt 3)

where, C, is the concentration of the dye at time ¢ = 0, C is the
concentration of the dye at irradiation time ‘¢’ and k is the first
order rate constant (Figure 6d). It is found that the rate
constant increases with increase in PG content. 7.5 PGST
exhibited a value of 0.0177 min~', which is higher than the
SrTiO; (0.0043 min~"). The drop in the photocatalytic activity
of 7.5 PGST after five consecutive cycles was minimal, pointing
to its high stability (SI Figure S6).

In order to find out the active species involved in the
photocatalytic degradation, trapping experiments were carried
out using different agents such as benzoquinone (1 mM) as a
superoxide anion radical (O,”) scavenger, potassium iodide
(10 mM) as a hole (h*) scavenger and isopropyl alcohol (10
mM) as a hydroxyl radical (OH-) scavenger. The addition of
potassium iodide reduced the photocatalytic activity to the
maximum extent followed by isopropyl alcohol indicating holes
and hydroxyl radicals are the major active species (SI Figure
S7). Benzoquinone addition had the least effect indicating O,
had minor role in the degradation of MB. Taking into
consideration of these results, the mechanism of photocatalytic
degradation of MB by PGST can be explained as follows
(Figure 7). When a photon of suitable energy is irradiated on
PGST, electron hole pairs are generated in SrTiO3. As PG is an
electron acceptor, the electrons from the SrTiOj transfers to it
through the Sr—C bond thereby reducing the rate of
recombination of photoinduced charges and boost the
photocatalytic activity. These electrons react with oxygen to
produce superoxide radicals and the holes either directly
oxidize MB or react with surface adsorbed water to produce
hydroxyl radicals. These generated active species act as strong
oxidizer for the effectual degradation of the MB adsorbed on
the PGST to CO, and H,O.

4. CONCLUSIONS

For the first time, a facile solvothermal method was
successfully used for the synthesis of PGST. The loofah like
structures of the composite increased the surface area
facilitating higher rate of adsorption of MB dye. First-principles
DFT simulations revealed a reduction in the band gap of
SrTiO; on integration with PG, extending the absorption to
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the visible region of the spectrum. The increased rate of charge
transfer due to the formation of Sr—C bond, enhanced the
charge separation, and reduced the recombination rate. The
composite exhibited enhanced photocatalytic activity (~92%
in 120 min) and cyclic stability. The high performance of the
PGST is attributed to the tuned electronic structure,
morphology, and chemical bonding, which makes it a potential
candidate for photocatalytic environmental remediation.
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