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In the pursuit of sustainable energy and environmental solutions, photocatalysis has emerged as a transformative
technology, harnessing the power of light to drive chemical transformations. Among the myriad photocatalytic
materials, calcium titanate (CaTiO3) stands out as a promising candidate, holding the potential to revolutionize
the landscape of photocatalysis. To further improvise the efficiency of CaTiOs in this work, porous graphene-
CaTiO3 nanocomposite was synthesized by a straightforward solvothermal method and its photocatalytic activity
was tested for the degradation of methylene blue dye under visible light. The synthesized sample exhibited
98.1% degradation in 40 min with excellent cyclic stability. Experimental and computational analysis attributed
the enhanced performance to the strong chemical interaction of CaTiO3 cuboids with PG sheets via Ti-O-C bond
which led to efficient electron hole separation leading to enhanced lifetime of the charge carriers. This along with
reduced band gap and increased surface area made the material a potent photocatalyst for the degradation of

dyes in short duration.

1. Introduction

The present situation of our world is daunting due to rapid industrial
development and high population density which has caused severe
damage to the planet especially to the water bodies which harms both
human beings and aquatic life. This has necessitated research to find
solutions for environmental remediation. Photocatalysis is an ideal
green technology for the removal of harmful pollutants in water that
employs natural sunlight as a renewable energy source under ambient
operating conditions [1,2]. In this connection, many materials have
been used as photocatalysts in the past, among which oxides have been
the most widely used due to their non-toxicity, low cost, and long-term
stability [3,4]. Perovskite-based metal oxides that include vanadates,
titanates, and tungstates, have been extensively researched as multi-
functional materials with applications in photocatalysis and thermo-
electrics [5-11]. Among various perovskite titanates, CaTiO3 has been
found to be the attractive candidate in the field of photocatalysis for the
degradation of harmful organic pollutants and water splitting [12-14].
However, large band gap and rapid charge recombination are the most
dreadful concerns that should be resolved to enhance photocatalytic
efficiency [15]. Compositing with 2D materials and doping with metallic
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or non-metallic ions are the most promising strategies employed to
improve photocatalytic efficiency [14,16-18]. Doping is known to be an
effective technique for the augmentation of visible light response of
wide band gap photocatalyst but on the other hand, it is also known to
introduce undesirable in-gap states which function as recombination
centers, thus limiting the photocatalytic efficiency of the material [19,
20]. In addition, weak carrier transport results in a suppressed lifetime
of photogenerated charges. As a result, coupling CaTiO3 with an efficient
conducting support is necessary to enable the rapid delivery of charge
carriers to the reaction site.

Graphene, a two-dimensional sheet-like material consisting of sp?
hybridized carbon atoms arranged in a hexagonal pattern, demonstrates
some exciting properties like excellent electrical conductivity, thermal
conductivity, optical transparency, mechanical strength, and chemical
stability [21]. Porous graphene (PG), which is obtained by the removal
of some sp? hybrid carbon atoms is known to possess all the properties of
graphene and in addition to this has a highly porous structure and a very
high surface area [16,22-24]. The review of literature revealed that
there were a few reports of compositing CaTiO3 with graphene to obtain
improved properties. Kumar et al. reported nitrogen-doped CaTiOs-re-
duced graphene oxide composite for the photocatalytic degradation of
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methylene blue (MB). The improved activity (95% in 180 min) under
visible light was ascribed to the excellent adsorption capacity and sup-
pressed charge recombination [25]. Xian et al. reported 98% photo-
catalytic degradation of methyl orange in 60 min by CaTiOs-graphene
composite under UV irradiation due to the effective suppression of
photoinduced charges [26]. Further, we found that there have been no
reports devoted to the synthesis and photocatalytic activity of porous
graphene-CaTiO3 (PGC) composite. Recently we had investigated the
photocatalytic property of PG wrapped SrTiOs and BaTiO3 nano-
composite for the degradation of MB [16,27]. The excellent photo-
catalytic efficiency (~92% in 120 min and 98.6% in 80 min for
PG-SrTiO3 and PG-BaTiOs composites, respectively) was attributed to
the high surface area, efficient absorption of visible light and enhanced
lifetime of photoinduced charge carriers [16,27]. Motivated by these
results, we were interested in investigating the photocatalytic property
of PGC composite.

Herein, we have synthesized PGC composite by employing a sol-
vothermal approach. The synthesized materials were carefully analyzed
by various advanced characterization techniques to obtain information
on the purity, crystal structure, morphology, elemental oxidation states
and optical properties. MB dye was considered as a model pollutant for
the determination of the photocatalytic activity of the synthesized
composite materials. The outstanding photocatalytic activity (98.1%
degradation in 40 min) of the composite was attributed to the high
adsorption capacity of the composite, enhanced photoabsorption in the
visible region of the solar spectrum and rapid transport of photo-
generated charges via Ti-O-C bonds increasing the lifetime of carriers.
Hence, the work not only contributes to the fundamental understanding
of photocatalysis process in PGC but also holds the promise of
addressing pressing global challenges by paving way for future ad-
vancements in environmental remediation.

2. Method
2.1. Preparation of PGC composite

All the chemicals were purchased from Sigma-Aldrich and were used
as received. CaTiO3 and GO were produced according to the previously
reported method [14,24]. ‘x PGC’ (x = 2.5, 5.0, 7.5, 10.0 and 12.5 wt%
GO) was prepared by a straightforward solvothermal approach as fol-
lows: An intended amount of CaTiO3 powder was stirred in a solution of
1:1 water-ethylene glycol mixture containing dispersed GO to obtain a
brownish white suspension. The resultant suspension was sealed in an
autoclave and kept at 160 °C for 16 h. The black precipitates formed
were carefully washed with distilled water and dried in an oven at 70 °C
for 8 h. The obtained composite by taking 2.5, 5.0, 7.5, 10.0, and 12.5 wt
% GO was labelled 2.5 PGC, 5.0 PGC, 7.5 PGC, 10 PGC, and 12.5 PGC,
respectively.

2.2. Characterization

The powder X-ray diffraction (XRD) study of the synthesized samples
was performed by using a Rigaku Miniflex 600 diffractometer equipped
with monochromatic Cu-K, radiation (A = 0.154 nm) at a scan rate of 2°
per minute in the range of 25°-80°. Raman spectra was recorded using a
diode pumped solid state laser operating at 532 nm (Renishaw Invia). X-
ray photoelectron spectroscopy (XPS) measurement was performed with
the help of a Kratos XSAM800 spectrometer equipped with an Al K,
source. The morphological features of the synthesized materials were
analyzed using field emission scanning electron microscopy (FESEM,
Carl Zeiss Ultra 55) and transmission electron microscope (TEM, Fie
Tecnai G2). Nitrogen adsorption-desorption isotherms were obtained
using a BEL SORP II, JAPAN at 77 K. The specific surface areas were
determined by Brunauer—Emmett—Teller (BET) method and the pore
size distributions were determined by using the Barrett-Joyner-Halenda
(BJH) method. Diffuse reflectance (DR) spectra were recorded using a
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UV-visible DR spectrometer (DRS, DR SPECORD S600 Analytic Jena)
and the photoluminescence (PL) spectra were recorded using 310 nm
excitation wavelength (LS-55, Perkin Elmer Instruments) at room
temperature.

2.3. First principles calculations

Density of states (DOS) calculations of CaTiOs, PG and PGC were
carried out using Quantum ESPRESSO package within the framework of
density functional theory (DFT) [28]. Ultrasoft Perdew, Burke and
Ernzerhof (PBE) pseudopotentials implementing generalized gradient
approximation was used for the simulations [29]. 4 s% of Ca, 3d%4 s% of
Ti, 2 s22p* of O and 2 s%22p? of C were considered as valence electrons.
Fully relaxed 5 x 5 x 1 supercell of PG with orthorhombic CaTiO3
cluster and a vacuum of 12 A in z direction to avoid interaction between
the composite layers were used for the simulations. Brillouin zone in-
tegrations were sampled using a k-mesh of 9 x 9 x 1 for scf and denser
mesh of 18 x 18 x 1 for nscf calculations. The plane wave basis repre-
senting the wavefunctions were terminated with an energy cutoff of 50
Ry and charge density cutoff of 400 Ry.

2.4. Determination of photocatalytic activity

To 50 mL of MB solution (10 ppm), 50 mg of the synthesized catalyst
was added and dispersed with the help of a sonicator for 5 min. The
resultant suspension taken in a photocatalytic reactor was irradiated
with a visible light source radiating from a high-pressure 250 W Hg
vapor lamp. In these experiments, 5 mL of the irradiated MB solution
was withdrawn periodically, centrifuged to separate the catalyst and the
absorbance of the supernatant dye solution was determined with the
help of a UV-visible spectrometer at 664 nm. The percentage degrada-
tion of dye was calculated as per Eq. (1).

% Degradation = [(C,-C)/C,] x 100 (@D)]

where, C, is the initial concentration of dye solution and C is the
concentration at different intervals of time.

To assess the major reactive species which are responsible for the
photocatalytic degradation, trapping experiments were carried out by
adding benzoquinone (1 mM), potassium iodide (10 mM), and isopropyl
alcohol (10 mM) as scavengers for superoxide anion radicals (03), holes
(h™) and hydroxyl radicals (OH'), respectively by following the similar
procedure as that of the photocatalytic activity experiments.

3. Results and discussion
3.1. XRD, Raman and XPS analysis

The XRD patterns of the pure CaTiO3 and the PGC composites with
varying concentrations of PG shown in Fig. 1 could be indexed to the
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Fig. 1. XRD patterns of CaTiO3 and PGC samples.
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orthorhombic phase of CaTiO3 with JCPDS card number 42-0423 [14].
A small shift in the diffraction angle of (121) plane from 32.83° (CaTiO3)
to 32.89° (7.5 PGC) indicates a conceivable interaction between the
CaTiO3 and the PG sheets in the composite (Fig. S1). The average
crystallite sizes of the synthesized samples were calculated by using the
values of diffraction angles and FWHM of (121) plane with the help of
the Scherrer equation and the values were found to be 36.5 nm, 29.7 nm,
29.4 nm, 29.0 nm, 28.9 nm and 28.1 nm for CaTiOs, 2.5 PGC, 5.0 PGC,
7.5 PGC, 10 PGC, and 12.5 PGC, respectively [30]. Since, no typical
diffraction peaks for PG were observed in the composite materials due to
the trace amount of PG with low atomic number which cannot be
detected by the diffractometer used, Raman analysis was carried out to
confirm the presence of PG [31].

Raman analysis of PG reveals a peak at 1347.2 em ™! (D band), which
could be assigned to the breathing mode of A;; symmetry of the phonons
near the K point and another peak at 1596.2 cm! (G band), which could
be ascribed to the in-plane vibration of carbon atoms in sp? hybridized
states (Fig. 2) [24,27]. Notably, in the case of the 7.5 PGC sample these
peaks shift to 1350.2 cm™! and 1593.2 cm™}, due to the possible
chemical interaction between the CaTiO3 and the PG sheets. The degree
of defects was derived from the intensity ratio of the D band to the G
band (i.e. Ip/Ig) [32]. The Ip/Ig value in the case of 7.5 PGC (0.91) is
lower than that of PG (1.07) due to the successful incorporation of
CaTiO3 cuboids on PG sheets [27,31,33].

The XPS survey spectrum of 7.5 PGC indicated the presence of Ca, Ti,
0O, and C in the composite (Fig. S2). The binding energy values of various
elements in the high-resolution XPS spectra of 7.5 PGC indicated the
presence of Ca in + 2 state, Ti in + 4 state (Fig. 3 and Table 1) [27,
33-39]. The existence of chemical interaction between CaTiO3 and PG is
indicated by the Ti-O-C bond formed which helps in the effective
transfer of carriers from CaTiO3 to PG thus increasing the separation of
charge carriers, avoiding recombination of electrons and holes which in
turn improves the photocatalytic efficiency [40,41].

3.2. Morphology and surface area analysis

The morphology of PG, CaTiO3, and 7.5 PGC samples was investi-
gated using FESEM and TEM analysis. CaTiO3 particles exhibited a
cuboidal shape while PG revealed wrinkled nature with many pores
(Fig. 4 and Fig. S3). The TEM image of 7.5 PGC indicated CaTiO3 cuboids
partially wrapped in PG which promoted smooth migration of charge
carriers [16,27]. Nitrogen adsorption-desorption isotherm of the 7.5
PGC can be classified as type IV with hysteresis loop H3 which is a
characteristic of mesoporous materials (Fig. 5) [42]. The BET specific
surface area of 7.5 PGC was found to be 31.9 m? g~1, which is higher
than that of CaTiO3 (15.9 m? g 1). This relatively higher surface area of
the composite is due to the porous structure of PG which has an
extremely high surface area [16]. The pore size distribution of the 7.5
PGC was analyzed by BJH analysis which revealed the mesoporous na-
ture of the sample. The pore volume of 0.09 cm® g ™! of 7.5 PGC was also

D band

G band
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Fig. 2. Raman spectra of PG and 7.5 PGC.
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found to be higher than that of pure CaTiO3 (0.02 cm® g™1). Relatively
higher surface area and pore volume increases the photocatalytic ac-
tivity due to enhanced adsorption of dye molecules on the surface for
catalysis and rapid transport through the interlinking channels created
by the pores [1,27,39].

3.3. Theoretical analysis

CaTiOj3 synthesized crystallized in orthorhombic structure and hence
the same was used for the First principles density functional theory
simulations. We see that the density of states (DOS) reveals an energy
gap of 2.4 eV which is an underestimation compared to the experimental
band gap of 3.2 eV reported previously (Fig. 6) [14]. Such kind of un-
derestimation is well known in DFT based calculations [43]. Projection
of atomic orbitals onto the DOS plot reveals that the conduction band is
formed out of Ti ‘p’ states while the valence band is formed from O ‘p’
states similar to the case of other perovskite oxides like SrTiO3 or BaTiO3
[5,44]. Removal of a single carbon atom from graphene sheet to create a
pore leads to opening up of zero band gap to 1.4 eV with a strong peak at
the Fermi level created by the ‘s’ and ‘p’ states of carbon atoms sur-
rounding the pore [22,24]. The formation of PGC composite leads to
formation of Ti-O-C bond by the overlap of ‘d’ states of Ti with ‘p’ states
of O and C in the conduction band which leads to the easy migration of
electrons promoted from the valence band of CaTiOs to its conduction
band, to the PG thereby increasing the separation of charge carriers and
increase in the lifetime of charge carriers.

3.4. Optical absorbance analysis

The optical absorption properties of the synthesized materials were
investigated by DRS analysis (Fig. 7a). From the DR spectra, it can be
seen that the absorption edges of PGC were shifted to the longer
wavelength side as compared to CaTiOs. The band gap of the synthe-
sized catalysts was obtained using Tauc method where (a.h)V" was
plotted against the band gap energy [1]. Here, a is the Kubelka-Munk
function derived from Eq. (2).

(2)

where, R is the reflectance, A and S are the absorption and scattering
coefficients, respectively [11]. The estimated band gaps were 3.27 eV,
3.14 eV, 2.94 eV, 2.78 eV, 2.62 eV and 2.51 eV for CaTiOs, 2.5 PGC, 5.0
PGC, 7.5 PGC, 10 PGC and 12.5 PGC, respectively (Fig. 54).

Analysis of PL spectra has been widely used to investigate the life-
time of photoinduced charge carriers. From the PL spectra, a significant
reduction in the fluorescence intensity of composite materials in com-
parison to CaTiO3 was observed which was attributed to the efficient
electron transport from CaTiOs3 to PG through the Ti-O-C bond thus
enhancing the lifetime of photogenerated charge carriers by preventing
electron hole recombination. However, beyond 7.5 PGC, the PL intensity
was found to increase due to increase in recombination centers as a
result of excess PG (Fig. 7b) [45].

3.5. Photocatalytic activity studies

During the photocatalytic study the percentage of MB removal by the
CaTiOs, 2.5 PGC, 5.0 PGC, 7.5 PGC, 10 PGC, and 12.5 PGC was found to
be 14.0%, 74.0%, 88.0%, 98.1%, 90.0%, and 80.0%, respectively in
40 min (Fig. 8a). The duration of photocatalytic degradation of 7.5 PGC
(40 min for 98.1%) was found to be much lower than that of N-CaTiO3-
rGO composite (180 min for 95%), CaTiO3-gC3sN4 (180 min for 30%)
SrTiO3-PG composite (120 min for 92%) and BaTiO3-PG composite
(80 min for 98.6%) reported earlier [16,25,27,46]. The performance is
also found to be far better than other recently reported materials such as
V doped CaTiO3 (94.2% in 120 min), Eu and Na co-doped CaTiO3
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(96.62% in 300 min), Rh doped BaTiO3 (96% in 120 min) and Cu doped
Tab‘;_ld, s of BaTiO3 (98.2% in 120 min) [14,17,37,39]. The outstanding photo-
XPS binding energy values of 7.5 PGC. catalytic efficiency of 7.5 PGC can be ascribed to the improved optical
Element  Binding energy (eV)  Assignment References absorption ability in the visible region of the solar spectrum, relatively
Ca 2p 347.3 Ca 2p3» 31 higher surface area which provides higher number of surface active sites
350.9 Ca 2p1/2 for the efficient adsorption of MB, and efficacious interfacial charge
Ti2p 223'5 ? §P3/2 31,32 transfer through the Ti-O-C bond which increases the lifetime of charge
. 1 2p1/2 : . . .
01s 530.5 Lattice oxygen (Op) 33.36 carriers. However, at 'hlghe.r .concentratlons of PG (i.e., beyond 7.5 wt
533.1 Surface hydroxyl groups (Oow) %), the photocatalytic efficiency was found to be low due to the
531.6 Ti-O-C light-shielding effect caused by PG and also the formation of recombi-
Cls 284.7 c=C 26,30 nation centers as confirmed from the PL analysis.
z:g'z g(éi o To derive the kinetic information, the above photocatalytic degra-

dation results were fitted with pseudo-first-order rate Eq. (3) [14,47].
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Fig. 4. TEM image of (a) CaTiOs; (b) 7.5 PGC.
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where, ‘C,’ is the initial concentration of the dye, ‘C’ is the concen-
tration of the dye at irradiation time ‘' and ‘K’ is the first-order rate
constant which was determined from the slope of the linear fit of -In (C/
Co) versus t [14,47]. Apparently, the rate constant of 7.5 PGC was found
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to be 0.0972 min~!, which is far higher than that of pristine
(0.0037 rnin_l) (Fig. 8b). Cyclic stability is one of the important
parameter to be considered for the practical application of catalyst. The
slight deterioration in the photocatalytic activity of 7.5 PGC after seven
successive cycles points towards its high stability (Fig. 8c). The TEM
image of 7.5 PGC obtained after 7 cycles reveals slight crumpling of PG
sheets which may have led to the minor deterioration in the photo-
catalytic activity (Fig. S5). The similar XRD patterns of the material
before and after degradation of MB without generation of any additional
peaks indicates that the crystal structure of the prepared compound is
highly stable (Fig. S6).

Further, the radical scavenging experiments, indicated holes and
hydroxyl radicals to be the main reactive species as the addition of
corresponding scavenging agents efficiently suppressed the photo-
catalytic rate [48]. Further, superoxide anion radicals proved to be the
less important reactive species as scavenging them did not affect the
photocatalytic degradation of MB to a greater extent (Fig. 8d).

Based on this a mechanism was proposed for the degradation of MB
as follows: Under visible light irradiation, an electron from the valence
band gets excited to the conduction band of CaTiOs resulting in the

on
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DOS (states/eV)
S S

Fig. 6. pDOS of (a) CaTiOs; (b) PG; (c) PGC. Inset shows crystal structure of orthorhombic CaTiO3 and PG with single pore per 5 x 5 x 1 supercell dimension.
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Fig. 7. (a) UV-visible DR spectra; (b) PL spectra of CaTiO3 and PGC.
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the photocatalytic degradation of MB by 7.5 PGC.

formation of a hole in the valence band [14]. The electrons from the
conduction band of CaTiO3 transfer to the PG sheets through the Ti-O-C
bonds. Owing to the excellent electronic conductivity of PG the charge
carriers get separated thereby increasing the lifetime of photoinduced
charge carriers (Fig. 9) [27]. These electrons further react with oxygen
to generate superoxide anion radicals and moreover the holes directly
oxidize MB or react with surface hydroxyl groups to generate hydroxyl
radicals [49]. All these radicals react with MB dye molecules to produce
simple products like CO, H20 etc [50].

Activation complex theory and the Eyring equation were employed
to determine various thermodynamic parameters [35,39]. From Table 2,
we can observe that the activation energy (E,) is higher for the photo-
catalytic degradation of MB without catalyst, whereas the energy of
activation decreased in the presence of CaTiO3 and PGC samples. This
confirms that the catalyst provides an alternate path for the reaction
with lower activation energy. 7.5 PGC revealed the relatively lower
activation energy in comparison to other samples. The reaction’s
endothermic and non-spontaneous nature was confirmed by the positive
enthalpy change (AH#) and free energy change (AG#) values [14,47].

Harmless

degradation
products

Fig. 9. Mechanism of photocatalytic degradation of MB by PGC.

Table 2
Thermodynamic parameters of CaTiO3 and PGC samples for photodegradation
of MB dye.
Sample Ea (kJ/ AH* (kJ/ AS* (kJ/ AG* (kJ/
mol) mol) mol) mol)
Without 16.6 14.1 -0.25 90.0
catalyst
CaTiO3 13.97 11.47 -0.25 87.44
2.5 PGC 8.44 5.94 -0.25 81.9
5.0 PGC 7.35 4.86 -0.25 80.82
7.5 PGC 5.81 3.32 -0.25 79.28
10 PGC 7.15 4.66 -0.25 80.62
12.5 PGC 7.98 5.48 -0.25 81.44

4. Conclusions

An excellent photocatalytic activity of 98.1% degradation of MB dye
in 40 min was obtained by using porous graphene-CaTiOs. This excep-
tional performance was a result of the decreased band gap of the com-
posite which made it sensitive to visible light, the relatively higher
surface area which helped in providing large number of active catalytic
sites and the Ti-O-C bond formed which helped in the efficient separa-
tion of electron and hole pairs increasing the lifetime of charge carriers.
Further, the enhanced cyclic and structural stability achieved along with
high performance makes the solvothermal approach adopted an excep-
tional one which can be extended for the synthesis of other nano-
composites. The catalyst also shows promise to be studied for
degradation of other pollutants.
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