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Abstract

Understanding the graphene/semiconductor/metal interactions is crucial to design innovative
photocatalytic materials with efficient photocatalytic activity for environmental cleanup
applications. SrTiOz on reduced graphene oxide (rGO) with various graphene contents was
successfully synthesized in this study utilizing a simple hydrothermal method, followed by
decorating the surface with Ag particles by using the photodeposition process. Under UV-

visible light irradiation, the resulting composites were tested for their improved photocatalytic
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activity to decompose methylene blue (MB). The prepared photocatalysts were characterized
by XRD, SEM, EDX, DLS, FT-IR, Raman spectroscopy, and DRS. First-principles density
functional theory calculations (DFT) were also carried out by using the generalized gradient
approximation (GGA) and PBE functional with the addition of on-site Coulomb correction
(GGA + U). The obtained SrTiOz/rGO@Ag composites showed great improvement in the
photocatalytic performances over pristine SrTiOs. For the degradation reaction of
MB,SrTiOs/rGO0,@Agsy composites yielded the best photocatalytic activity with efficacy
reach 94 %, which was also shown that it could be recycled up to four times with nearly

unchanged photocatalytic activity.

Keywords: SrTiOg, photoresponsive graphene, Ag nanoparticles, Adsorption, Photocatalysis,

DFT, Pollutants elimination.



1. Introduction

Research in photocatalysis has much increased in the last years due to its potential use in
environmental applications such as hydrogen generation, organic synthesis and water
treatment technologies (Fadlalla et al. 2019; Phoon et al. 2019a). Due to its environmental
friendliness and energy sustainability, semiconductor photocatalysis has gained a lot of
attention as one of the most important solar energy technologies(Wang et al. 2014). The
charge carriers on the semiconductor surface can be generated under light radiation and then
accelerate the thermodynamic reaction upward to breakdown organic contaminants or
produce chemical fuels with high energy density. They are principally caused by the
generation of reactive oxygen-containing radicals with a short-lived (e.g., OH’, HOO", and
0O,") (Natarajan et al. 2018). Because the photocatalyst is such an important component of
semiconductor photocatalysis, synthesizing nanomaterials with a unique hierarchical structure
and excellent photocatalytic activity has become a hot topic. The research work in the area
of photocatalytic water splitting into hydrogen and oxygen has led to the development
of many photocatalytic systems (Zuo et al. 2016; Li et al. 2019; Jebaranjitham and Kumar
2020). Heterogeneously dispersed photocatalysts, such as TiO,, SrTiOz, ZnO, CdS and Fe;0O3
have been extensively studied (Qi et al. 2017; Inamuddin et al. 2019; Ali et al. 2019; Xie et al.
2020). Perovskite materials are a diverse group of promising semiconductor photocatalysts
that have been extensively investigated for use in Photocatalysis due to their structural, cost-
effectiveness, tenability, excellent stability, and photocatalytic efficiency(Kanhere and Chen
2014; Hu et al. 2020; Bhattacharjee et al.). The strontium titanate (SrTiOs) is a cubic ternary
perovskite-type oxide with a significant nonlinear optical coefficient; it is considered one of
the best n-type semiconductor photocatalysts known due to durable photostability, corrosion
resistance and low cost, which exhibits great potential in splitting water into hydrogen and

oxygen, as well as degrading organic compounds(Huang et al. 2014; Kayaalp



2019).SrTiO3 has a comparable electronic structure with TiO, but with a more negative
conduction band edge, making it more suitable for photocatalytic reduction. Furthermore, in
regard of crystallographic texture, SrTiOgs's cubic perovskite structure is more stable than
TiO,. (A. Abdel-Latif 2019). It has been reported that pure SrTiO3 (Huang et al. 2014; Xie et
al. 2018; Gao et al. 2018) or ions doped SrTiO3; (Konta et al. 2004; Wu and He 2018a; Li et
al. 2020) can show effective photocatalysis of organic pollutants under UV or Visible light

irradiation.

The high performance of SrTiOs in reaction to heterogeneous photocatalysis requires an
effective architecture that maximizes the absorption of photons and reduces electron losses
during excitation state (Coleto et al. 2019; Ferreira et al. 2020).Major efforts are required to
further develop heterogeneous photocatalysis of SrTiOz under Ultraviolet, visible and solar
illumination, in order to further improvement the transfer of charge carriers during excitation
state. Actually, interesting and unique features of the binary photocatalyst mechanism have
drawn more attention from researchers and have become a favorite subject of research among
different groups of scientists across the globe(Ahlem et al. 2018; Boulkroune et al. 2019; Du
et al. 2021c, b). It was reported that the properties of the photocatalyst system depend
primarily on the nature of the surface properties, the surface morphologies and the role of the

optimum amount of doping incorporated in the SrTiO3(Hu et al. 2020).

Graphene, with its exceptional properties have established itself as a promising supporting
material for the manufacture of such hybrid material (Zhu et al. 2010a). The conduction band
contacts with the valence band at two points in the Brillouin zone makes graphene having
high carrier mobility. In the visible light spectrum, graphene shows excellent optical
transparency (97%) and refractive index (2.6-3.0). Its high extinction coefficient in the near
IR range also provides graphene with a high photothermal conversion ability(Yu et al. 2021),

graphene also have an excellent specific surface area (2630 m.g™%) and unique structural



features(Zhu et al. 2010b; Li et al. 2018a).These unique properties allow the use of graphene
to produce hybrid materials with superior photo-responsive properties.These properties could
be used to enhance the performance of conventional organic and inorganic polymers for
enhanced optical performance (Zhang et al. 2011a). A major problem is the solubility and the
processability of graphene-based materials, but it can be reduced by using GO (Graphene
Oxide) (Jiang et al. 2013). Further chemical modification is also possible for GO as it has
hydrophilic functional groups such as epoxide, carboxyl and hydroxyl groups on both edge

and surface.

A semiconductor irradiated with photons containing energy equal to band gap energy
contributes to the creation of electron hole (e , h") pairs during photocatalysis. The quick
recombination of photogenerated electron-hole pairs limits the applicability of photocatalysis
technologies in the industry, the substantial amount of scientific research is to extend life time
(Zhang et al. 2012). The electron-hole recombination can be suppressed using a variety of
strategies, this entails lowering the diffusion length by shrinking the size and creating various
nanostructures interaction with other semiconductor materials that have a band location,
which is appropriate for a smooth charge transfer, and connection with a conductor such as
graphene(Zhang et al. 2011b; Li et al. 2018a; Du et al. 2021a).Conducting materials such as
graphene furnished support for catalytic particles and operate as an acceptor of electrons
provided the photocatalyst conduction band must be more negative than the graphene
band(Atout et al. 2017). Graphene's new role as a photosensitizer macromolecular has been
investigated where graphene interacts as an organic dye-like photosensitizer for wide band
gap semiconductors(Chi et al. 2019). The semiconductor cannot form an electron and a hole
in this mechanism, but it is theoretically possible to photoexcite graphene under visible light.
To put it another way, graphene becomes a semiconductor. The photoexcited electrons are

moved from the CB of Graphene to the CB of the semiconductor, resulting in the separation



of electrons and holes and resulting in visible-light photo-responsive (Bajorowicz et al. 2015).
A good photosensitizer might exhibit high optical absorption at a large range of wavelengths,
especially in the visible region, and a sufficiently long life of the excited state to react with the
semiconductors. In addition, the construction of metal semiconductor composites by the
introduction of noble metal nanoparticles is also a promising method(Konta et al. 2004; Li et
al. 2020). For instance, Attout and colleagues created a bimetallic complex Au-Ag, which
they grafted on the surface of P25-TiO, NPs and then incorporated into rGO sheets, resulting
in an increase in visible light absorption and a reduction in the bandgap, which improved
charge carrier separation and thus improved photocatalytic activity. The primary function of
noble metal is illustrated as follows: used as electrons sink to facilitate the transfer of the
interfacial electron to the composites; and the Surface Plasmon Resonance (SPR) of the noble

metal enhances the light absorbance of the composite (Zada et al. 2019).

Herein,SrTiO3; on reduced graphene oxide (rGO) with various graphene contents was
successfully synthesized in this study utilizing a simple hydrothermal method. Then, the
surface coated with Ag particles by using the photodeposition process;the synthesized
sample's photocatalytic properties were examined in the degradation of methylene blue (MB)
as a typical organic contaminant. As far as we know, the majority of the literature only
focusses on charge migration in the system graphene/semiconductor and/or
metal/semiconductor nanocomposite. Hence, certain parts of reaction mechanisms are still
unknown. Therefore, the goal of this study was to look into the involvement of rGO and Ag
metal in the UV-visible light photocatalytic activity of SrTiOs/rGO@Ag nanocomposite.
Moreover,the composite structure, morphological, electronic, and absorption properties were
examined in detail and correlated to photocatalytic experiments. For this, several

experimental characterizations and theoretical computational based on density functional



theory (DFT) were employed by using the generalized gradient approximation (GGA) and

PBE functional with the addition of on-site coulomb correction (GGA + U).
2. Materials and methods
2.1 Materials

The precursors for the preparation of graphene oxide: natural flake graphite (carbon content:
99.8% -325 mesh) was purchased from Alfa Aesar, potassium permanganate KMnO,
(Panreac). Hydrogen peroxide H,0; (30%), sulfuric acid H,SO4 (97%) and hydrochloric acid
HCI 37% were purchased from Scharlau, potassium nitrate KNO3 (analytical grade) and,

barium chloride BaCl,.2H,0 (Biochem).

Titanium (IV) isopropoxide (97%, Aldrich), strontium nitrate Sr(NO3), (>99,0%, Fluka
Analytical), poly ethylene glycol (PEG), acetone and ethanol were used as precursors for the
preparation of SrTiOs. Methylene blue was purchased from Sigma Aldrich;all of the
compounds were analytical reagents, and they were employed without further purification or
treatment. All reactions and treatment experiments were carried out with deionized water. For
the photocatalytic tests, the concentrations of the samples were measured before and after
adsorption using a UV-visible spectrophotometer (Shimadzu Spectrophotometer UV-vis
1700) at Amax = 664 nm of MB. The Infrared spectra were carried out on an Agilent
Technologies Fourier Transform Spectrophotometer (FTIR) driven by a microcomputer and
the infrared spectra are performed in the spectral domain between 4500 and 400 cm™.The
morphology of semiconductor compounds was investigated with FEI QUANTA 250 FEG
scanning electron microscopy (SEM; FEI, Hillsboro, OR, USA) working in high vacuum.The
diffuse reflectance spectroscopy (DRS) is a tool suitable for quantifying the optical properties
of powders; the optical transmission and absorption were measured using a UV-Vis

spectrometer. X-ray diffraction was used to identify the crystallographic phases with a



Siemens D5000 diffractometer, a Bragg-Brentano-geometry and vertical 2-theta goniometer
and operated at 45 kV using Cu Kal radiation. Diffractograms were carried out in a 2-theta
range from 4 ° to 85 ° with an angular step of 0.0167° and an accumulation time of 6.985 s
per step. The formation of graphene sheets were studied by Raman spectroscopy (LabRAM
HR Evolution - HORIBA Jobin Yvon, OLYMPUS BX41) supplied by a laser source

operating at 473 nm wavelength at room temperature.

2.2 Synthesis of graphene oxide (GO) and cubic SrTiO3

The modified Hummers method was used to prepare graphene oxide (GO), which is discussed
in detail inthe paper(Guediri et al. 2020b). Strontium titanate SrTiO3 was synthesized
adopting the hydrothermal method (Xie et al. 2018; Zhou et al. 2020). An amount of titanium
(V) isopropoxide was mixed with a stoichiometric amount of Sr(NO3), powders to obtain
mixed phases, a solution of acetic acid as a lubricant were separately dissolved in minimum
volume of distilled water;to obtain a homogeneous metal ion distribution, stoichiometric
proportions of the required metal and acetic acid were utilized.Following total dissolution,
acetic acid solution was poured onto the metal precursors followed by Polyethylene Glycol
(PEG, 2 g/90 mL) addition. The addition of PEG controls the nanoparticle’s growth, leads to
the prevention of agglomeration and the production of nanoparticles of uniform size. After
one hour stirring,andunder continuous stirring, the NaOH agueous solution was added drop by
drop until the pH value reached 13. Indeed, the suspension was transferred to Teflon sealed
autoclave and maintained at 180°C for 24 hours. Finally, it was washed in ethanol and

distilled water multiple times before being dried in a 60°C oven for 24 hours.

2.3 Preparation of SrTiO3/rGO,@Ag photocatalysts

The Preparation of SrTiOs/rGO photocatalysts with different weight ratios of rGO were

obtained via the hydrothermal method, Figurel(Bajorowicz et al. 2015). Firstly, 200 mg of



SrTiO3 powder and appropriate weight ratios of GO to SrTiO3 (x =0, 5, 10, 15 and 20 wt.%)
was dispersed in a mixing solution of ethanol and water (2:1) by ultrasonic treatment for 1
hour. Then, the mixing solution was agitated for additional 30 minutes to get homogenous
suspension. The suspension was placed in Teflon-sealed autoclave at 120°C for 12 hours. The
obtained photocatalyst was centrifuged three times with distilled water before being dried in a
60°C oven for 24 hours. A simple photo-deposition method was used to prepare the
SrTiOs/ rGO,0@AQgy photocatalyst with 1, 2, 3 and 4 wt.% of metallic Ag (Tang et al. 2019).
For this purpose, an amount of synthesized SrTiO3/rGO,, nanocomposite powder was
dispersed into 100 mL of deionized water, then 9.27 x10° M of AgNOj3 solution was
suspended in the mixture solution and diluted to 0.5 L with distilled water accompanied by 30
minutes of ultrasound treatment and 2 hours magnetic stirring under 300 W Xenon lamp for

the photoreduction of Ag* toAg®. The powder was then collected and dried under vacuum.
2.4 Kinetics of adsorption and equilibrium modeling

The adsorption dynamics study identifies the rate of solute adsorption (Guediri et al. 2020a).
This rate controlled the residence time of adsorption at the solid-solution interface. Several
kinetic models such as pseudo-first-order, pseudo-second order and pseudo n™ order models
were applied to fit experimental data Table 1.The correlation coefficients were used to assess
how well the experimental results matched those predicted by the models.In the dark,the
procedure was carried out as follows:100 mg of SrTiO3 and SrTiO3/rGOy (x = 5, 10, 15 and
20 %) in a 200 mL solution of methylene blue (MB) at a concentration of 10 mg/L was stirred
at room temperature for 180 minutes. Samples were taken at 10-minute intervals until
equilibrium was reached to track the change of the adsorbed quantity (Qads). The yield was

calculated using the following formula:

(CO_Ce)
Co

R(%) = x 100 (1)



R represents the percentage of MB fixed on the adsorbent,Cois the MB solution's initial

concentration (mg/L)and Ceis the MB solution’s at-equilibrium residual concentration (mg/L).
2.5 Photocatalytic tests

Photocatalytic tests were performed at room temperature using a batch photo-reactor, an
open-air double-walled beaker of 200 mL with a cooling water jacket, which keeps the
temperature at (25 * 2) °C equipped with a Xenon lamp (150W), positioned above 30 mm of
light-exposed surface 32.17 cm?. The operating parameters used were the same as in the
adsorption kinetic. To establish the adsorption desorption balance, the solution was agitated in
the dark for 40 minutes before the Xenon lamp was turned on; each 20 minutes,1 mL of the
suspension was removed, diluted five times, and immediately centrifuged to separate the
catalyst from the solution, the solution was then analysed using UV-Vis spectroscopy. To

assure photocatalyst photostability, all photocatalytic experiments were duplicated.
2.6 Computational Details

The electronic and structural properties of SrTiOs; bulk,density functional theory (DFT)
computations was used to examine pristineSrTiOs, graphene and hybrid SrTiOs/rGO@Ag
composite to comprehend the mechanisms of its enhanced photocatalytic activity under
visible light irradiation. The use of DFT calculations to decipher the nature of electronic
interactions at composite interfaces ispretty helpful. (Diao et al. 2019). Exchange and
correction energies were described by using the Generalized Gradient Approximation (GGA)
and PBE functional with the addition of on-site coulomb correction (GGA + U),by employing
the Cambridge Serial Total Energy Package (CASTEP), which is based on plane-wave
pseudopotential DFT methods[39][40]. It has been reported that GGA methods provide a
better prediction of lattice constants and electron structure than LDA, especially for surface

layers (Chen et al. 2020). However, (GGA+U) has been known generally to prevent the



unwanted delocalization of the d or f electrons and to underestimate the energy gap of
semiconductor (Hu and Metiu 2011), resulting into an overestimate for photoinduced
electrons transfer in photocatalytic processes. The required Hubbard U values for Ti 3d,Sr 4d,
and O 2p were 5.0, 5.0, and 5.0 eV (Yang et al. 2015), respectively, to correct the SrTiO;

band gap problem.

The SrTiO3 bulk, pristine rGO, and SrTiOz/rGO@Ag composite structures were constructed
using Material Studio software, by choosing a cubic SrTiO3 (100) surface: in a supercell (8.16
x 7.59 x 25 A%, a 5 x 3 single layer of rGO containing 60 carbon atoms sits on a 3 x 2 five
atomic layer STO (100) and 5 x 5 tow layer Ag metal (200) surface slab. A Morkhost-Pack
mesh of k points, 4x4x1, 8x8x1 and 2x2x1 point, was used to sample the two-dimensional
Brillouin zone for geometry optimization and for calculating the density of states of SrTiOsg,
rGO and SrTiOz/rGO@Ag composite, respectively. The plane wave cutoff energy was set at
571 eV. All geometrical structures were totally relaxed until the convergence criteria of force
and energy were less than 0.03 eV/A and10 ° eV/atom, respectively. Total energy tolerance at
105 eV/atom for convergence parameters,maximum force tolerance was chosen at 0.03

eV/nm, and maximum stress component at 0.05 GPa.
3. Results and discussion
3.1 Structural analysis

The XRD pattern of SrTiO3/rGOx (x = 0, 5, 10, 15 and 20 %) composites are shown in the
Figure 2(a). The composites presented almost the same profiles and the peaks were localized
at the angular positions: 20 = 22.74, 32.38, 39.95, 46.47, 52.36, 57.79, 67.83, 77.21, 81.76
and 86.22 °; these peaks were identified according to (JCPDS card No. 35-0734) as
respectively (100), (110),(111),(200),(210), (211),(220),(310),(311)and (222)

Bragg’s planes of the cubic perovskite SrTiO3 structure (Huang et al. 2014). The Figure 2(a)



also shows the XRD patterns of SrTiOs/rGO,,@Agx composites for 2 and 4 % weight ratio of
Ag; the most significant peaks appeared at the angular positions 26 = 38.12° and 44.28°,
which corresponded to the (111) and (200) Bragg’s planes of cubic Ag phase (JCPDs No. 04-
0783) (Wu and He 2018a).The development of metallic Ag° particles adhered to the surface
of the composites was evidenced by the extra diffraction peaks detected in Ag deposited
samples. Furthermore, metallic Ag had an atomic radius of 1.44A, which was significantly
more than the ionic radius of Ti*" (0.68 A) (Nithya and Devi 2019a). Consequently, without
causing crystal structural distortion, Ag cannot easily diffuse into the SrTiO; lattice.No
diffraction peaks related to other impurities were detected on the XRD patterns, suggesting a
high purity of the crystalline phases. Moreover, the characteristic crystalline parameter (a), the
average grain seizes (D), microconstraint ((%) and dislocation density (§)were calculated
according to the relations (i), (ii), (iii) and (iv) (Abdel-Latif et al. 2017; Yousaf et al. 2019;

Huang et al. 2019) and the corresponding results are are illustrated inTable 2.
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The largest lattice parameter was estimated for pristineSrTiO3. Subsequently, the deposit of
rGO on SrTiOscaused ashrinkage of the unit cell; small but noticeable, a decrease in the
lattice parameter (a) was observed with increasing the rGO weight ratio. It is seen from both
the Figure 2(b) and the Table 2 that the fixation of rGO sheets on SrTiOsdecreased the

average grain seize (D), obviously accompanied by a rise in microconstraints (%) and caused



significant structural defects as measured by an increase in dislocation density (6); this
indicates that the rGO induced stress in the SrTiOs crystal structure.On another hand, the

lattice strain values and the grain size were affected by the Ag decoration.

3.2 Scanning Electron Microscopy (SEM)

The shape of SrTiO3z and the formation of the junction between SrTiOz and rGO were studied
by SEM analysis. As shown in the Figure 3 (a and b), the SrTiO3; had a cubic form and the
sizes distribution was fitted with Gaussian function which is shown in the Figure 3(x); this
latter proved that the average size of SrTiO3; nanocubes was about 51 nm, with a width at half
height of about 12 nm, this value was compatible with the result found by XRD analysis (Gao
et al. 2018; Phoon et al. 2019b). In addition, a perfect cubic particle can only be formed with
six equivalent {100} facets of a crystal with a cubic structure(Grimbergen et al. 1998; Zhou
and Greer 2016). The Figure 3 (c—h) shows SEM images of SrTiO3/rGOy;it can be seen that
the cubic structure of SrTiO3; was retained and the SrTiO;3 particles were well dispersed on the
overall surface of the graphene sheets. These results revealed that SrTiO3/rGOy heterojunction
was successfully prepared.

Otherwise, the composition of SrTiO3z obtained by EDX analysis, the Figure 3(y) illustrates
the presence of the Ti, Sr and O elements, which confirmed the product's purity. The chemical
formula can be writing as Srgo3Ti1,0802.99; this formula was in good agreement with what can

be expected for a perovskite structure.

3.3 Dynamic light scattering (DLYS)

The external surface of nanoparticles, as well as their surface state, have a significant impact
on their adsorption and photocatalytic activities; the aggregated particles' surface is the
effective surface exposed to the external medium. Furthermore, the aqueous solution

aggregation of metal oxides is well-known and well-studied (Nam and Han 2003; Simonsen



et al. 2008). For this basis, DLS was used to characterize the SrTiO3 samples, Figure 4 depicts
the hydrodynamic diameter of aggregated nanoparticles suspended in distilled water and the
Gaussian function was used to fit the experimental data. The fitted curve demonstrated the
growth of aggregated particles of various sizes, the average hydrodynamic diameter seize
value was around199 nm, with a width at half height of about 147 nm and the experimental
standard deviation was about 14 nm (the measurement was performed three times),
comparatively to the grain seizes estimated by XRD and SEM analysis (D = 21.4 and 51 nm
respectively). The SrTiO3 had a weak tendency to aggregate; this result was due to the use of
PEG in the synthesis which prevent from agglomeration and leads to the production of

nanoparticles of uniform shapes.
3.4 Fourier-Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectra obtained for GO (Graphene Oxide), SrTiO3/rGOx and
SITiOs/rGOx@Agnanocomposites are shown in the Figure 5.The spectra of GO clearly
showed numerous absorption peaks that related to distinct functional groups. C—H bending
vibration was attributed for the band at 934 cm*, the peak at 1713 cm* was assigned to C=0
stretching vibration of the COOH group. The band at 1632 cm* was due to C=C stretching
vibration and the absorption peak at 1397 cm ' corresponded to C—OH bending
vibration(Xian et al. 2014; Bajorowicz et al. 2015). The absorption peak at 1249 cm™* was
due to C—O—C asymmetric stretching vibration, the peak at 1041 cm ! was attributed to C—O
stretching vibration (Ahmadi et al. 2019). From the comparison between the spectra of the
composites and the GO spectrum, the reduction of the C=0 band intensity at 1713 cm™

indicated that GO was reduced to rGO after the hydrothermal treatment.

On the spectra of the SrTiO3/rGOx composites, compared to pristine SrTiO3, the Ti—O-Ti

bands at 602 cm ‘shifted to 545cm* at lower wavenumber and exhibited weaker peak



intensity; the absorption of the TiOg group in the octahedral structure was attributed to this
band. (Yang et al. 2018; Wu and He 2018b). It may be attributed to the incorporation of C
atoms into the SrTiO3 and the formation of the Ti—C bond (Guo et al. 2018). In addition, a
new band at 928 cm™* can be observed, confirming the formation of Ti—C bond; the presence
of this bond indicates that during the reduction of GO, the residual carboxylic acid functional
groups interact with the surface of SrTiO3; nanoparticles, and form a bonded SrTiO3/rGOy
composite. The C=C bands at 1632 cm* shifted gradually to 1620 cm * with increasing ratio
of rGO, indicating that the skeletal of the graphene sheets was influenced. Finally, the IR

spectrum of SrTiOs/rGO,@Ag was comparable to that of SrTiO3/rGOy composites.
3.5 Raman spectroscopy

For the characterization of graphitic materials, Raman spectroscopy is widely
employed(Bufimann et al. 2011; Karamat et al. 2016). The distinctive bands of graphene, such
as D, G, and 2D, provide relevant information regarding defects, sp? carbon atom in-plane
vibrations, and stacking orders, respectively. In addition, the G band (1582 cm™) was formed
by first-order scattering of E,g phonons of the sp>-hybridized carbon atoms. While the D band
(1350 cm™) was formed by a breathing mode of K-point phonons of A;g symmetry of the
defects involved in sp3-hybridized carbon bonds such as epoxide and/or hydroxyl bonds, and
the graphene sheet stacking-sensitive 2D band (2679 cm™)(Akhavan 2015).Figure 6(a)
illustrate the Raman spectroscopy of SrTiOs/rGO nanocomposites. All the composites
SITiOs/rGO exhibits the appearance of G peak around (1584 cm™). The D peak appear from
the ratio 15% of rGO in SrTiOs/rGO nanocomposites at (1352 cm™), and the 2D peak is not
observed so far, which might have been due to substrate screening effect and the small
quantity of rGO in the composites. The repression of 2D peak is observed at (2697 cm™) in

the composite SrTiOs/rGO (20% of rGO).



The D to G peak intensity ratio is commonly used to evaluate graphene disorder, which is an
indirect indication of the material's quality (Figure 6(b)). The D/G ratio was determined to be
0.34 in this study, which is lower than the value reported in prior research(Akhavan 2015).
This higher ratio can be attributable to the existence of more disordered nano-graphene. The
bilayer sheets' 2D/G ratios were found to be in the range of 0.26, confirming the deposition of
triple- and multi-layer (>4) graphene sheets on SrTiO3 nanocubes based on the same earlier

study.

3.6 Electronic structure and optical properties

3.6.1 First Principle Study of the SrTiO3;/rGO@Ag Heterojunction

In order to understand the structure well, the binding and the electronic properties of
SITiOs/rGO@Ag composite were studied by DFT simulations. The optimized relaxed
geometries of SrTiOs/rGO and SrTiOz/rGO@Ag are shown in the Figure 7.The electronic
structure of nanocomposites is mostly defined by the components' interfacial interactions;
their total (DOS) and Partial (PDOS) Density of States can evidence the variation of
electronic properties of the SrTiOz/rGO@Ag composites. The band structure and PDOS plots
of SrTiOj3 are given in the Figures 8 and S1, respectively. It can be seen that the maximum of
the valence band (VBM) and the minimum of the conduction band (CBM) of SrTiO3; were
located at 0.00 eV and +2.98 eV respectively (Figure 8), so the band gap was about 2.98 eV.
In addition, the VBM was mainly dominated by the Sr 4pand O 2pstates; while, the main
contribution in the CBM was the Ti 3d state (Figure S1). Moreover, the band structure of rGO
is shown in the Figure 8. For the rGO, its antibonding ©* orbitals (which makes up its
conduction band) and bonding & orbitals (which makes up its valence band) degenerated and

touch at Brillouin zone corners, making graphene a zero-band gap semi-conductor material.



When contacting the SrTiO3 surface with rGO sheets, the difference in the work function of
the graphene and the SrTiO3 leads to electrons transfer between them to equilibrate their
Fermi levels (Schusteritsch and Pickard 2014; Gogoi et al. 2015; Baran et al. 2017).
Compared to the gap of pristine SrTiOs, the band gap was substantially reduced and
decreased from 2.98 to 0.06 eV. The contact of SrTiOz with rGO produced some inter-levels
in the band gaps of SrTiOg; these levels belonged to the C of rGO as can be seen in the Figure
8.These inter-levels (also called trap centers) can trap the electron-hole recombination which
may consequently enhance the photocatalytic activity, the photogenerated electrons transfer
from the VB to the CB of the SrTiO3/rGO composites become easier, which lead to red shift

of the optical absorption edge. These statements can explain our experimental results.

Another important feature in the Figure S2 was the band alignment between the SrTiO;
surface and rGO sheet. One can find that the main shapes of the calculated PDOS projected
on the composite can be seen as a superposition of the total DOS of the SrTiO3 and rGO; this
can be due to the large geometrical separation space between the SrTiO3 and rGO layers, the
theoretical bond lengths C—O and C—Ti are about 1.42 and 2.27 A (Wang and Zhou 2003;
Lang and Smith 2014), respectively return, the separation of oxygen and titanium from carbon
in the optimized structure was about 5.05 and 5.16 A; these large values suggested a weak
interaction and an absence of covalent bonding. This leads us to conclude that the van der
Waals interaction is expected to be significant in these composites (Yang et al. 2015). Figure
S2 displays that the VBM of the SrTiOs/rGO composite only consisted of O 2p states, while

the CBM was formed from C 2p and Ti 3d orbitals.

The transformation of band gap upon deposit of Ag nanoparticles suggests an important fact,
it enhances the photocatalytic activity under light illumination due to slow electron-hole
recombination process, as compared to those of SrTiO3/rGO where the recombination

happens more quickly (Humayun et al. 2020).For the sake of comparison between the



SrTiOs/rGO and decorated systems (SrTiOs/rGO@AQ), the PDOS were plotted in the Figure
S3, showing significant differences in valance and conduction band states before and after
deposit of Ag (the VBM and CBM of the composites SrTiOs/rGO@Ag were moved toward
more positive potentials). The deposition of Ag nanoparticles on SrTiO3/rGO showed that the
valence band was shifted upward and was mainly formed by Ag 5s and O 2p states, while the
bottom of CB was formed from Ti 3d orbitals. Furthermore, the work function of Ag was
slightly higher than that of SrTiO3/rGO composite. Therefore, in this case, the photo-
generated electrons (CB) of SrTiO3/rGO are transferred to the surface of Ag nanoparticles,
until the equilibrium of the Fermi level, and consequently the lifetime of photo-generated

carriers increases.
3.6.2 Diffuse reflection spectroscopy (DRS)

UV-Vis-DRS spectroscopy is a proven tool for experimentally quantifying electronic
characteristics(Nadtochenko et al. 2009). The spectra shown in the Figure 9 correspond to
SITiOs/rGOx (x = 0, 10, and 20%) and SrTiOs/rGO,0@Agx (X= 2 and 4%),the lines
demonstrated that the composites had a robust and wide UV absorption band and that they are
transparent in the visible range, due to the transitions from the VB to the CB. To quantify the
band gap ‘Ey’ and Urbach ‘Ey’ energies, from the reflectance curves 'R', the absorption
coefficients 'F(R)' must be derived, according to the Kubelka-Munk formula (Guediri et al.

2020D):

F(R) = % 3

Figure 9 shows the variation of Urbach energy ‘Ey’ and the band gap ‘Ey’ according to the
Kubelka-Munk method as an insert. The maximum absorbance has been used to normalize all

spectra to one.



The band gap ‘E4’ was estimated using a Tauc plot on linear part of (a.hv)"c (hv-Eg), where n
= 1/2 for indirect band gap, and n = 2 for direct gap (insert of Figure 9);Table 3 represents the

calculated band gap energies.
The Urbach energy ‘Ey’ was calculated by the Eq.3 (Entradas et al. 2014), whereopand Epare
constants in relation to the substance being studied:

hU—Eo

By ) @3)

F(R) = oy exp(

The value of ‘Ey’ is calculated from the slope of the linear part [In(F(R)) o (hv-Ep)] of the

plot [In(F(R)) vs hv] (insert of Figure 9);Table 3 summarizes the results.

‘Ey’ characterizes the shift in the electronic band structure generated by several sources.
(dislocation, lattice strain, vacant or interstitial sites...). These sources produce extra states in
the band gap near HOMO and LUMO levels, which can be seen as CB and VB tails; ‘Ey’ is
approximately equivalent to the average tail width(Guediri et al. 2020b).Table 3 shows that
depositing rGO sheets and Ag particles over SrTiO3 increased the Urbach energy, in good
agreement with theoretical calculation, which were observed inter-levels. In the band gap
caused by the deposit of rGO and metallic Ag, UV-Vis-DRS and XRD analyses confirmed
that the deposit of rGO sheets and Ag particles induces stress and defects within SrTiO3
nanocrystals. Furthermore, decreasing ‘Ey’ by adding rGO sheets changed the Fermi level,
which boosts photogenerated electron migration while suppressing the recombination electron

hole, implying an improvement in photocatalytic activity.
3.7Adsorption kinetic and modeling

According to the adsorption curves shown in the Figure 10, the equilibrium time for the five
samples was about 40 minutes. The adsorbed quantities (Qaqgs) increased for increasing rGO

content in the composites SrTiO3/rGOy and varied from Qags = 5.15 mg/g to Qags = 12.57 mg/g



for x = 0 to x = 20% respectively, which means that the rGO was responsible for MB

adsorption due to its high specific surface area.

The modeling results are shown in the Figure 10. The constants obtained from the adsorption
models, namely the rate constants K,Table 4 lists the R? correlation coefficients and the
maximum theoretical amount adsorbed Qags. The best-established model for the kinetic study

was chosen according to the highest correlation factor R.

The adsorbed quantities Qqqs derived by the pseudo-first-order model were not comparable to
those obtained experimentally, and the correlation coefficients R? for all composites were
between 0.949 and 0.984, according to the values quoted in Table 4.. On another hand, the
adsorbed quantities calculated Q.45 by the pseudo-second-order model were close to the
experimental results with correlation coefficients R* between 0.979 and 0.995. For the
pseudo-n™ order model, the correlation coefficients R* were between 0.986 to 0.996 with
adsorbed quantities Qa5 determined experimentally close to those calculated. In conclusion,
and according to the fits carried out, the pseudo n™ order model was the most suitable for

describing the adsorption kinetics of MB on SrTiO3/rGO.
3.8Photocatalytic activity under UV-visible light illumination

The overall elimination curves of MB by adsorption and photocatalysis are shown in the
Figure 11. For SrTiO3/rGOxcomposites, it was found that the elimination of MB increased as
the rGO content rose; the obtained yields were R = 6, 31, 53, 63 and 67 % for x =0, 5, 10, 15
and 20% respectively. This was owing to rGO's large specific surface area, which enhanced
the interface (solid solution) and thus improved photocatalytic activity. In other words,
Graphene used kinetically to enhance the efficiency of photocatalysis owing to the high
adsorption capacity of organic/inorganic contaminants by facilitating the access to the active

sites (Guediri et al. 2020b).This occurred in two stages: (i)in the dark, mostly by MB



adsorption on rGO sheets due to its height specific surface, and (ii)Electron-hole pairs
produced within SrTiO3s/rGO can oxidize MB via photocatalysis after adsorption saturation
and under UV-visible light.An exponential function was used to fit the rate constants of the
photocatalytic kinetic curves. (Insert of Figure 11 (a)), and were K*10™ = 2.81, 15.8, 24.7,
32.3 and 38.4 mn™ for the composites SrTiOs/rGOy (with x = 0, 5, 10, 15 and 20%)
respectively. It is worth mentioning that in the absence of the photocatalyst (SrTiO3/rGOx);
the concentration of MB did not change significantly, demonstrating that MB cannot be

decomposed by photolysis.

The removal yields for the composites SrTiOs/rGO,@Adgxy increased with increasing Ag
weight ratio and were about R = 67, 75, 83, 88 and 94 % for x = 0, 1, 2, 3 and 4 %,

respectively.

Moreover, the rate constants of the kinetics (insert of Figure 11 (b)) were K*10™* = 38.4, 54.6,
80.0, 108.3 and 145.7 mn® for x = 0, 1, 2, 3 and 4 % respectively. The obtained
SITiOs/rGO@Ag composites showed high improvement in the photocatalytic performance
over pristine SrTiO3 and SrTiOs/rGO,which could be linked to graphene's function as a
photosensitizer in p-n heterojunctionsSrTiOs/rGO composites, as well as the benefit from the
localized surface plasmon resonance caused by Ag nanoparticles in SrTiOs/rGO@Ag
composites. For the commercial application of the photocatalyst, it is necessary to test the
photocatalyst across numerous cycles. Figure 12 illustrates the recycled SrTiOs;/rGO, @AQg>
photocatalyst four times, for each cycle three hours (4*3h =12h) of irradiation, which

photocatalytic activity remained almost unaltered.
3.9Proposed mechanism

A putative mechanism for the photocatalytic process is given based on the previous findings

and depicted by a scheme in Figure 13.In the SrTiOs/rGO@Ag system, the wide bandgap of



SrTiO3 prevents it from being photoexcited by visible light (3.19 eV 83.5.2). However, in the
pristine graphene, its antibonding 7* orbitals and bonding 7 orbitals degenerated and reaching
Brillouin zone corners (Li et al. 2018b), rendering graphene a zero band gap semi-metallic
material and hence it can behave as a photosensitizing compound under visible light
irradiation. In addition, the junction with SrTiO3z broke the lattice symmetry and open the
band gap, thus converting semi-metallic character of graphene into a pure semiconductor
character due to the formation of gap between m and n* bands; it has been demonstrated
previously theoretically and experimentally that rGO semiconductor can directly act as
photocatalysts for water splitting (Jiang et al. 2013; Bantawal et al. 2019; Ahmadi et al. 2019;
Chi et al. 2019; Chang and Hu 2020; Bajorowicz et al.).Therefore, when exposed to UV-
visible light, rGO in SrTiO3/rGO4 composites is photoexcited from the ground state (rGO) to
the excited state (rGO*), during which electrons are photogenerated. The excited state of
rGO* injects electrons into SrTiO3's conduction band (CB); the photoexcited electrons react
with dissolved oxygen and water molecules to produce oxidative species such as hydroxyl
radicals (OH") and peroxide radical anions (O*"); the Reactive Oxygen Species (ROS) can
drive mineralization and oxidize totally MB into CO, and H,0O. Otherwise, SrTiO3/rGOy
composites are also expected to be efficient photocatalysts excited by UV light irradiation,

with rGO acting as an electron acceptor rather than a photosensitizer.

When an Ag metal is coated on a semiconductor (SrTiOs/rGO@AQ), the semiconductor
electrons’ work function must match that of the metal electrons at the interface, as well as the
Fermi levels for the two materials (Nithya and Devi 2019b). In this case, there is a state in the
energy gap that penetrates deeper into the semiconductor; it is actually the metal's band states
that are deeply buried into the semiconductor's states (Wan et al. 2019).

In the present case, the work function of the Ag metal was near to the CB and acted as an

electron acceptor from the SrTiO3/rGO. The semiconductor's work function can be divided



into two parts(Nithya and Devi 2019a; Li et al. 2020): first, the internal work function (W)) is
defined as the energy difference between Fermi energy and the CB's bottom; and second,
external work function (WFg) refers to the amount of work required to extract a free electron
from SrTiO3/rGO. As a result, the total work function of the SrTiO3/rGO (Ws) can be written
as (Ws) = (W)) + (Wg). Let (W) be the deposited Ag's work function, the donor levels in the
SrTiOs/rGO are totally ionized when the SrTiO3/rGO and the Ag metal come into contact, the
electrons in these states (Wn> Ws) should flow into the Ag metal in the CB of SrTiO3/rGO
until the Fermi energies of the metal and the semiconductor approach equilibrium. At
equilibrium, the energy levels of the SrTiOs/rGO are dropped by the amount (Wy-Ws) since
the Fermi energies are at the same level, and Schottky barrier (Wsk) formed at the

SITiOs/rGO@Ag interface.



4. Conclusions

In conclusion, by using a simple hydrothermal technique, a series of SrTiOs/rGO
nanocomposites with varied graphene weight ratios were successfully synthesized, followed
by decorating the surface with Ag nanoparticles by using the photodeposition process, and
tested for the photocatalytic degradation and adsorption of MB dyeunder irradiation of UV-
visible light. The XRD analysis proved that the SrTiO3 nanocrystals have a cubic crystalline
structure. The rGO and the AgP particles caused stress on the crystal structure of SrTiOs that
confirmed by a notifiable decrease of the average grain seizes (D) obviously accompanied by
a rise in microconstraints (§%) and caused significant structural defects as measured by an
increase in dislocation density (6). Furthermore, SEM images also confirmed the
establishment of the heterojunction and the superior intimate interaction between rGO sheets
and SrTiO3; nanocubes. The experimental gap values was about 3.21 eV and 2.82 eV for
SITiOz and  SrTiOs/rGO200@Agss, respectively, as determined by UV-Vis-DRS
spectroscopy; whereas, the gap value of SrTiO3 determined by DFT was about 2.98 eV using
GGA +U computations. Due to the introduction of hybridized states, increasing the rGO and
Ag metal quantities positively tuned the electronic structure with a lowered band gap,
expanding the absorption to the visible region of the electromagnetic spectrum. Moreover, the
adsorption kinetic curves showed that the equilibrium time was about 40 minutes and the
quantity of MB adsorbed rose as the amount of rGO increased. The fit of Kkinetic curves
showed that the pseudo n™ order model was adequate to model the experimental results.
Furthermore, compared to pristine SrTiOs, all of the prepared SrTiOs/rGO nanocomposites
had higher photocatalytic activity under UV-visible light irradiation, which could be
attributed to graphene's photosensitizer role in the SrTiO3/rGO composites and the formation
of p-n heterojunctions between p-type rGO and n-type SrTiOz nanocubes, as well as the

localized surface plasmon resonance caused by Ag nanoparticles. The findings show that



incorporation of graphene into SrTiO3/rGO nanocubes and their decoration Ag particles
increased visible light absorption and considerably improved photogenerated carrier
separation. The photocatalytic performance of the sample SrTiOs/rGOzp @Agasy in the MB
degradation was the best of all the photocatalysts tested, with activity reaching 94% under
UV-visible light after 40 minutes of irradiation. On the basis of these findings, a
photocatalytic reaction mechanism can be proposed. In this mechanism, the rGO acts as
photosensitizer for wide band gap of SrTiO3 semiconductor and the metal band states that are
firmly buried into the states of the semiconductor forms Schottky barrier at the metal—

semiconductor interface.



Declarations

-Ethical Approval: Not applicable
-Consent to Participate: Not applicable
-Consent to Publish: Not applicable

-Authors Contributions:

All authors contributed to the study conception and design. Material preparation, data
collection and analysis were performed by GUEDIRI Mohamed Khalil, CHEBLI Derradji and
BOURZAMI Riadh The first draft of the manuscript was written by CHEBLI Derradiji,
BOUGUETTOUCHA Abdallah and AMRANE Abdeltif and all authors commented on

previous versions of the manuscript. All authors read and approved the final manuscript.

-Funding: Ministry of Higher Education and Scientific Research and the General Directorate
of Scientific Research and Technological Development - Algeria

-Competing Interests: The authors declare that they have no competing interests
-Availability of data and materials: Not applicable

Acknowledgements

The authors would like to thank the MESRS and DGRSDT (Ministére de 1’Enseignement
Supérieur et de la Recherche Scientifiqgue et la Direction Générale de la Recherche

Scientifique et du Développement Technologique- Algérie) for their Financial support.



References

A. Abdel-Latif 1 (2019) Perovskite Strontium Doped Rare Earth Manganites Nanocomposites
and Their Photocatalytic Performances. In: Sivasankaran S (ed) Nanocomposites -

Recent Evolutions. IntechOpen

Abdel-Latif 1A, Ismail AA, Faisal M, et al (2017) Impact of the annealing temperature on
perovskite strontium doped neodymium manganites nanocomposites and their
photocatalytic performances. Journal of the Taiwan Institute of Chemical Engineers
75:174-182. https://doi.org/10.1016/j.jtice.2017.03.030

Ahlem K, Boudjadar S, Bourzami R, Allouche B (2018) Eco-friendly synthesis of cuprous
oxide (Cu 2 O) nanoparticles and improvement of their solar photocatalytic activities.
Journal of Solid State Chemistry 263:. https://doi.org/10.1016/j.jssc.2018.04.010

Ahmadi M, Seyed Dorraji MS, Rasoulifard MH, Amani-Ghadim AR (2019) The effective
role of reduced-graphene oxide in visible light photocatalytic activity of wide band
gap SrTiO3 semiconductor. Separation and Purification Technology 228:115771.
https://doi.org/10.1016/j.seppur.2019.115771

Akhavan O (2015) Bacteriorhodopsin as a superior substitute for hydrazine in chemical
reduction of single-layer graphene oxide sheets. Carbon 81:158-166.
https://doi.org/10.1016/j.carbon.2014.09.044

Ali S, Li Z, Chen S, et al (2019) Synthesis of activated carbon-supported TiO2-based nano-
photocatalysts with well recycling for efficiently degrading high-concentration
pollutants. Catalysis Today 335:557-564. https://doi.org/10.1016/j.cattod.2019.03.044

Atout H, Alvarez MG, Chebli D, et al (2017) Enhanced photocatalytic degradation of
methylene blue: Preparation of TiO2/reduced graphene oxide nanocomposites by
direct sol-gel and hydrothermal methods. Materials Research Bulletin 95:578-587.
https://doi.org/10.1016/j.materresbull.2017.08.029

Bajorowicz B, Reszczynska J, Lisowski W, et al (2015) Perovskite-type KTaO3-reduced
graphene oxide hybrid with improved visible light photocatalytic activity. RSC Adv
5:91315-91325. https://doi.org/10.1039/C5RA18124K



Bajorowicz B, Reszczynska J, Lisowski W, et al Perovskite-type KTaO3-reduced graphene
oxide hybrid with improved visible light photocatalytic activity. 11

Bantawal H, Sethi M, Shenoy US, Bhat DK (2019) Porous Graphene Wrapped SrTiO 3
Nanocomposite: Sr—-C Bond as an Effective Coadjutant for High Performance
Photocatalytic Degradation of Methylene Blue. ACS Applied Nano Materials 2:6629—
6636. https://doi.org/10.1021/acsanm.9b01513

Baran JD, Eames C, Takahashi K, et al (2017) Structural, Electronic, and Transport Properties
of Hybrid SrTiO 3 -Graphene and Carbon Nanoribbon Interfaces. Chemistry of
Materials 29:7364—7370. https://doi.org/10.1021/acs.chemmater.7b02253

Bhattacharjee S, Chaudhary SP, Bhattacharyya S Lead-Free Metal Halide Perovskite

Nanocrystals for Photocatalysis in Water. 27

Boulkroune R, Sebais M, Messai Y, et al (2019) Hydrothermal synthesis of strontium-doped
ZnS nanoparticles: structural, electronic and photocatalytic investigations. Bulletin of
Materials Science 42:. https://doi.org/10.1007/s12034-019-1905-2

BuBmann BK, Ochedowski O, Schleberger M (2011) Doping of graphene exfoliated on
SrTio 3. Nanotechnology 22:265703. https://doi.org/10.1088/0957-
4484/22/26/265703

Chang C-W, Hu C (2020) Graphene oxide-derived carbon-doped SrTiO3 for highly efficient
photocatalytic degradation of organic pollutants under visible light irradiation.
Chemical Engineering Journal 383:123116. https://doi.org/10.1016/j.cej.2019.123116

Chen A, Nair SV, Miljkovic B, et al (2020) Electronic structure of bulk and two-dimensional
SrTiO3: DFT calculation with GGA + U methods. Journal of Nanoparticle Research
22:. https://doi.org/10.1007/s11051-020-04994-5

Chi H, Murali K, Li T, Thomas S (2019) Recent advances in graphene based photoresponsive
materials. Progress in Natural Science: Materials International.
https://doi.org/10.1016/j.pnsc.2019.11.002



Clark SJ, Segall MD, Pickard CJ, et al (2005) First principles methods using CASTEP.
Zeitschrift fur Kristallographie - Crystalline Materials 220:.
https://doi.org/10.1524/zkri.220.5.567.65075

Coleto U, Amoresi RAC, Pereira CAM, et al (2019) Influence of defects on photoluminescent
and photocatalytic behavior of CaO/SrTiO3 heterojunctions. Ceramics International
45:15244-15251. https://doi.org/10.1016/j.ceramint.2019.05.013

Diao X-F, Tang Y, Xie Q, et al (2019) Study on the Property of Electron-Transport Layer in
the Doped Formamidinium Lead lodide Perovskite Based on DFT. ACS Omega
4:20024-20035. https://doi.org/10.1021/acsomega.9b03015

Du C, Yang L, Tan S, et al (2021a) Reduced graphene oxide modified Z-scheme
Agl/Bi2Mo06 heterojunctions with boosted photocatalytic activity for water treatment
originated from the efficient charge pairs partition and migration. Environ Sci Pollut
Res. https://doi.org/10.1007/s11356-021-15180-y

Du C, Zhang Z, Tan S, et al (2021b) Construction of Z-scheme g-C3N4 / MnO2 /GO ternary
photocatalyst with enhanced photodegradation ability of tetracycline hydrochloride
under  visible light radiation.  Environmental = Research  200:111427.
https://doi.org/10.1016/j.envres.2021.111427

Du C, Zhang Z, Yu G, et al (2021c) A review of metal organic framework (MOFs)-based
materials for antibiotics removal via adsorption and photocatalysis. Chemosphere
272:129501. https://doi.org/10.1016/j.chemosphere.2020.129501

Entradas T, Cabrita JF, Dalui S, et al (2014) Synthesis of sub-5 nm Co-doped SnO2
nanoparticles and their structural, microstructural, optical and photocatalytic
properties. Materials Chemistry and Physics 147:563-571.
https://doi.org/10.1016/j.matchemphys.2014.05.032

Fadlalla MI, Senthil Kumar P, Selvam V, Ganesh Babu S (2019) Recent Advances in
Nanomaterials for Wastewater Treatment. In: Naushad Mu, Rajendran S, Gracia F
(eds) Advanced Nanostructured Materials for Environmental Remediation. Springer

International Publishing, Cham, pp 21-58



Ferreira MA, da Silva GTST, Lopes OF, et al (2020) Fabrication of SrTiO3/g-C3N4
heterostructures for visible light-induced photocatalysis. Materials Science in
Semiconductor Processing 108:104887. https://doi.org/10.1016/j.mssp.2019.104887

Gao H, Yang H, Wang S (2018) Hydrothermal synthesis, growth mechanism, optical
properties and photocatalytic activity of cubic SrTiO3 particles for the degradation of
cationic and anionic dyes. Optik 175:237-249.
https://doi.org/10.1016/j.ijle0.2018.09.027

Gogoi PK, Trevisanutto PE, Yang M, et al (2015) Optical conductivity renormalization of
graphene on SrTiO 3 due to resonant excitonic effects mediated by Ti 3 d orbitals.
Physical Review B 91:. https://doi.org/10.1103/PhysRevB.91.035424

Grimbergen RFP, Meekes H, Bennema P, et al (1998) On the Prediction of Crystal
Morphology. I. The Hartman—Perdok Theory Revisited. Acta Cryst A 54:491-500.
https://doi.org/10.1107/S0108767397019806

Guediri A, Bouguettoucha A, Chebli D, et al (2020a) Molecular dynamic simulation and DFT
computational studies on the adsorption performances of methylene blue in aqueous
solutions by orange peel-modified phosphoric acid. Journal of Molecular Structure
1202:127290. https://doi.org/10.1016/j.molstruc.2019.127290

Guediri MK, Chebli D, Bouguettoucha A, et al (2020b) Novel Fe2TiO5/reduced graphene
oxide heterojunction photocatalyst with improved adsorption capacity and visible light
photoactivity: experimental and DFT approach. Environmental Science and Pollution
Research. https://doi.org/10.1007/s11356-020-11221-0

Guo M, Liu Q, Wu M, et al (2018) Novel reduced graphene oxide wrapped-SrTiO3 flower-
like nanostructure with Ti—C bond for free noble metal decomposition of formic acid
to hydrogen. Chemical Engineering Journal 334:1886-1896.
https://doi.org/10.1016/j.ce}.2017.11.120

Hu Y, Mao L, Guan X, et al (2020) Layered perovskite oxides and their derivative nanosheets
adopting different modification strategies towards better photocatalytic performance
of water splitting. Renewable and Sustainable Energy Reviews 119:109527.
https://doi.org/10.1016/j.rser.2019.109527



Hu Z, Metiu H (2011) Choice of U for DFT+ U Calculations for Titanium Oxides. The
Journal of Physical Chemistry C 115:5841-5845. https://doi.org/10.1021/jp111350u

Huang S-T, Lee WW, Chang J-L, et al (2014) Hydrothermal synthesis of SrTiO3 nanocubes:
Characterization, photocatalytic activities, and degradation pathway. Journal of the
Taiwan Institute of Chemical Engineers 45:1927-1936.
https://doi.org/10.1016/j.jtice.2014.02.003

Huang Z, Dai X, Huang Z, et al (2019) Simultaneous and efficient photocatalytic reduction of
Cr(VIl) and oxidation of trace sulfamethoxazole under LED light by
rGO@Cu20/BiVO4 p-n heterojunction composite. Chemosphere 221:824-833.
https://doi.org/10.1016/j.chemosphere.2019.01.087

Humayun M, Ullah H, Cao J, et al (2020) Experimental and DFT Studies of Au Deposition
Over WO3/g-C3N4 Z-Scheme Heterojunction. Nano-Micro Letters 12,
https://doi.org/10.1007/s40820-019-0345-2

Inamuddin, Ahamed MI, Asiri AM, Lichtfouse E (2019) Nanophotocatalysis and

environmental applications: energy conversion and chemical transformations

Jebaranjitham JN, Kumar BG (2020) Heterogeneous Type-l and Type-Il Catalysts for the
Degradation of Pollutants. In: Naushad Mu, Rajendran S, Lichtfouse E (eds) Green
Photocatalysts. Springer International Publishing, Cham, pp 209-234

Jiang X, Nisar J, Pathak B, et al (2013) Graphene oxide as a chemically tunable 2-D material
for visible-light photocatalyst applications. Journal of Catalysis 299:204-209.
https://doi.org/10.1016/j.jcat.2012.12.022

Kanhere P, Chen Z (2014) A review on visible light active perovskite-based photocatalysts.
Molecules 19:19995-20022

Karamat S, Ke C, Inkaya UY, et al (2016) Graphene/SrTiO3 hetero interface studied by X-ray
photoelectron spectroscopy. Progress in Natural Science: Materials International
26:422-426. https://doi.org/10.1016/j.pnsc.2016.06.010

Kayaalp B (2019) Design strategies towards SrTiO3 based perovskite nanostructures for

environmental catalysis



Konta R, Ishii T, Kato H, Kudo A (2004) Photocatalytic Activities of Noble Metal lon Doped
SrTiO 3 under Visible Light Irradiation. The Journal of Physical Chemistry B
108:8992-8995. https://doi.org/10.1021/jp049556p

Lang PF, Smith BC (2014) Electronegativity effects and single covalent bond lengths of
molecules in the gas phase. Dalton Trans 43:8016-8025.
https://doi.org/10.1039/C4DT00807C

Li P, Wang J, Wang Y, et al (2019) An overview and recent progress in the heterogeneous
photocatalytic reduction of U(VI). Journal of Photochemistry and Photobiology C:
Photochemistry Reviews 41:100320.
https://doi.org/10.1016/j.jphotochemrev.2019.100320

Li X, Ge Z, Xue F, et al (2020) Lattice-oriented contact in Pd/SrTiO3 heterojunction for rapid
electron transfer during photocatalytic H2 production. Materials Research Bulletin
123:110722. https://doi.org/10.1016/j.materresbull.2019.110722

Li X, Shen R, Ma S, et al (2018a) Graphene-based heterojunction photocatalysts. Applied
Surface Science 430:53-107. https://doi.org/10.1016/j.apsusc.2017.08.194

Li X, Shen R, Ma S, et al (2018b) Graphene-based heterojunction photocatalysts. Applied
Surface Science 430:53-107. https://doi.org/10.1016/j.apsusc.2017.08.194

Mahmood T, Cao C, Ahmed R, et al Comparative study of structural and electronic properties
of TiO2 at GGA and GGA+U level. 6

Nadtochenko V, Denisov N, Gorenberg A, et al (2009) Correlations for photocatalytic activity
and spectral features of the absorption band edge of TiO2 modified by thiourea.
Applied Catalysis B: Environmental 91:460-469.
https://doi.org/10.1016/j.apcatb.2009.06.015

Nam WS, Han GY (2003) A photocatalytic performance of TiO2 photocatalyst prepared by
the hydrothermal method. Korean Journal of Chemical Engineering 20:180-184.
https://doi.org/10.1007/BF02697206

Natarajan TS, Thampi KR, Tayade RJ (2018) Visible light driven redox-mediator-free dual

semiconductor photocatalytic systems for pollutant degradation and the ambiguity in



applying Z-scheme concept. Applied Catalysis B: Environmental 227:296-311.
https://doi.org/10.1016/j.apcath.2018.01.015

Nithya PM, Devi LG (2019a) Effect of surface Ag metallization on the photocatalytic
properties of BaTiO3: Surface plasmon effect and variation in the Schottky barrier
height. Surfaces and Interfaces 15:205-215.
https://doi.org/10.1016/j.surfin.2019.03.005

Nithya PM, Devi LG (2019b) Effect of surface Ag metallization on the photocatalytic
properties of BaTiO3: Surface plasmon effect and variation in the Schottky barrier
height. Surfaces and Interfaces. https://doi.org/10.1016/j.surfin.2019.03.005

Phoon BL, Lai CW, Juan JC, et al (2019a) Recent developments of strontium titanate for
photocatalytic water splitting application. International Journal of Hydrogen Energy.
https://doi.org/10.1016/j.ijhydene.2019.01.166

Phoon BL, Lai CW, Juan JC, et al (2019b) A review of synthesis and morphology of SRTIO3
for energy and other applications. International Journal of Energy Research 43:5151—
5174, https://doi.org/10.1002/er.4505

Qi K, Cheng B, Yu J, Ho W (2017) Review on the improvement of the photocatalytic and
antibacterial activities of ZnO. Journal of Alloys and Compounds 727:792-820.
https://doi.org/10.1016/j.jallcom.2017.08.142

Schusteritsch G, Pickard CJ (2014) Predicting interface structures: From SrTiO 3 to graphene.
Physical Review B 90:. https://doi.org/10.1103/PhysRevB.90.035424

Simonsen ME, Jensen H, Li Z, Segaard EG (2008) Surface properties and photocatalytic
activity of nanocrystalline titania films. Journal of Photochemistry and Photobiology
A: Chemistry 200:192-200. https://doi.org/10.1016/j.jphotochem.2008.07.013

Tang Y, Zhang D, Li Y, et al (2019) Fabrication of magnetically recoverable
Ag/CuNb206/CuFe204 ternary heterojunction composite for highly efficient
photocatalytic degradation of pollutants. Separation and Purification Technology
220:78-88. https://doi.org/10.1016/j.seppur.2019.03.049



Wan S, Chen M, Ou M, Zhong Q (2019) Plasmonic Ag nanoparticles decorated SrTiO3
nanocubes for enhanced photocatalytic CO2 reduction and H2 evolution under visible
light irradiation. Journal of Co2 Utilization 33:357-364.
https://doi.org/10.1016/j.jcou.2019.06.024

Wang H, Zhang L, Chen Z, et al (2014) Semiconductor heterojunction photocatalysts: design,
construction, and photocatalytic performances. Chemical Society Reviews 43:5234.
https://doi.org/10.1039/C4CS00126E

Wang JY, Zhou YC (2003) First-principles study of equilibrium properties and electronic
structure of Ti 3 Si o075 Al 925 C 7 solid solution. Journal of Physics: Condensed Matter
15:5959-5968. https://doi.org/10.1088/0953-8984/15/35/305

Wu Y, He T (2018a) Ag loading induced visible light photocatalytic activity for pervoskite
SrTiO 3 nanofibers. Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy 199:283-289. https://doi.org/10.1016/j.saa.2018.03.078

Wu Y, He T (2018b) Ag loading induced visible light photocatalytic activity for pervoskite
SrTiO3 nanofibers. Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy 199:283-289. https://doi.org/10.1016/j.saa.2018.03.078

Xian T, Yang H, Di L, et al (2014) Photocatalytic reduction synthesis of SrTiO3-graphene
nanocomposites and their enhanced photocatalytic activity. Nanoscale Res Lett 9:327.
https://doi.org/10.1186/1556-276X-9-327

Xie J, Lei K, Wang H, et al (2020) Strontium titanate with inverse opal structure as the
photocatalysts. Journal of Materials Science: Materials in Electronics 31:2691-2698.
https://doi.org/10.1007/s10854-019-02809-5

Xie J, Yang C, He Y, Wang H (2018) Effect of pH on the phase transformation of strontium
titanium materials and their photocatalytic property. Journal of Materials Science:
Materials in Electronics 29:19344-19352. https://doi.org/10.1007/s10854-018-0061-6

Yang D, Zou X, Tong Z, et al (2018) Fabrication of SrTiO3 nanotubes via an isomorphic
conversion strategy. Journal of Nanoparticle Research 20:.
https://doi.org/10.1007/s11051-018-4142-5



Yang Y-C, Xu L, Huang W-Q, et al (2015) Electronic structures and photocatalytic responses
of SrTiO3 (100) surface interfaced with graphene, reduced graphene oxide, and
graphane: surface termination effect. The Journal of Physical Chemistry C
119:19095-19104

Yousaf S, Kousar T, Taj MB, et al (2019) Synthesis and characterization of double
heterojunction-graphene nano-hybrids for photocatalytic applications. Ceramics

International

Yu M, Yuan X, Guo J, et al (2021) Selective graphene-like metal-free 2D nanomaterials and
their composites for photocatalysis. Chemosphere 284:131254.
https://doi.org/10.1016/j.chemosphere.2021.131254

Zada A, Muhammad P, Ahmad W, et al (2019) Surface Plasmonic- Assisted Photocatalysis
and Optoelectronic Devices with Noble Metal Nanocrystals: Design, Synthesis, and
Applications. Advanced Functional Materials 1906744.
https://doi.org/10.1002/adfm.201906744

Zhang J, Xiong Z, Zhao XS (2011a) Graphene—metal-oxide composites for the degradation of
dyes under visible light irradiation. Journal of Materials Chemistry 21:3634.
https://doi.org/10.1039/c0jm03827]

Zhang J, Xiong Z, Zhao XS (2011b) Graphene—metal-oxide composites for the degradation
of dyes under visible light irradiation. Journal of Materials Chemistry 21:3634.
https://doi.org/10.1039/c0jm03827j

Zhang L, Mohamed HH, Dillert R, Bahnemann D (2012) Kinetics and mechanisms of charge
transfer processes in photocatalytic systems: A review. Journal of Photochemistry and
Photobiology C: Photochemistry Reviews 13:263-276.
https://doi.org/10.1016/j.jphotochemrev.2012.07.002

Zhou M, Chen J, Zhang Y, et al (2020) Shape-controlled synthesis of golf-like, star-like,
urchin-like and flower-like SrTiO3 for highly efficient photocatalytic degradation and
H2  production. Journal of Alloys and Compounds  817:152796.
https://doi.org/10.1016/j.jallcom.2019.152796



Zhou W, Greer HF (2016) What Can Electron Microscopy Tell Us Beyond Crystal
Structures?  European Journal of Inorganic  Chemistry  2016:941-950.
https://doi.org/10.1002/ejic.201501342

Zhu Y, Murali S, Cai W, et al (2010a) Graphene and Graphene Oxide: Synthesis, Properties,
and Applications. Advanced Materials 22:3906-3924.
https://doi.org/10.1002/adma.201001068

Zhu Y, Murali S, Cai W, et al (2010b) Graphene and Graphene Oxide: Synthesis, Properties,
and Applications. Advanced Materials 22:3906-3924.
https://doi.org/10.1002/adma.201001068

Zuo X, Chang K, Zhao J, et al (2016) Bubble-template-assisted synthesis of hollow fullerene-
like MoS , nanocages as a lithium ion battery anode material. Journal of Materials
Chemistry A 4:51-58. https://doi.org/10.1039/C5TA06869J



