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ABSTRACT

Our research focuses on the fabrication of BaTiOs; and CaTiOz by a hydrothermal method and
improving its photocatalytic characteristics by loading it with Ag metal. This change allows
the photocatalyst to efficiently absorb broad-spectrum solar light while also effectively
separating charges, which are critical for photocatalysis. CaTiOs discovered to exhibit
spherical shape, with Ag showing as smaller spheres. BaTiOs exhibit nanorod shape with Ag
showing as smaller spheres. Both Ag loaded nanocomposites Ag-BaTiO; and Ag-CaTiOs
photocatalysts effectively degraded Methylene blue dye under solar light exposure, degradaing
95% and 99.4% over 4h and 1h. Visible produced lower MB dye breakdown rates of 89% and
92% for BaTiOs and CaTiOs respectively, highlighting direct sunlight as our catalyst's most
effective light source (99.4%). Reusability experiments showed the catalyst’s high stability,
with an 81.8% MB dye degradation efficiency after five cycles. Scavenger studies emphasized
the crucial role of h+ active species in the photodecomposition process. Ag-BaTiOsz and Ag-
CaTiOs, with its simple synthesis method and outstanding performance, is a promising

alternative for eliminating persistent pollutants in textile wastewater systems.

Keywords: Ag-BaTiOs photocatalyst; Ag-CaTiOs, Photocatalytic activity; Methylene blue ;
Visible/Sunlight irradiatiosn,
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1. INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

At present, approximately 100,000 different types of dyes are produced globally with an annual
production rate of 700,000 tons., in which textile industry is a significant consumer of dyes,
with around 36,000 tons of dye consumed annually [1]. About 12% of dyes are excluded as
waste during the dyeing process and nearly 20% of these dyes end up in the environment,
contributing to water pollution and harming aquatic ecosystems[2], [3]. Azo dyes are the
common synthetic organic dyes used in the textile industry, hence being the most common
industrial pollutant. They are characterized by the presence of one or more azo group (—-N=N-
) bound to aromatic rings[4][5]. These are produced in large amounts, and when they enter the
environment during the production and manufacturing process, make water toxic, carcinogenic,
and mutagenic. The removal of dyes and other pollutants from the aqueous environment
has become a challenging task in recent years. To protect the environment, various
methods have been used, such as ozonation, membrane filtration ,bioadsorption, ion
exchange removal, adsorption[6], photocatalytic degradation ,catalytic reduction [7],
biological/aerobic treatment and coagulation. Compared with conventional
technologies, advanced oxidation processes (AOPs) have also been developed
beneficial for the degradation of dyes .[8] AOPs include ozonation[9], photocatalysis
[14], the Fenton/photo-Fenton method[10] ,electrochemical oxidation and ionizing
radiation. Recent studies [11], [12] shows that for the removal of dye from waste water,

photocatalytic method is preferred as it completely mineralize the target pollutants.

Heterogenous catalyst is getting more and attention as it can utilize sunlight as a source of
energy[13] and also due to increasing pollution.[14].In heterogeneous catalysis on the
absorption of light, electrons are transferred from the valence band to the conduction band
leaving holes(h+) behind. In the VB, h+ will react with H2O/OH— to produce a hydroxyl radical
(*OH) via an oxidation reaction. In addition, The electrons (e-) in the conduction band (CB)
react with oxygen molecules (O.) to generate superoxide anion radicals (Oe-) through a
reduction reaction. The superoxide anion radicals can further react with hydrogen ions (H+) to
form hydroperoxyl radicals (HO2¢), which can then react with other superoxide anion radicals
to produce hydrogen peroxide (H20.). H,O; increases the rate of formation of hydroxyl radical
as H20- is reduced at the conduction band and self-decomposition by irradiation (So et al. 2002;
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Lee et al. 2003). The highly reactive ROS such as hydroxyl radicals (*OH) and superoxide anion
radicals (O2¢-) generated through this process can interact with hazardous organic pollutants in
water or wastewater, leading to their degradation. H.O2 + O..” —'OH + OH™ + O2H202+ hv —
2'0H. These ROS are the majorly responsible for the degradation of persistent organic
pollutants in wastewater, The reactive radicals can break down the organic pollutants into

smaller fragments, ultimately converting them into carbon dioxide (CO_) and water (H20).[15].

Many photocatalysts like TiO., CuO, ZnO, Fe.O:; MTIO: (M = Sr, Ca, Ba), CdS, ZnSe etc. are
used to degrade dyes[18]. Titanate perovskites are mostly used due to their resemblance to

TiO, (30) Titanates with general formula ATiOzappear to be promising photocatalysts due to
their polyvalent properties for piezoelectric, ferroelectric, optoelectronics, and photocatalytic
applications. (13) CaTiOs has a perovskite structure having the general formula ABO:s. It has a
high dielectric constant, ferroelectricity, chemical stability, low dielectric loss, economically
friendly, and it has a significantly higher negative conduction band edge potential, making it
for effective catalyst[19][20]. It is cited in the literature as a promising photocatalyst alternative
to TiO2 due to its wider band gap energy (~3.6 eV) and unique properties that favor its use in
heterogeneous photocatalysis, whereas the band gap of TiO- is around 3.2 eV according to the
literature [21]. BaTiOs is one of the emerged promising semiconductor photocatalyst for
removing hazardous organic pollution from wastewater due to its high
dielectric/ferroelectric/piezoelectric properties, low cost, low toxicity, environmental friendly,
perovskite structure, availability in a wide variety in term of sizes and morphologies, multiple

crystal phases, flexibility, good stability and appropriate value of band gap[22]

For the synthesis of CaTiOs and BaTiOs various methods have been developed. High-purity
BaTiOs powder has been synthesized using various chemical methods, including barium
tetanyl oxalate, hydrolysis of barium titanium alkoxide, co-precipitation, one-step sol-gel,
molten salt, and hydrothermal processes. The hydrothermal synthesis method involves
reactions in a strong alkaline solution to produce high-purity, homogeneous, and ultrafine
BaTiO3 powder at relatively low temperatures (60-180 °C). In the current investigation

CaTiOs and BaTiOs were synthesized through hydrothermal method[23], [24] .

Although BaTiO; and CaTiOs are highly photoactive materials, due to their wide band gap and
low quantum efficiency, their overall photocatalytic efficiency has been lowered. It can be
understood primarily by two reasons: fast recombination of electron-hole pairs and the limited

optical response only to UV-light (Due to a large band gap)[25][26]. High E4 value will require
2
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more energy to be absorbed to deliver charge carrier separation. In addition, the electrons and
holes could recombine with each other without participating in photocatalytic reactions. If the
recombination rate is very fast, it will result in a lower number of photo- generated ROS that
will be available on surface reaction sites for the photo-degradation process. Hence, it will
hinder the overall photocatalytic quantum efficiency (Koe et al., 2020). To increase their
photocatalytic activity, recombination should be prevented, and the range of optical response
should be broadened. Various methods have been developed to boost the efficiency of
photocatalyst by doping to reduce the band gap of Photocatalyst and increasing the charge
carrier separation by composing photocatalysts with layered materials or other compounds to
form heterostructures.

The synthesized nanocomposites BaTiO3z and CaTiO3; were evaluated for their effectiveness in
degrading Methylene Blue (MB) dye. The photocatalytic activity of BaTiOz; and CaTiOs
nanocomposites was assessed through a series of tests, The metal-loaded nanocomposites were
refined to optimize their photocatalytic activity.including reaction kinetic analysis(to
understand the degradation mechanism.), recyclability assessment(to determine their stability
and potential for repeated use.), and active species detection tests(understand the degradation

mechanism).

Photocatalytic efficiency of titanates can be effectively increased by various elements like Ag,
Ce, Cr, Fe, Mo, Mn, Ni, Rh, V, W and Zn which can shift the bandgap to the visible region for
better efficient[22]. Among all noble metal, Ag has been used widely as a dopant.[27]Several
authors have reported that introduction of Ag+ ions in semiconductor can generate the intrinsic
defects that can modify the photocatalytic properties of semiconductor[28][29] [9]. Using Ag
as a doping agent, leads to a red-shift thus increasing photocatalytic efficiency of photocatalyst
in the visible-light region[30]. Since Ag metal is a good conductor, it can act as a sink for free
electrons and increases the separation rates of photo-induced electron-hole pairs. Noble metal
nanoparticles (NPs), like gold or silver, have a special property that allows them to absorb
visible light and create a phenomenon called localized surface plasmon resonance (LSPR).[31],

[32]This LSPR effect generates a strong electromagnetic field around the nanoparticles. The




field can help create and separate pairs of electrons (e-) and holes (h+) in nearby semiconductor

materials[33]

Methylene blue (MB) is one of the materials most heavily used in the dye industry. It's often
used to colour various materials like silk, wool, cotton, and paper[34]. MB is toxic,
carcinogenic, and non-biodegradable dye thus causing serious threat to human health and have
adverse effects on the environment[35]. Treatment of wastewater containing MB dye before
discharging into the environment is of great importance due to its harmful impacts on water
quality and perception. In this paper methylene blue has been taken.

The report examines the photocatalytic performance of Ag-doped CaTiOz; and BaTiOs
(containing 2 wt% Ag). Hydrothermal synthesis was used for the production of photocatalysts,
and subsequently, Ag was doped using the photo-deposition method. The prepared samples
were thoroughly characterized by X-ray diffraction (XRD), diffuse reflectance spectroscopy
(DRS), photoluminescence (PL), Field Emission scanning electron microscopy (FE-SEM),
high-resolution mass spectroscopy (HRMS), and energy dispersive spectroscopy (EDS). The
photocatalytic performance of the photocatalysts was examined by removing methylene blue
dye under sunlight. The doped samples showed more photocatalytic activity in the

degradation of MB dye in comparison to the undoped samples.

1.1 Objectives

1) Preparation and characterization of BaTiOsz, CaTiOs and the photo deposition of

noble metal Ag on it.

2) To study the various physiochemical properties of Ag-modified BaTiO; and

CaTiOs nanocomposites.

3) To study the photocatalytic degradation of methylene blue dye by Ag-BaTiO3 and

Ag-CaTiOs; nanocomposites under visible illumination and solar light.

2. EXPERIMENTAL SECTION

2.1 Apparatus

Beakers, measuring cylinder, Weighing balance, Stirrer, Muffle furnace, Spatula, Magnetic

beads, Centrifuge tubes, Mortar and pestle, Hot air oven
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2.2 Chemical and Reagents

Calcium Nitrate Hexahydrate (CaNO3.6H.0), Barium Sulphate (BaSO.), Titanium Dioxide
(P25-TiO,), Sodium Hydroxide Pellets (NaOH), Isopropyl Alcohol (IPA), Silver nitrate
(AgNQO:;), Methylene Blue, Ethanol

(H3C),N s* N(CH3),
Fig.1: Structure of Methylene Blue.

2.3 Synthesis of CaTiOs;

Scheme 1: Calcium Titanate was synthesized by Hydrothermal Method. 0.8g of Calcium
Nitrate (CaNOs.6H-0), 0.2g TiO-, 40g NaOH mixed in 100mL D.I water. The obtained mixture
was stirred for 1h. Then the mixture was loaded to a Teflon lined autoclave (100mL) and treated
hydrothermally at 200°C for 12h. After the mixture was cooled, the precipitates were
centrifuged and washed multiple times with distilled water and absolute ethanol, then dried at
60°C overnight.

2.4 Synthesis of Ag-CaTiO; nanocomposite

Scheme 3: Photodeposition method was used for the fabrication of nanocomposite. A mixture
of Isopropyl alcohol - distilled water (1:1) along with 1852ul of 0.01mM AgNOssolution
(2% Ag- loaded CaTiOs) was prepared in a test tube. The prepared CaTiOs powder (100mg)
was added in the test tube and test tube was tightly closed by a rubber septum. Then the test
tube was purged with argon gas for 15min. The test tube was constantly stirred for 2h under
illumination of UV radiations in photochemical reactor. The test tube was constantly stirred for
2h under illumination of UV radiations (125W, 10.4mW/cm?) in photochemical reactor. The
precipitates were then centrifuged and washed multiple times with distilled water and absolute
ethanol, then dried at 60°C.




2.5 Synthesis of BaTiOs

Scheme 2: For the synthesis of BaTiO3 Hydrothermal Method was used. Firstly, solution A
was prepared by dissolving 3mmol (733mg) of BaSO4 in 20mL of distilled water. Then solution
B was prepared by dissolving 3mmol (239mg) of TiO2 in 20mL of distilled water. Similarly,
solution was prepared by dissolving 0.2mol(8mg) of NaOH in 40mL of Distilled water. Then
solution A and B were stirred for 1h. Solution B was mixed in solution A, followed by solution
C drop wise. The obtained mixture was stirred for 1h. Then the mixture was loaded to a Teflon
lined autoclave (100mL) and treated hydrothermally at 180°c for 12h. After the mixture was
cooled, the precipitates were centrifuged and washed multiple times with distilled water and
absolute ethanol, then dried at 60°C. Obtained white powder was calcinated in the muffle
furnace at 700°C for 3h.

2.6 Synthesis of Ag-BaTiOs nanocomposite

Scheme 3: The photodeposition method was used for the fabrication of the nanocomposite. A
mixture of Isopropyl alcohol - distilled water (1:1) along with 1852ul of 0.01mM AgNOs
solution (2% Ag-loaded BaTiO3), was prepared in a test tube. The prepared BaTiO3 powder
(100mg) was added to the test tube and test tube was tightly closed by a rubber septum. Then
the test tube was purged with argon gas for 15 minutes. The test tube was constantly stirred for
2h under illumination of UV radiation in a photochemical reactor. The test tube was constantly
stirred for 2h under illumination of UV radiation (125W, 10.4mW/cm?) in a photochemical
reactor. The precipitates were then centrifuged and washed multiple times with distilled water
and absolute ethanol, then dried at 60°C.

2.7 Characterization techniques

The produced samples were subjected to crystallographic examinations using an X-ray
powder diffraction Analytical-Xpert-PRO machine with a radiation source (1.54 A) that
operated at 45 kV and a diffraction angle (260) that ranged from 5° to 90° at a 5°/min scan
rate. The photoluminescence (PL) emission spectrum was measured using a
spectrofluorometer (Perkin-Elmer LS55), to investigate the separation of photogenerated
electron-hole pairs. Both high-resolution transmission electron microscopy (HRTEM
TALOS F200S G2 model running at 200 kV voltage) and scanning electron microscopy
(SEM; JEOL JSM-7600F operated at 30 kV) were used to analyze the materials’ size and
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shape. The elemental composition ratio was analyzed using energy-dispersive spectroscopy
(SEM-EDS, JEOL JSM-7600 F) at 30 kV. The optical absorption properties of powder solid
samples were obtained using an Avante’s DRS instrument and a UV-vis spectrophotometer
(JASCO, V-750), over a spectral range of 200-800 nm, with BaSOs as a reference standard

[ CaNO3.4H:0= o.sng

[ TiO2=0.2gm J

L

| on-agm |

[ 100mL D.I Water JJ

U

{ Autoclave 200°C for 12h ]

¢

[ Centrifuge JJ
¢

{Dried at 60°C Overnight B

Scheme 1: Flow chart for synthesis of CaTiOs,
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-NaOH =(.2mol in 40mL D.I

U

ﬂ Stir mixture for 1h individually, then ]
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i

E Autoclave at 180°C for 12h ]

i

{ Centrifuge and dried at 60°C overnight ]

I

ﬁ Calcination at 700°C for 3h ]
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Scheme 3: Experimental procedure for photo-deposition of Ag nanoparticles onto
photocatalyst..

2.8 Photocatalytic activity tests

The photocatalytic activity of BaTiOs, CaTiOs; and their composites (Ag-BaTiOs; and Ag-
CaTiO3) was examined by the degradation of toxic dye Methylene Blue. For the degradation
of MB Dye, 5mg of photocatalyst was taken in 10mL of 5ppm MB solution. Before irradiation,
the suspensions were agitated in the absence of light for 2h to establish an Equilibrium of
adsorption and desorption processes between the dye molecules and the catalyst’s surface. The
test tubes were illuminated with visible light for different time intervals. At a particular time
interval, test tubes were centrifuged to remove the catalyst particles completely. After removing
the catalyst, roughly 5-6 mL of the solution was taken out and absorbance of the solution was
checked using a UV-Visible spectrophotometer. The photocatalysis studies occurred at the
Thapar University in Patiala, India, in a subtropical region. The study spanned from April 1 to
May 10, 2025. The solution was exposed to visible illumination from a 45 W CFL lamp
(Philips) at a brightness of approximately 100 W/m? . UV light was applied to the solution
using a 100 W Hg lamp at 365 nm with a flux density of 64-66 W/m?. Each experiment was
performed three times, and graphical representations were created with error margins
representing a 3% data source error. The absorbance spectrum of Methylene Blue dye was

measured at frequent intervals, specifically at Amax =665 nm.
The photocatalytic efficiency was measured by the following equation:
Degradation efficiency =[(Co— C:)/C01100%

Where C, and C; are the initial conc. of dye and the conc. Of dye after irradiation of light for

time.




The reaction rate constant, reflecting changes in the dye concentration during the reaction, was
estimated according to the Beer-Lambert law:

t =—In (i/C0)
where K is the constant reaction rate, and t is the reaction time.

3: RESULTS AND DISCUSSION
3.1 Surface structural studies:

XRD (X-ray diffraction): The phase purity and crystallographic structures of the
synthesized samples pure BaTiOs, CaTiOs, Ag-BaTiOs and Ag-CaTiOs composites, were
examined from the XRD patterns, and the results are depicted in Fig. 2. XRD pattern of CaTiOs
shows a prominent peak at 20 =23.3¢, 27.4¢, 33,1, 37.2°, 39.0°,40.8°, 47.5°, 53.9°, 59.1, 62.4°,
69.5°, and 79.2° could be perfectly indexed to the respective (1 10), (1 1 1), (121),

(102), (031), (220), (202), (311), (123), (231), (242), and (161) planes of the orthorhombic
CaTiO3 (JCPDS card no: 42-0423). The XRD pattern of Ag-CaTiOs has two low-intensity
peaks at 20 values 0f 38.2 and 44.1, which relate to the (111) and (200) planes of metallic Ag,
respectively(99). These peaks are denoted with star in the graph. However, a small decrease in
the intensities of these peaks was observed on metal loading, which might be attributed to the
suppression of the electron scattering of bare CTO upon loading of these heavy metals to its
surface.[25] The diffraction peaks located at 26 values 22.46¢ , 31.59<, 39.0° , 45.60¢ , 50.92¢ ,
56.43¢ , 65.76° , 70.820 , 75.26° , 79.41¢ , 83.72° matches well with the (100), (101), (111),
(200), (210), (211), (220), (212), (310), (311) and (322) lattice planes for BaTiOs (JCPDS No.
75-2122) respectively[36]. The XRD pattern of Ag-BaTiOs has two low-intensity peaks at 26
values of 38.2 and 44.1, which relate to the (111) and (200) planes of metallic Ag, respectively
(PDF-04-0783)[37]. The fact that the silver nanoparticles are well-loaded or disseminated on
the surface instead of being embedded into the CaTiOsand BaTiOs lattice is further supported
by the fact that the CaTiO3; and BaTiOs peak location did not alter. However, there is a small
decrease in the intensities of peaks on metal loading, which might be attributed to the

suppression of the electron scattering upon loading of metal to its surface.
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3.2 Morphological study:

The surface morphology of the catalysts was identified by FE-SEM and HR-TEM analyses.
Fig. 4(a)-(d) shows FE-SEM images of CaTiOs, and Fig.6(a)-(d) shows FE-SEM images of
Ag-CaTiOs. Mostly cuboidal aggregates or clusters were obtained for the samples. Fig. 8(a)-
(b) shows FE-SEM images of Bare BaTiOs and Fig. 8(c)-(d) shows FE-SEM images of Ag-
BaTiOs. FE-SEM was unable to distinguish between pure and silver deposits due to low wt%
deposition of Ag. However, the elemental composition data shows the presence of Ag on the
BaTiOs and CaTiOssurfaces. EDS analysis was utilized to determine the amount of elements
found in the composite materials. materials. Separate EDS spectra of prepared samples are
shown as Fig.5 CaTiOs, Fig.7 Ag-CaTiOs and Fig9(a)-(b) BaTiOzand Ag-BaTiOs. The amount
of Ag loaded was 2wt%, whereas the observed value was 0.44% and 0.03%. The possible
reason of reduced Ag concentration could be attributed to selected area selection for EDX, mass

loss during photo deposition, or washing.

CaTiO3

Fig.4: FE-SEM images of CaTiOs.
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Fig.11: HR-TEM images of Ag-BaTiOs.

16




3.3 Porosity and Surface Area Evaluation

Fig.12 represents the BET surface area of (a) BaTiOz nanocomposite (b) CaTiOs
nanocomposite. According to the IUPAC classification, both samples’ nitrogen (N2)
adsorption-desorption isotherms showed type-1V Langmuir patterns with distinctive H3-
shaped hysterisis loops, indicating their multilayer and mesoporous behavior. Pore size of
both the samples is mainly that the catalysts have properties as of mesoporous material. Both
samples and their composites have pore size between 5 to 12nm, hence supporting the idea
that the catalysts are mesoporous materials. As depicted in Table 1, the Ag-BaTiOzcomposite
(2.235 m?/g) possesses less BET specific surface area in comparison with pristine BaTiO3
(3.15 m?/g). This small drop is surface area is attributes to Ag NPs populating the pores on
the surface of mesoporous BaTiOz. As depicted in Table 2, The Ag-CaTiO3 composite (3.86
mg?/g) have possesses BET surface area which 2 time less than that of 3,86 Ag-CaTiO3 (1.81
mg?/g)).The enlargement observed in the various BET parameters could be ascribed to the
incorporation of Ag with onto the CaTiOz surface, which would offer abundant active sites
for the adsorption of contaminants, and facilitate rapid transportation of reactants and products
hus, beneficial for attaining high photocatalytic activity. Fig. 13 shows the BJH curves for (a)
BaTiOz (b) CaTiOs

Table 1:
dlametel
BaTiO, 6.8006 8.1615
2 Ag-BaTiO, 2.235 3.457 5.3161
Table 2:
diamieter
CaTiO, B.1562
1 A
1 Ag-CaTi0y 1.86 5578 66138
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3.4 Optical and charge transfer specifications

UV-Vis Diffuse reflection measurements

18




UV-Vis diffuse reflectance spectra were carried out to determine the electronic properties of
bare and silver-loaded composites. BaTiOs; and CaTiO3 exhibit peaks in the UV regions and
no adsorption in the visible light range, which indicates that there is transition of electrons
from the valence band to the conduction band. Doping of silver significantly increases their
light absorption (red shift) property of bare silver towards the visible light region(400-
800nm), which is attributed to the surface plasmon effect of Ag nanoparticles. LSPR bands
were observed at 468nm for BaTiOz and 437nm for CaTiOs. Color change from white to grey
is also observed on the deposition of silver nanoparticles. Additionally, the band gap energy
of a semiconductor is an important factor as it is associated with photocatalytic activity. The
band gap energies of the samples were determinate through the Tauc relation, given by: ahv
= A (hv - Eg)n where a = absorption coefficient, hv = photon energy, A = constant, Eq = the
band gap of the material and n is the exponent coefficient (n=2 for direct band gap and n=1/2
for indirect band gap). The exact band gap value was calculated by plotting graph between
(ahv)*? versus hv (for direct allowed transition) and (ahv)? versus hv(for indirect allowed
transition). The Eg values of the BaTiO3 and CaTiOs, samples were designed to be 3.412 eV
and 3.5 eV. The Eg values of Ag-BaTiOs and Ag-CaTiOs for direct band gap comes out to be

2.95eV {Fig.15 (b)} and 2.77eV. {Fig.15 (d)} The value of band gap decreases from 3.23eV
0 2.95eV for BaTiOs and 3.22eV to 2.77eV for CaTiOs upon deposition of silver. The Ag

deposited catalyst has a narrower band gap than the bare.

() b
0.6 ——BaTio, ®) —CaTiO,
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Fig.14: Diffuse reflectance spectra of (a) BaTiOs nanocomposites (b) CaTiOs

nanocomposites.
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Photoluminescence studies

PL spectroscopy was employed to evaluate the separation of charge carrier efficiency across
several samples. PL strength is directly related to the rate of electron-hole pair recombination:
higher recombination rates result in stronger PL signals, whereas lower rates result in weaker
signals. Figure.16: (a) shows the PL spectra recorded at room temperature for BaTiO3 and Ag-
BaTiOs and (b) shows the PL spectra recorded at room temperature for CaTiOs; and Ag-
CaTiOs. BaTiO3 samples show peak at 423nm, 468nm and 551nm, whereas CaTiO3z samples

show peak at 423nm, 468nm and 550nm. The peak at 423nm ascribes to near band

emission (NBE),
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whereas the latter peaks at 468 and 550nm corresponds to deep level emissions (DLE). The
NBE peaks in UV regions mainly occurs due to recombination of charge carriers formed by
excitation of radiation with energy equal or greater than the bandgap energy. The other two
DLE peaks in the visible region are associated with intrinsic defects such as oxygen vacancies
(Vo), Ti vacancies (Vi) or surface defects[38]. The highest PL intensity, which shows a high
rate of recombination and reduced efficiency of photoinduced charge carrier separation. The
intensity of PL peaks decreases, upon the introduction of Ag nanoparticles. This PL quenching
is due to the effective migration of electrons from the bare to the surface of deposited silver for
electron transport. Increasing the silver content beyond 2% leads to an increase in PL intensity.
As excess metal can increase the rate of recombination and decrease photocatalytic

effectiveness.
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Fig.16: Photoluminescence spectra of (a) BaTiOs nanocomposites (b) CaTiOs nanocomposites.

3.5 Photocatalytic activity

3.5.1 Photocatalytic degradation
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The light-driven catalytic efficiency of the Ag- BaTiOs and Ag-CaTiOs nanocomposite was
initially assessed by investigating the Visible light and sunlight-induced breakdown of the
cationic dye methylene blue (MB). To provide a comparison, Methylene blue was removed
from the bare BaTiOs, CaTiOs, Ag-BaTiOs and Ag-CaTiO3z composites. In the nonexistence of
a photocatalyst, just 11% of methylene blue is destroyed after 1h of direct sunlight exposure,
suggesting its remarkable steadiness. Following 2h of dark adsorption, the adsorption
effectiveness of several composites was computed: BaTiOs: 42.5%; Ag-BaTiOs: 52.7%
CaTiOs: 42.3% Ag-CaTiOs: 45.19%. Fig.17(a-b) shows degradation efficiency of methylene
blue by BaTiOs; nanocomposites under visible light; (c-d) shows degradation efficiency of
methylene blue by CaTiO3z nanocomposites under visible light. Fig.18(a-b) shows degradation
efficiency of methylene blue by BaTiOs; nanocomposites under sunlight. (c-d) shows
degradation efficiency of methylene blue by BaTiOs nanocomposites under sunlight. Ag
loaded nanocomposites exhibits higher adsorption towards methylene blue than unmodified
bare nanocomposites, and when Ag is deposited onto the surface of BaTiOsand CaTiOs, its
adsorption capacity increases. After 2.5h of sunlight exposure, the nanocomposites degradation
efficiency advances according to the outlined progression: Ag- BaTiOs (99.2%) > BaTiOs
(55.6%) in comparison to 4h visible light irradiation Ag- BaTiO3(95.19%) > BaTiO3(85.86%).
{Fig.19 (a-b)}The 2.5-hour exposure to sunlight resulted in higher degradation efficiencies for
Ag-BaTiOs , while BaTiOs showed lower efficiency compared to the 4-hour of visible light
exposure. Similarly, for CaTiO;3 after 1h of light exposure, the nanocomposites degradation
efficiency advances according to the outlined progression: Ag-CaTiOs (99.4%) > CaTiOs
(80.8s6%) in comparison to 1.5h visible light irradiation Ag-CaTiOsz (97.9%)> CaTiOs
(89.2%). {Fig.16 (c-d)}. Thus, the Ag loaded nanocomposites (Ag-BaTiOz; and Ag-CaTiOs)
eliminates methylene blue to more extente, which is consistent with previous characterization
findings. Furthermore, utilizing pseudo- first-order rate kinetics, the related reaction rate
constants (k) were Determined through numerical analysis, {In(Ct/Co) = —kt}[39] here Cois the
initial concentration of MB dye, C:is its concentration at the time (t), and k denotes the rate
constant (min~" ). Figure. 9 shows the In(Ci/Co) readings for the prepared samples. Fig.20(a)
shows rate constant of BaTiO3(0.72403min) and Ag-BaTiO3(0.4755min"t) under visible light,
(b) rate constant of BaTiO3(1.30716min) and Ag-BaTiO3(0.89509min™t) under sunlight (c)
rate constant of CaTiO3(0.04106min) and Ag-CaTiO3(0.02548min™) under visible light (d)

rate constant of
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CaTi03(0.08098min) and Ag-CaTiO3(0.04333min) The Ag loaded photocatalysts had a
high methylene blue degrading rate constant , which is nearly 3 times greater than that of bare
photocatalysts. .The Ag-BaTiOsz and Ag-CaTiOs; nanocomposite showed a markedly greater
decline after 2.5h and 1h of sunlight exposure . The comprehensive reducing pattern seen in
the methylene blue spectral analysis demonstrates the superior photocatalytic efficiency of Ag-
BaTiO; and Ag-CaTiOs suggesting that the Ag loading helps enhance the photocatalytic
activity of BaTiOzand CaTiOs. The experimental results show that adding Ag on the surface
of BaTiOz and CaTiOs considerably improves its degraded performance. These metallic
coatings operate as electron accumulation sites, catching photo-excited electrons from the
BaTiOs and CaTiOs surfaces, preventing recombination of electron holes pairs. This process
enhances the production of highly reactive electrons and superoxide radical anions (.02 - ),
which are essential for successfully degrading methylene blue dye. In summary deposition of
silver nanoparticles enhances the photocatalytic degradation efficieny and in comparison to the
light source i.e visible light and sunlight, sunlight is more effective for the degradation of

methylene blue dye.
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Fig.22: Degradation of MB dye by Ag-CaTiO3z under sunlight

2.5.2 Effect of visible/sunlight illumination: Under ideal conditions, relative studies assessed
photocatalytic activity using various light sources, including visible, and natural sunlight. As
shown in Fig.14, dye is degraded at an efficiency of 85.86% under visible irradiation and
89.38% under natural sunlight for BaTiOs. Using the Ag-BaTiOs nanocomposite under natural
sunlight resulted in the removal efficiency of 97.11%. According to Fig., pollutants degraded
at an efficiency of 89.2% under visible irradiation and 92.3% under natural sunlight for CaTiOs.
Notably, using the Ag-BaTiOs nanocomposite under natural sunlight resulted in the best
removal efficiency of 99.4%. Natural sunlight consistently outperformed visible light in terms
of pollutant degradation efficiency for both BaTiOs and CaTiOs. The incorporation of Ag
into the BaTiOs and CaTiOs structures significantly enhanced their degradation efficiencies
under natural sunlight. The Ag-CaTiOs nanocomposite achieved the highest degradation
efficiency of 99.4% under natural sunlight, making it a promising candidate for practical
applications. These findings highlight the superior 24 effectiveness of natural sunlight in
pollutant degradation in conjunction with the proposed photocatalyst. Thus, natural sunlight

has a significant advantage over non-natural light sources for Contaminant breakdown.
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3.6 Mineralization of dye by TOC measurement

Total Organic Carbon (TOC) testing was utilized to assess the effectiveness of mineralization
of pollutant molecules during photocatalysis, as mineralization is the ultimate goal of pollutant
treatment. TOC values represent the amount of organic carbon dissolved in the aqueous
solution. A decrease in TOC concentration indicates the level of mineralization achieved upon
completion of the reaction. In this study, TOC analysis was conducted at the beginning and end
of the photodegradation process to determine the extent of Methylene blue dye mineralization
facilitated by the fabricated Ag-CaTiOs photocatalyst. The TOC values were measured at the
start and end of the photodegradation process. The reduction in TOC concentration was used
to determine the level of mineralization achieved. This analysis provides insight into the
effectiveness of the photocatalyst in breaking down the organic pollutant into inorganic
compounds. The findings demonstrate that the TOC values of Methylene blue dye decreased
from 41.3 to 22 mg/I after 60 minutes of direct sunlight exposure, representing a 46.8% TOC
reduction. The Ag-CaTiOs photocatalyst shows promise in breaking down methylene blue
pollutants, as evidenced by the decrease in Total Organic Carbon (TOC) values. While the UV-
Vis spectrophotometer results indicate high degradation efficiencies, they also reveal that
mineralization activity is slightly lower. This discrepancy can be attributed to the formation of
intermediate products, which were identified through High-Resolution Mass Spectrometry
(HRMS) studies. Although complete mineralization of these intermediates is achievable, it may
require prolonged exposure to sunlight.

Mineralization(%) = oiitil - 0fil/TOCinitialX100%

Where, TOCiniia and TOCrina Values are the total organic carbon

content of methylene blue (mg/L) before and after the degradation process,

respectively.
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3.7 Scavengers studies

To identify the active species in Ag-BaTiOs; and Ag-CaTiOs for photocatalytic degradation,
radical capture studies were conducted. Various scavengers (EDTA, benzoquinone, IPA) were
selected for the quenching of photoproduced holes(h+), O2.- and. OH radicals. The conditions
were kept identical as for the free radical trapping and degradation experiments. As shown in
Fig.24 , the photo removal effectiveness of Methylene blue was decreased in the presence of
scavengers with the significance order following benzoquinone> IPA>EDTA which indicates
that .OH and h+ are the primary contributors for the degradation process of MB, whereas O2.-
plays a minor role. On addition of benzoquinone degradation process was affected only up to
a low extent, showing that superoxide radical anions play insignificant role the degradation
process. The degradation efficiency was affected largely on addition of IPA and EDTA,
showing that .OH radicals and h+ are the primary active species for the degradation of mb dye.
Results obtained concludes that h+ is the important primary reactive species in the degradation

process.
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3.8 Photocatalytic degradation pathways
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Fig.25: HRMS data of BaTiOs photocatalyst when MB degraded (a) 76.8% (b) 97.11%.

Based on HRMS data, the photocatalytic degradation pathway of methylene blue could be
determined. The mass spectra of methylene blue (m/z = 284) degraded by 76.87% and 97.11%
are shown in Fig. 25(a) and (b), respectively, to further determine the degradation
intermediates’ compositions. For Pathway 1: The intermediate product with a mass-to- charge
ratio (m/z) of 284 is due to the MB pollutant. Besides, the m/z ratios produced with the
photocatalytic process were 284, 270, 256 219, and 105. According to the previous reports and
the exploration of the results, the conceivable photocatalytic route was exhibited in Fig. 26.
The MB pollutants were decayed to the intermediate product through a demethylation reaction
by the intermediate product of m/z ratio of 270. The above intermediate was converted to the
intermediate of m/z ratio of 256 (Observed peak= 255 + H+) via either demethylation or
deamination reaction which is an obvious implication of the photocatalytic of MB pollutants.
The following pathway, after the desulfurization reaction, the next step is through shortening
and ring opening. The m/z ratio is 109 corresponding to 1,4-butanedione, etc. These small

molecules are transformed into CO2 and H20 eventually[40].
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Pathway 2: Destroying the nitrogen-sulfur heterocycle through an h+ attack is one of the
possible degradation pathways (path 1). Intermediate product A is produced when the N-S
heterocycle is cracked by the attack of h+ to N14 and S13. Meanwhile a benzenesulfonic

derivative is generated as intermediate product B from the ring opening of the N-S

heterocycle during the oxidation. Then B is attacked preferentiallsy by h+ and -OH to generate
intermediate product C. C is easy to attack by h+, and the amino group is removed to form
intermediate product D. As the degradation progresses, the benzene ring of intermediate
product D is opened under combined action of h+ and -OH, and MB and degradation products
are eventually mineralized to form simple inorganic molecules, like NO ~,450 2-,CO and H
O[41].

Pathway 3: As shown in fig.: 26, HO" radicals attack the C-S+ C functional group in MB at
m/z = 303.( Observed dehydrated peak at [284+ Na+]) The electrophilic attack of HO " involved
the free doublet of heteroatom S, causing its oxidation state to change from —2 to 0. However,
the transformation from C-S+ C to C-S( O)-C requires conservation of the double bond, which
induces the opening of the central aromatic ring containing both heteroatoms (S and N). The
origin of the H atoms necessary for C-H and N-H bond formation is proposed to be from proton
reduction by photogenerated electrons, as this is already been observed in MB
dehydrogenation.With further degradation, the main by-products of the degradation process are
2-aminophenol, 2-amino-5-(methylamino)hydroxybenzenesulfonic acid (Observed reduced
peak at 214) and 2-amino-5-(N-methylformamido)benzenesulfonic acid (Observed peak at [
223 + Li+]), as shown by mass spectrometry analysis which gives m/z values of 109, 218 and
230, respectively. Finally, the intermediates could be further decomposed into small molecules,

like carbon dioxide and water Finally, the d into small molecules, like carbon
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dioxide and water.
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Fig.26: Degradation pathway mechanism of Methylene blue dye by Ag-BaTiOs photocatalyst
under sunlight.

3.9 Possible Degradation mechanism

When sunlight hits BaTiOs and CaTiOs, it excites electrons from the valence band to the
conduction band, creating holes in the valence band. These electrons and holes are crucial for
the subsequent reactions. The excited electrons and holes interact with oxygen and water
molecules adsorbed on the surface of the photocatalyst. This interaction leads to the formation
of reactive oxygen species (ROS) like superoxide radical anions (-O2—) and hydroxyl radicals

(-OH). These ROS are highly oxidative and can effectively degrade organic
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pollutants like Methylene blue dye. Silver has a lower redox potential compared to the
conduction band potential of BaTiOs and CaTiOs. This allows the photoexcited electrons to
flow quickly from the photocatalyst to the Ag surface. Essentially, Ag acts as an electron sink,
facilitating the separation of electron-hole pairs and preventing their recombination. This
enhances the efficiency of the photocatalytic process. The overall reactions during

photocatalysis under sunlight, with Ag-deposited (BaTiO3) photocatalyst are depicted below:

Ag +hv — Ag (h* +e-) 1)
BaTiOs + hv — BaTiOs (h+ + e-) 2
Ag (e-) + BaTiO; — BaTiOs (e-) + Ag (3)
BaTiO; (e-) + O, — BaTiOz + Oy (4)
Ag (e-) + O, —> Ag + .0y (5)
02" + H* — OOH (6)
OOH — Oz + H,0; ()
H.0O, + (e-) —» OH + "OH 8)
Ag (h*) + “OH — OH 9)
BaTiOs (h+) + OH — OH (10)
027/ OH + MB — CO; + H,0 + degradation products (12)

This transport mechanism in the metal-loaded photocatalyst is anticipated to reduce charge

carrier recombination, greatly enhancing photocatalytic performance
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Scheme 4: Mechanism of Methylene Blue degradation under sunlight.

3.10 Recyclability Studies

A series of recycling tests were performed using Ag-BaTiOs; and Ag-CaTiOz; for the
degradation of MB dye. For evaluating the reusability of composites photocatalytic activity
was assessed for 5 consecutive cycles. For each cycle, the photocatalyst was retrieved via
centrifugation from the previous one. It was then cleaned and dried. According to Figure, the
degradation efficiency of the MB dye dropped by just small in case of Ag-BaTiOs and for Ag-
CaTiOs. The reduction in the degradation process from to and from to can be due to loss of
catalyst during the separation and recycling process. In summary, The Ag-BaTiOs; and Ag-
CaTiOs composites demonstrate excellent degradation performance, good renewability, and
robust photostability, making them suitable for practical applications in wastewater treatment.
The minimal reduction in degradation efficiency after multiple cycles highlights the stability

and potential for long-term use of these photocatalysts.
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Fig.27: Recyclability studies (a)Ag-BaTiOs (b) Ag-CaTiOs.
4. CONCLUSION

BaTiOs; and CaTiOs were synthesized using the hydrothermal method and were loaded with
metal Ag to improve its photocatalytic properties. The successful fabrication of the samples
was confirmed by multiple analyzing techniques such as DRS, FE-SEM, HR-TEM, XRD and
PL analyses. FE-SEM and HR-TEM images confirm that Ag was efficiently deposited on the
surface of BaTiO3z and CaTiOs. The synthesized samples were used to study the degradation of
Methylene blue dye using sunlight to evaluate the photocatalytic efficiency of the synthesized
samples [105]. The photocatalysts exhibited the maximum photocatalytic efficiency and rate
constant for Ag-CaTiOs. The composite was found to photocatalytically degrade pollutants by
natural sunlight according to PL, BET, and UV-visible DRS tests occurring at a lower electron-
hole recombination rate, large surface area, and appropriate band gap. Different parameters
including reaction Kkinetics, type and wavelength of light sources, scavenger analysis, and reuse
sof the photocatalyst were also investigated in the study for photocatalytic degradation. Using
trapping experiments, h* was determined to be the predominant species responsible for
degradation of the pollutants. The recyclability of the composite was also excellent for up to 5
cycles. In conclusion, the Ag-BaTiO3z and Ag- CaTiOs catalysts exhibited significant depletion
activity for organic pollutants under low consumption in natural sunlight, which is a promising
feature and ready to apply for scale-up industrial wastewater treatment due to its low cost, ease,

and environmentally friendly.
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