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Thin Films (FTO/BaTiO5;/AgNPs) for Enhanced Piezo-Photocatalytic
Degradation of Methylene Blue and Ciprofloxacin in Wastewater
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ABSTRACT: In this study, we investigate the ability of barium titanate/silver YY
nanoparticles (BaTiO;/AgNPs) composites deposited on a fluorine-doped tin
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oxide (FTO) glass using tape-casting method to produce piezoelectric thin film :; = W
(FTO/BaTiO;/AgNPs) for piezocatalytic, photocatalytic, and piezo-photo- )- -
catalytic degradation of methylene blue (MB) and ciprofloxacin (CIP) in A
wastewater. The prepared piezoelectric materials (BaTiO; and BaTiO;/AgNPs) [F0¢ | €0, + H,OU)

were characterized using XRD, SEM, TEM, EDS, UV-DRS, TGA, PL, BET, EIS, Cavitation bubbles
and chronoamperometry. The UV-DRS showed the surface plasmon resonance 0 freecariers
(SPR) of Ag nanoparticles on the surface of BaTiOj; at a wavelength of 505 nm. 00 rolried s
The TEM images revealed the average Ag nanoparticle size deposited on the

surface of BaTiOj; to be in the range of 10—15 nm. The chronoamperometry showed that the photoreduction of silver nanoparticles
(AgNPs) onto BaTiO; (BTO) resulted in a piezo-electrochemical current enhancement from 0.24 to 0.38 mA. The composites
(FTO/BaTiO;/AgNPs) achieved a higher degradation of MB and CIP when the photocatalysis and piezocatalysis processes were
merged. Under both ultrasonic vibration and UV light exposure, FTO/BTO/AgNPs degraded about 72 and 98% of CIP and MB
from wastewater, respectively. These piezoelectric thin films were shown to be efficient and reusable even after five cycles, suggesting
that they are highly stable. Furthermore, the reactive oxygen species studies demonstrated that hydroxyl radicals (-OH) were the
most effective species during degradation of MB, with minor superoxide radicals (-O,”) and holes (h*). From this study, we were
able to show that these materials can be used as multifunctional materials as they were able to degrade both the dye and

)
Piezo-polarization

pharmaceutical pollutants. Moreover, they were more efficient through the piezo-photocatalytic process.

1. INTRODUCTION

The release of organic contaminants from industries into
wastewater contributes to water pollution.' Some of these
organic contaminants include organic dyes such as methylene
blue (MB), methyl orange (MO), and Rhodamine B, to
mention a few. These organic dyes are used as coloring agents
from various industries such as textile, paper printing,
cosmetics, and pharmaceuticals and thus are mostly common
in industrial waste water.””* Therefore, the consumption of
wastewater containing these organic dyes can cause some
detrimental effects to living organisms including human beings
and aquatic living species. These dyes are extremely toxic, non-
biodegradable, and carcinogenic.” Of major concern, methyl-
ene blue is one the most widely used dyes in the textile
industry for a variety of applications. The production of these
dyes from textile industries has been estimated to be roughly
10,000 tons per year, with about 100 tons being released into
industrial wastewater.®™® According to international standards,
the allowed permissible chemical oxygen demand (COD),
biological oxygen demand (BOD), and concentration color are
<50 mg/L, <30 mg/L, and 1 mg/L, respectively.z’é’()’10 The
consumption of water containing low concentrations of MB
(even below 1 ppm) can result in extreme sweating, acute renal
failure, liver damage, skin irritation, confusion, and dysp-
nea.'' ™" With the rapid growth of industries, there is an
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expected release of more and more tons of MB dye in the
environment. Therefore, it is necessary to treat industrial
wastewater contaminated with these dyes before they are
released into the environment. Other organic contaminates,
which are highly hazardous, include pharmaceutical pollutants
such as ciprofloxacin, tetracycline, sulfamethoxazole, and
penicillin.">'® These antibiotics are known to treat bacterial
infections.'” Ciprofloxacin (CIP) is the most widely prescribed
antibiotic for the treatment of skin infections, sexually
transmitted diseases, and cancer.'”'® In hospitals, a daily
water use of 260—940 L containing CIP up to 101 g/L per bed
is typical. The amount of CIP pollution detected in surface
water and subsurface water was under the concentration range
of <1 ug/L, according to the figures provided by health
communities.'” However, high CIP concentrations of 150 and
S0 ug/L, which are extremely harmful to human health is
found in hospitals and drug manufactures, respectively.'”'? As
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a result, it is critical for clinical wastewater to be treated before
reaching community facilities for consumption or utilization.

Several methods have been employed to remove organic
pollutants; these include adsorption, chlorination, reverse
osmosis, and membrane filtration. Unfortunately, most have
been shown to be ineffective in completely removing organic
pollutants from industrial wastewater.”’~>* For instance, the
adsorption method, which involves transfer of adsorbate
(organic pollutants) onto adsorbent materials such as activated
carbons, requires additional disposal of the adsorbate from the
adsorbent after treatment, thus generating secondary pollu-
tion.”®> Therefore, this makes this technique not suitable for
elimination of organic waste pollutants. Another popular
disinfection or removal technique is chlorination, which
involves chemical reactions between organic pollutants and
chlorine to produce some harmful toxic byproducts such as
trihalomethanes (THMs) and haloacetic acid (Haa).”* On the
other hand, electrochemical advanced processes (EAOPs),
photocatalysis, and piezocatalysis have been reported to be the
most suitable methods for the degradation of recalcitrant
organics since they do not generate any secondary
pollution.”***™*’ These methods use generated reactive
oxygen species such as hydroxyl, superoxide, and hydrogen
peroxide radicals to break down organic pollutants into less
harmful byproducts such as water (H,O) and carbon dioxide
(CO,).”> However, EAOPs require an external electric supply;
thus, high energy consumption is used.’> Mostly, non-
renewable energy sources such as fossil fuels are utilized as a
source of electric power. The electric power derived from
burning these fossil fuels tends to be associated with the
emission of greenhouse gases such as CO,, CH,, and N,0O,
which are harmful to the atmosphere.’ To self-sustain the
EOAPs, renewable sources are required as a source of electric
power. Electric power derived from renewable sources offers
production of clean energy.

Piezoelectric materials are known to be energy harvesters
and have been used in a wide range of applications, commonly
as sensors or actuators. These materials are commonly known
for their ability to produce electricity called piezoelectricity
under mechanical vibration.”> Some researchers have shown
that these materials can drive electrochemical reactions when
immersed in water under ultrasonic vibration or any form of
mechanical vibration.”® Recently, piezomaterials (PZM) have
been employed to power electrocatalytic reactors.”* A lot of
research nowadays is based on using PZM as self-powered
electrocatalytic reactors for various applications including
bacterial disinfection, sensing, and wastewater treatment. In
wastewater treatment, a majority of piezocatalysts such as
BiFe;0,, BaTiO;, ZnO, MoS,, WS,, ZnSnO, BiOCl, PbTiO;,
PbZr,Ti;_,O; NaNbO;, and Bi,Ti;O,, are used as self-
powered electrocatalytic reactors for the degradation of organic
pollutants.”*™*' In most cases, these piezocatalysts were
applied in powdered form. Even though powered piezocata-
lysts offer full contact with the solution, they are not easily
recovered from solution and thus they suffer from poor
reusability.”* In order to enhance the reusability of
piezocatalysts, many studies tend to deposit these bulky
materials on soft substrate materials to produce piezo-thin
films.*>** Most of the piezocatalysts are considered as poor
electrocatalysts and generally have a wide band gap. Several
studies have shown that combining these materials with
excellent electroactive materials such as noble metals (Au, Pt,
Ag, and Pd) can enhance their electrochemical performance

and also reduce their band gap."*~*" Another advantage of
doping these piezocatalysts with noble metals in photocatalysis
is to hinder or reduce rapid recombination of photogenerated
electron—holes and further enhance photocatalytic perform-
ance.”’ Amongst those noble metals, platinum group metals,
including platinum (Pt) especially, have been reported to be
the most effective catalysts to promote an electrochemical
redox reaction; however, their practical application is limited
due their high cost.>” Silver nanoparticles (AgNPs) are a non-
platinum group metal (PGM) and thus are less expensive
compared to other metals. Recently, several researchers have
been deviating from the use of PGMs to AgNPs as an
alternative cheap electrocatalyst. There are several studies that
have been conducted were various semiconductors were doped
with Ag nanoparticles including ZnO, TiO,, Bi,WOy, BiVO,,
ZnTiO3, MoS,, and BaTiO; for photocatalytic degradation of
organic pollutants.”’ >’ To our best knowledge, the perform-
ance of BTO/AgNPs as a piezo-thin film has not been yet
reported for piezo-photocatalytic degradation of MB and CIP
from wastewater.

Thus, in the current study, we report on a hydrothermally
synthesized BTO as a lead-free piezoelectric material doped
with photoreduced AgNPs. The novelty of this work can be
observed from the modification of BTO using AgNPs, and the
powdered composites (BTO/AgNPs) were tape-pasted on a
FTO glass substrate to form a reusable piezoelectric thin-film
electrode. Furthermore, the novel piezoelectric thin-film
electrode (FTO/BTO/AgNPs) was employed as a self-
powered electrocatalytic reactor for piezoelectrocatalytic
degradation of MB and CIP. It further assisted the piezo-
electrocatalytic performance of piezo-thin films with visible-
light irradiation. Therefore, this research project provides the
future possible applications of piezo-thin films for wastewater
treatment.

2. EXPERIMENTAL MATERIALS AND METHODS

2.1. Reagents Used. The chemicals used in this work
including barium chloride dihydrate (BaCl,-2H,0), titanium
dioxide (TiO,), sodium hydroxide pellets (NaOH), PVDF
(polyvinylidene difluoride), NMP (N-methyl-2-pyrrolidone),
tert-butyl alcohol (+BuOH), hydrochloric acid (HCI), silver
nitrate (AgNO;), p-benzoquinone, and disodium salt of
ethylenediaminetetracetate (EDTA) were obtained from
Sigma Aldrich (South Africa).

2.2. Preparation of Piezoelectric Thin Films (FTO/
BTO) and (FTO/BTO/AgNPs). Barium titanate was synthe-
sized according to a hydrothermal method.”® Here, an amount
of 0.24 g (TiO,) was dissolved in 10 mL of dejonized water
(DW), and the solution was purged by nitrogen gas and stirred
for 10 min. Thereafter, 1.22 g of BaCl,-2H,O was added to the
above solution and continued to stir for another 10 min. From
the above mixed solution, a small amount of NaOH (0.20 g)
was further added and the solution mixed was stirred for an
additional 10 min. The solution mixture was transferred into a
Teflon-autoclave and heated in an oven at 170 °C for 24 h to
obtain BaTiO; (BTO) powder. The resultant BTO powder
was washed with 50/50% of ethanol and deionized water, and
the powder was further dried at 70 °C overnight.

To obtain BTO/AgNPs, silver nanoparticles were synthe-
sized in the presence of BTO. A green method (photo-
reduction) was used to deposit AgNPs on the surface of
BTO." Typically, an amount of 0.25 g of the hydrothermally
synthesized BT O was dispersed in 25 mL of 0.0100 M AgNO;.
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Thereafter, the solution was stirred for 10 min in the dark to
form a homogeneous mixture. After 10 min, the homogeneous
mixture was exposed to visible light (70 W) under constant
stirring for 30 min to obtain a gray powdered product (BTO/
AgNPs).

A method by Dr. Blade was used for the preparation of
piezo-thin-film electrodes of FTO/BTO and FTO/BTO/
AgNPs.” Here, the resultant BTO (50 mg) was mixed with
90.0 uL of NMP and a small amount of PVDF (S mg) as a
binding agent and the solution mixture was deposited on the
FTO glass substrate (2 cm X 2 cm) via tape-casting to obtain
piezoelectric thin films (FTO/BTO) with a thickness of 93.66
um. Thereafter, an oven was used to dry the thin film at 80 °C
overnight. In order to obtain FTO/BTO/AgNPs thin films, the
same procedure as above was followed, except that BTO was
replaced with BTO/AgNPs. The schematic of the photo-
reduction synthesis method and thin film fabrication is
summarized in Scheme 1.

Scheme 1. Fabrication of Piezo-Thin Films

Light source
0.01 M AgNO,; solution

BTO/AgNPs

—" Tape casting
» P3 ——)
NMP and PVDF (binders)

LI FTO/BTO/AgNPs

2.3. Material Characterization and Analysis. The
identification of phases, crystallinity, and purity of the
powdered materials were confirmed by X-ray diffraction
(XRD, Ultima IV-Rigaku, Japan). The field emission-scanning
electron microscopy (FE-SEM, Zeiss Crossbeam 540, United
Kingdom) coupled with energy dispersive X-ray spectroscopy
(EDS) was used for the determination of morphological
structures, particle sizes, and elemental composition. The high-
resolution images of the materials were obtained using
transmission electron microscopy (TEM, JEM-2100, Japan).
A UV—vis spectrophotometer (Agilent Technologies Cary 60
UV—vis, Malaysia) was used to study the optical properties of
the synthesized materials and the degradation analysis of MB
and CIP, while their total organic carbons were recorded using
a TOC analyzer (Lotix-tekmar 15-1600-00, United States).
The confirmation of functional groups was determined in a
wavenumber range of 4000—400 cm™' by Fourier-transform
infrared spectroscopy (FTIR, Bruker-Alpha, Germany). Ther-
mal gravimetric analysis (TGA, Hitachi-STA7200RV, Japan)
was used to investigate the thermal stability of the materials.
To determine the rate of hole and electron recombination, a
fluorescence spectrophotometer (LS 45, United Kingdom) was
employed to measure the photoluminescence (PL) spectrum
of the materials at 400 nm excitation. Brunauer—Emmett—
Teller analysis (BET, Micromeritics TriStar II Plus, Germany)
was employed to study the specific surface area of the prepared
piezocatalyst. Electrochemical measurements including piezo-
electrochemical response and electrochemical impedance
spectroscopy (EIS) were performed using an Autolab
Potentiostat (PGSTAT204, Netherlands). The prepared
piezo-thin films acted as working electrodes, whereas Ag/
AgCl (3.00 M KCI) and platinum wire were used as the
reference electrode and contour electrode, respectively.

2.4. Piezocatalytic and Piezo-Photocatalytic Degra-
dation Experiments. To study the piezocatalytic degradation
of MB, the prepared piezoelectric thin films were immersed in
75.0 mL of solution containing S mg/L MB. The MB solution

containing the thin films was stirred for 10 min to reach an
adsorption—desorption equilibrium. Ultrasonic vibration
(UP400St Ultrasonic processor probe, Hielscher (Germany),
24 kHz) was used to trigger the piezo-electrochemical reaction
in the absence of light using the following setup (Figure S1).
The temperature of the aqueous solution was maintained at 25
+ 1 °C with assistance of an ice water bath. For piezo-
photocatalytic experiments, ultrasonic vibration and light were
employed to trigger the piezo-photocatalytic reaction for the
degradation of MB. The distance between the quartz beaker
glass containing MB solution and light source (LD3001, 70 W)
was 10 cm. The piezo-photocatalytic degradation of MB
solution was monitored using UV—vis spectroscopy at a
wavelength of 653 nm. After every 30 min interval, about 3 mL
of the aliquot was taken from the MB solution for analysis. The
effects of pH, ultrasonic power, and trapping agents on piezo-
photocatalytic degradation were also investigated. The pH
solution of MB was adjusted using 1.0 M NaOH and HCl from
2 to 10, and the ultrasonic power applied ranged from 10 to 30
W. In order to investigate the stability of the prepared piezo-
thin-film composite, the piezo-thin film was dried at room
temperature for 24 h after every piezo-photocatalytic
degradation of MB for further re-usability. The chronoamper-
ometry studies were conducted to investigate the piezo-
electricity of the prepared thin films (FTO/BTO and FTO/
BTO/AgNPs). Sodium sulfate (Na,SO,, 0.10 M) was used as a
supporting electrolyte solution at neutral pH (7.0). Electro-
chemical impedance spectroscopy was conducted in S mM
solution of [Fe(CN)¢]>/* containing 0.10 M KCl; the
external bias voltage, amplitude, and frequency range applied
were 0.23 V, 0.01 V, and 0.1-100 kHz, respectively.

3. RESULTS AND DISCUSSION

3.1. Structural, Crystallinity, and Phase Identification
Studies. To determine the phases found on the prepared
composites and to confirm their formation, Figure 1 shows the

(110) —— BTO/AgNPs
—BTO (200)
—Tio,

Ref 04-013-6990

: :/ 44 a5 a6
(111); i

i (211) 20
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Figure 1. XRD patterns of TiO,, BTO, and BTO/AgNPs.

X-ray diffraction patterns of TiO,, BTO, and BTO/AgNPs.
The XRD peaks at 260 values of 22.18, 31.57, 38.83, 45.25,
50.95, 56.14, 65.92, 70.42, 74.93, and 79.22° were indexed to
(100), (110), (111), (200), (210), (211), (220), (300), (310),
and (311), respectively. The XRD patterns of BTO and TiO,
were matched with standard data of JCPDS (ref codes 04-013-
6990 and 01-075-254S). The melting point for barium
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dihydrate (BaCl,-2H,0) is 113 °C. When barium chloride
dihydrate (BaCl,-2H,0) reacted with titanium dioxide (TiO,)
through a hydrothermal reaction (conditions: 170 °C for 24
h), the contents were heated at temperatures above the melting
point (>113 °C), and dissolution/melting of barium dihydrate
in NaOH solution might have completed, thus resulting in
BaTiO; precipitates.”” The splitting of the peaks at 26 values
between 45 and 45.2° confirmed the formation of the
tetragonal BTO structure. The obtained results were in
agreement with the reported literature.”’ Moreover, it can be
observed that there were no additional peaks for AgNPs on the
composites; this could be due to the uniform dispersion of Ag’
NPs on the surface of tetragonal-BTO and the concentration
of accumulated AgNPs on BTO being below the detection
limit of powder X-ray diffraction (PXRD).** To show and
confirm the deposition of AgNPs on the surface of BTO, more
characteristic techniques including SEM, TEM, and EDS were
employed.

3.2. Morphological and Elemental Analysis Studies.
The FE-SEM images of BTO and BTO/AgNPs are displayed
in Figure 2a,b, respectively. The surface morphology of BTO

Figure 2. (a, b) FE-SEM images of BTO and BTO/AgNPs, (c) EDS
spectrum of the composite, (d) cross-sectional imaging of piezo-thin
films, and (e, f) TEM images of BTO/AgNPs.

microstructures appears to be very smooth, dense, and with
some clear grain boundaries. Similar surface morphology was
reported in various studies.””~®* There is no clear evidence of
Ag nanoparticles being deposited on the surface morphology of
BTO in Figure 2b. However, the presence of the Ag element in
the EDS spectrum of the composite showed an evident
successful deposition of AgNPs on the surface of BTO (Figure
2¢). The cross-sectional image of the thin-film composite is
shown in Figure 2d. It can be observed that the Dr. Blade
method®” was a success for the fabrication of piezo-thin films
based on an FTO glass substrate; the prepared BTO/AgNPs

sample was successfully deposited on the FTO glass plate
substrate via tape-casting. Furthermore, the thickness of the
piezo-thin film was measured to be approximately 93.66 pm.

Figure 2e,f shows the TEM images of the pure BTO and
silver-deposited BTO. The TEM images display large
agglomerated grains of BTO (Figure S2). The small spherical
nanoparticles, which are uniformly dispersed on the surface of
the BTO, appears to be silver nanoparticles, which also
confirms the successful deposition of Ag nanoparticles. The
particle sizes of these spherical Ag nanoparticles on the surface
of the BTO were measured by Image ] (Figure S3), whereby
the dominant average particle sizes were obtained between 10
and 15 nm. To further understand this formed composite,
functional, thermal stability, and surface area studies were
conducted.

3.3. Functional, Thermal Stability, and Surface Area
Studies. To confirm the functional groups of the prepared
materials, Figure 3a illustrates the FTIR spectrum of pure BTO
and BTO deposited with AgNPs. The broad peak observed at
approximately $57 c¢m™' can be attributed the (Ti—O)
stretching vibrations of the BTO, confirming the presence of
a metal bonded to oxygen. The characteristic peak exhibited at
around 1401 cm™' can be ascribed to the stretching vibration
of a carbonate group (—CO;*”) from the small amount of
BaCO;. Several small absorption peaks were observed at lower
frequencies (859—1085 cm™'), which can be assigned to
various residual groups or byproducts formed during the
synthesis of BTO. The observed peak at 3145 cm™ represents
the —OH group in all materials, which is due to the water
molecules absorbed on the materials. Furthermore, it can be
observed that there is no significant change in the FT-IR
spectra of BTO/AgNPs relative to pure BTO, thus confirming
that the deposition of AgNPs onto BTO did not tamper with
the chemical structure of the pure BTO. The extent of the
hydroxyl group was further slightly increased, whereas the
metal-bonded oxygen peak became more sharpened after
depositing silver nanoparticles on the surface of BTO. The
extended surface hydroxyl groups might play an important role
in the piezo-photocatalytic degradation process.

The TGA curves of BTO and BTO/AgNPs and their
derivatives (DTG) are presented in Figure 3b,c. As shown in
Figure 3b, the TGA curve of BTO shows two thermal
decomposition steps, and its derivative (DTG curve)
corresponds very well with it. The first and second thermal
decomposition were around 310—450 °C and 730 °C,
respectively. The first weight loss of 0.9% around 310—450
°C could be due to the thermal decay of dehydrated oxalate.
The second thermal decomposition was due to the loss of a
small amount of carbonate group. Upon the deposition of
AgNPs onto BTO, a slight increment of thermal stability was
observed occurring in the composite (BTO/AgNPs).

BET analysis was used to determine the specific surface area
of the pure BTO and modified BTO deposited with AgNPs.
The pore size distribution was measured from nitrogen (N,)
adsorption—desorption isotherms (Figure 3d). The hysteresis
loops arises at around the relative pressure (P/P,) range of
0.7—0.9 for both BTO and BTO/AgNPs. The hysteresis loops
were classified as type IV, confirming the mesoporous structure
of BTO and BTO/AgNPs. The specific surface area, pore
volume, and pore size obtained from N, adsorption isotherms
were 3.9611 m?/g, 0.156632 cm®/g, and 26.1875 nm for pure
BTO, respectively. It was further observed that deposition of
silver nanoparticles (AgNPs) onto the surface of BTO slightly
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Figure 3. (a) FTIR spectrum, (b) TGA curve, (c¢) DTG curve, and (d) hysteresis loop of BTO and BTO/AgNPs.
increased the specific surface area and pore size of the K + H,0 —» -OH + HY 4+ ¢ (2)
composite to 4.8410 m*/g and 26.5056 nm, respectively. Since
the composite (BTO/AgNPs) has a large surface area, it has e 4+0, -0, ()

more binding sites and large contact area with the target
material, thus allowing it to absorb more organic substances.®’
An increment in the surface area of the composite plays a
critical role in the catalytic degradation process.

3.4. Piezo-Electrochemical and Optical Character-
ization of Materials. The chronoamperometry studies were
conducted to investigate the piezoelectricity of the prepared
thin films (FTO/BTO and FTO/BTO/AgNPs). As shown in
Figure 4a, both piezo-thin films exhibited piezoelectricity
under ultrasonic vibration. The highest piezo-electrochemical
currents measured exhibited by BTO and BTO/AgNPs were
0.24 and 0.38 mA, respectively (Table 1). It is worth noting
that the piezo-electrochemical current response for the
composite (FTO/BTO/AgNPs) was more enhanced when
AgNPs were deposited on the surface of BTO. These results
suggested that the piezo-potential generated under the
influence of ultrasonic vibration induced the electric field,
which improved the separation of photogenerated electrons
and further reduced the fast recombination of the charge
carriers (holes and electrons).”® The piezocatalyst (BTO)
under mechanical vibration in water can promote a redox
reaction. The electrochemical reactions (eqs 1—3) are as
follows:

BTO + mechanical vibration — BTO (e”, h") (1)
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It is noteworthy from the redox reactions (eqs 2 and 3) that
the piezoelectric thin films will generate a current when the
rate of water oxidation is faster than the oxygen reduction
reaction since a greater excess of electrons are available at the
working thin-film electrode (BTO) and transfers to the
platinum wire (contour electrode). Thus, the output current
is generated via an electrocatalytic reaction; therefore, it is
termed piezo-electrochemical current response instead of
normal piezo-current produced via normal mechanical
vibration of BTO in the absence of water.

The Nyquist plots of the prepared piezoelectric thin films
are presented in Figure 4b. This plot was used to determine the
charge-transfer resistance (R.,) of the piezo-film electrodes. It
has been reported that materials with a high charge-transfer
resistance exhibit a large semi-circular arc. From the obtained
Nyquist plot, FTO/BTO/AgNPs had a low charge-transfer
resistance of 397.6 Q as compared to FTO/BTO (799.5 Q);
these results were in agreement with the generated piezo-
electrochemical current, as shown in Figure 4a. This showed
that the deposition of AgNPs onto BTO significantly improved
the charge-electron transfer of the composite and reduced the
recombination of photogenerated charger carriers.

UV—vis diffuse reflectance spectroscopy (UV—vis DRS) was
also employed to investigate the optical absorption properties
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Figure 4. (a) Piezo-electrochemical response of piezo-thin films, (b) Nyquist plots (EIS), (c¢) UV—vis DRS, (d) Tauc’s plot, (e) fluorescence

spectrum, and (f) Mott—Schottky plots of thin films.

Table 1. Piezo-Electrochemical and Optical Properties of
BTO and BTO/AgNPs”

piezo-electrochemical charger-transfer photon
materials current (mA) resistance () energy (eV)
BTO 0.24 799.5 3.12
BTO/ 0.38 397.6 2.90
AgNPs

“Dimensions of the thin-film electrode: length, 2 cm; width, 2 cm;
and surface area (4 cm?).
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of the fabricated piezo-thin films (Figure 4c). Upon deposition
of AgNPs on the surface of BTO, the extrapolated absorption
edges slightly shifted from 395 to 431 nm, which could be due
to the strong electronic interaction between the BTO and
AgNPs. The broad absorption peak at approximately 505 nm
was ascribed to the surface plasmon resonance (SPR) of the
accumulated AgNPs on the BTO surface. The extrapolated
absorption edges of the materials were in the same wave-
number range (395—431 nm), which is consistent with the
photon band gap of the BTO (3.1 eV) reported in the
literature.”” The band gaps of the thin films were determined
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from the extrapolated Tauc’s plot (Figure 4d) derived from eq where @, h, v, A, and E, represent the absorption coefficient,
4 below: , o )
Planck’s constant, incident light frequency, constant, and
_ _ n
(ahv) = A(hv Eg) 4) photon band gap, respectively. The value of “n” is constant; it
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can either be 1, 2, or 3 depending mostly on the optical
transition characteristics of semiconductors.

The direct band gaps extrapolated from the Tauc’s plot were
estimated to be 3.12 and 2.90 eV for BTO and BTO/AgNPs,
respectively (Table 1). Therefore, these results showed that the
deposited AgNPs were able to slightly reduce the band gap of
the BTO, thus improving the photocatalytic activity of the
composite (BTO/AgNPs).

Another technique that was used to determine the rate of
electron and hole recombination is photoluminescence (PL)
spectroscopy. The PL spectra of BTO and BTO/AgNPs
measured at 400 nm excitation are shown in Figure 4e.
Generally, the higher the intensity of PL peaks, the higher the
rate of electron and hole recombination. As shown in Figure
4e, several PL emission peaks were observed in the wavelength
between 500 and 600 nm, and a broad peak at approximately
503 nm was observed in both the BTO and composite (BTO/
AgNPs). The PL intensity peak of BTO deposited with AgNPs
was smaller than that of BTO. These results further confirmed
the improvement of charge carrier separation, which plays an
important role in photocatalytic reactions.

In the photoelectrochemical performance of the semi-
conductors, flat band potential is an essential property. The
Mott—Schottky (MS) plot was used to analyze the change in
the flat band potential, carrier density, and improved charge
separation in the heterojunction according to eq 5 below in
darkness.”® The Mott—Schottky plot data was obtained at pH
7 and a bias frequency of 1000 Hz.

1 2

kT
C (eeeNy) (E"PP e 7) s)

where C, ¢, € €y Ny, E,;p, Epg, k, and T are the capacitance at
the semiconductor/electrolyte interface (Fcm™2), elementary
charge (1.60 x 107" C), dielectric constant of semi-
conductors, permittivity of vacuum, donor density, applied
potential (V), flat band potential, Boltzmann constant, and
absolute temperature, respectively. The flat band potential was
obtained by extrapolating a straight line to intercept the X-axis
from the MS plot of 1/C* versus E,,p Positive slopes were
obtained from the MS plot, suggesting that all samples were n-
type semiconductors. It was further noticed that the value for
Epp decreased from —0.36 to —0.50 V (vs Ag/AgCl) in the
metal—semiconductor (BaTiO;/AgNPs). The suppression of
photogenerated electron—hole pair recombination is respon-
sible for this negative shift. Furthermore, the slopes obtained
from MS plots were used for determination of carrier density
(Ny) using eq 6%

|

eee, (6)

The calculated carrier densities from the MS slopes were
2.60 X 10" and 1.89 x 10" for pure BTO and BTO/AgNPs
thin films, respectively. It is well-known that larger carrier
densities are good for improved catalytic performance.®’
Therefore, BTO/AgNPs exhibited a higher carrier density
than pure BTO, thus suggesting improved charge separation
and piezo-photocatalytic activity.

3.5. Piezo-Photocatalytic Degradation of Methylene
Blue (MB). The fabricated piezo-thin film (FTO/BTO/
AgNPs) was investigated for the removal of methylene blue
(MB) from aqueous solution via the piezo-photocatalytic
degradation process. The concentration decay was monitored

using a UV—vis spectrophotometer. The reduction of the
absorption peak at 663 nm from the UV—vis spectra was
evident enough that there is a decrease in MB concentration
due to the degradation process as more time elapsed (Figure
Sa). To further understand these materials, key parameters
were investigated.

3.5.1. Effect of pH. Since the pH of the solution is the most
pivotal parameter that tends to control the degradation
process, in this experiment, we investigated the performance
of the BTO/AgNPs piezo-thin film for the removal of MB at
different pH values (acidic media (pH 2), neutral solution (pH
7) and alkaline medium solution (pH 10)). It was noticed that
the piezocatalytic degradation was pH-dependent since the
piezocatalytic degradation of MB was found to be increasing
with an increase in pH solution (Figure Sb). The highest
piezocatalytic degradation percentage of MB was obtained to
be 90% at alkaline media (pH). This highest piezocatalytic
degradation was due to the electrostatic interaction between
cationic MB and the hydroxylated surface of the BTO/AgNPs
piezo-thin-film composite.”"~"> As seen from zeta potentials in
Figure S4, the isoelectric point (EIP) for BTO/AgNPs was
obtained at a pH value of 3.5. Above this isoelectric point (pH
> 3.5), the surface charge of the BTO/AgNPs composite was
negatively charged throughout. For further degradation
experiments, the solution of MB was maintained at an
optimum pH (10).

3.5.2. Effect of Ultrasonic Power. The piezoelectric
potential (Vp) produced by piezoelectric materials depends
on the types of mechanical vibrations applied such as wind,
fluid flow, movement of people or vehicles, and rotating
machines.””’* These mechanical vibrations can be found
anywhere in nature, unlike other energy-harvesting materials
such as thermoelectric, photovoltaic, and pyroelectric effects,
which depend on the nature of the environment.”” The
existence of vibration anywhere is advantageous; another
benefit of using vibration-based energy-harvesting approaches
is that they do not depend on environmental conditions, which
tend to change with time. The collection of these vibrations
can be of great use for the production of electricity using
piezoelectric materials. Ultrasonic vibration is one of the most
applied mechanical vibrations to trigger the piezo-potential of
several piezoelectric materials. In most previous studies, a high
ultrasonic power (>110 W) was applied and was difficult to
sustain due to high energy consumption.”®’” Therefore, in the
present study, we employed a low ultrasonic power (10—30
W) for piezocatalytic degradation of MB. It is worth noting
that the piezocatalytic degradation efficiency increased with an
increase in ultrasonic power (Figure Sc), which could be due
to the high pressure, causing more cavitation bubbles or
ultrasonic water waves to actively pressurize the piezo-thin-film
electrode in the MB aqueous solution.”®

3.5.3. Application of Different Materials (FTO, FTO/BTO,
and FTO/BTO/AgNPs). Upon testing the piezocatalytic
performance of the various materials, the FTO/BTO/AgNPs
composite showed a better degradation (90%) as compared to
the bare FTO and FTO/BTO. The piezocatalytic degradation
percentages of MB using FTO and FTO/BTO were 21.1 and
81.2%, respectively (Figure Sd). Therefore, these results
proved that deposition of AgNPs onto BTO further enhanced
the piezocatalytic performance of the piezo-thin-film compo-
site (FTO/BTO/AgNPs). Similar observations were reported
by Xu et al,”” where a powdered piezocatalyst doped with Ag
nanoparticles enhanced piezocatalytic efficiency. Table 2 shows
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Table 2. Comparative Performance of Various Doped Piezocatalysts for Removal of Organic Pollutants”

piezocatalyst organic pollutants initial concentration degradation time rate constant ref

Ag-BaTiO;, RhB 0.01 mM 75 min 79
Pt/BaTiO; TCZ 10 mg/L 60 min 0.0125 min™" 80
Au-BiVO, 4-CP 0.1 mM 120 min 81
Ag/Zn0O MO 5 mg/L 25 min 82
Au/ZnO RhB 10 mg/L 20 min 83
Fe@MoS, TC 100 mg/L 60 min 395 Lmgt s 84
Fe-SrTiO; MB 3.6 mg/L 210 min 0.00448 min~! 85
Co-MoS, MB 30 mg/L 25 min 86
Rh-SrTiO; BPA 10 mg/L 60 min 0.16 min~" 87
Fe@3D-WS, LEVO 25 mg/L 120 min 0.226 min™" 88
piezo-thin films

ZnO nanowire array MB 10 mM 180 min 0.008 min~" 89

Sb:ZnO RhB 2.5 mg/L 60 min 0.048 min™" 90

BaTiO;/AgNPs MB 5.0 mg/L 180 min 0.0150 min~! this work

CIP 5.0 mg/L 180 min 0.00764 min™"'

“NB: Rhodamine B (Rh B), tricyclazole (TCZ), 4-chlorophenol (4-CP), methyl orange (MO), tetracycline (TC), ciprofloxacin (CI), methylene

blue (MB), bisphenol A (BPA), and levofloxacin (LEVO).

Scheme 2. (a, b) Piezo-Photocatalytic Degradation Mechanism for MB
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the comparative performance of various piezocatalysts doped
with different dopants for the removal of organic pollutants.
The results showed that powder piezocatalysts are more
effective relative to piezo-thin films in terms of the rate of
degradation; however, they suffer from poor re-usability.

3.5.4. Comparison of Piezocatalysis, Photocatalysis, and
Piezo-Photocatalysis. The fabricated piezo-thin-film electrode
(FTO/BTO/AgNPs) was furthered applied in adsorption
(without ultrasonic vibration and light exposure) and photo-
catalytic and piezo-photocatalytic degradation of MB (Figure
Se). In the absence of ultrasonic vibration and light, the
composite removed about 16% of MB through the adsorption
process. Under exposure to visible light alone, the composite
was able to degrade 51% of MB within 180 min from aqueous
solution. However, under the combination of UV light and
ultrasonic vibration, the catalytic degradation was recorded to
be higher than 90% within 180 min. Therefore, this showed
that the synergic effect of photocatalysis and piezocatalysis
processes enhanced the catalytic activity performance of the
composite. Similar results were reported in the literature
(Table S1). To determine the rate of degradation, the obtained
data were fitted using pseudo-first-order and pseudo-second-
order kinetic models (Figure SS). For the pseudo-first-order
kinetic model, the rate of degradation was obtained from eq 14
in Figure Sf

In C,/C, vs time (t) (7)
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where C,, C, and t, respectively, represent the initial
concentration, concentration at a certain time, and time
interval.

The rate constants (k) obtained from the data plot were
recorded to be 0.00079, 0.0031, 0.0150, and 0.02329 min™" for
adsorption and photocatalytic, piezocatalytic, and piezo-
photocatalytic degradation, respectively.

3.5.5. Re-usability Test. To ensure that we were able to
fabricate an effective piezoelectric-thin-film electrode as a self-
powered electrocatalytic nanoreactor assisted with visible light
for wastewater treatment, it is crucial to produce piezo-thin
films that are easily re-usable. Unlike the application of powder
piezocatalysts or photocatalysts in wastewater treatment that
suffers from poor recyclability, thin films offer easy re-usability
and do not require any additional strong acid or base for the
recovery process. The thin films such as the fabricated FTO/
BTO/AgNPs can be rinsed with water and dried at room
temperature for re-usability purposes. Figure Sg shows the re-
usability and stability experiments conducted on the piezo-
thin-film composite. The degradation efficiency of the thin-film
composite decreased with an increase in the number of
degradation cycles. It is worth noticing that after the third
cycle, the degradation efficiency decreased slightly by 14%
(from 98 to 84%) (Figure Sh). This might be due to the partial
loss of the piezo-photocatalyst and blockage of active sites with
time during the piezo-photocatalytic degradation process.
Therefore, this showed that the fabricated thin film could be
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Figure 6. (a) Effect of different trapping agents on piezo-photocatalytic degradation of MB and (b) degradation efficiency of MB within 180 min.

effectively re-used up to three times, without losing much of its
efficiency. As shown in Figure S6, the SEM images confirm
that the structural morphology and particle size of the thin film
did not change after the third cycle of water treatment, so this
further validates the stability of the piezoelectric thin film. It
was further shown by the EDS spectrum (Figure S6) that there
was no Ag nanoparticles leaching from the surface of the thin
film after wastewater treatment.

3.6. Piezo-Photocatalytic Mechanism and Scavenger
Studies. 3.6.1. Proposed Degradation Mechanism. The total
decomposition of organic species such as organic dyes, for
example, methylene blue (MB), during piezo-photocatalytic
degradation occurs when the generated reactive oxygen species
(ROS) such as hydroxyl and superoxide radicals react with
organic species. Therefore, we further explored the possible
mechanism for the synergic catalytic degradation of MB using
fabricated piezo-thin films (FTO/BTO/AgNPs). The func-
tioning mechanism is depicted in Scheme 2. Under the full-
spectrum of light exposure, BaTiO; absorbs photons of higher
energy to excite electrons from the valence band (VB) to
conduction band (CB) and leave the holes behind in the
valence band (VB).”"”> When AgNPs and BaTiO; are in
contact, electrons and holes are redistributed in the interface
between AgNPs and BaTiOj; due to difference in Fermi energy
levels. Furthermore, Ag nanoparticles on the surface of BTO
may absorb visible light via localized surface plasmon
resonance (LSPR), thus creating more excited electron and
holes. The excited electrons generated by AgNPs have enough
energy to move across natural Schottky barriers and be
transferred into the conduction band of BaTiO; (Scheme 2).”
The BTO/AgNPs interface can promote interfacial charge
transfer and reduce the rate of recombination of charge
carriers. To get more insights into the charge separation of the
BTO/AgNPs thin film, the mechanism of the transfer of
photogenerated charge carriers (e~ and h*) between the metal
and semiconductor was inferred by calculating the respective
band edge potentials of the metal—semiconductor utilizing eqs
7 and 8 below:

Epg=X- E° - O.SEg (8)
Eyy = Eg + Eqp 9)
where Ecg, X, E°, and E, represent the conduction band edge

potential (band position), electronegativity of the semi-

24338

conductor, energy of free electrons on the hydrogen scale
(~4.5 eV), and energy band gap of the semiconductor,
respectively. The absolute electronegativity (Ag-BaTiO; =
5.13) of the constitute atoms was adapted from Cui et al.’s
work,”* and the calculated band gap obtained from Figure 4d
was 2.90 eV for metal—semiconductor (BTO/AgNPs).
Therefore, the conduction band and valence band potentials
were calculated to be —0.82 eV (vs NHE) and +2.08 eV (vs
NHE). Furthermore, when BTO/AgNPs is exposed under
ultrasonic vibration, BTO generates a piezoelectric field across
CB and VB with positive piezo-potential and negative potential
(V+ and V—, labeled by the red arrows in Scheme 2b), driving
photogenerated electrons and holes on opposite sides
(conduction and valence bands).”***”® Due to the piezo-
electric effect, photogenerated charge carriers are further
separated. The separated photo-induced electrons and holes
(free electric charges) at the opposite surface sides of the thin
film (BTO/AgNPs) to act as an anode and cathode,
respectively, thus participate in redox reactions to form ROS
such as hydroxyl and superoxide radicals. The reactions (eqs
9—12) show the formation of reactive oxygen species from free
electric charges on the opposite sites of the piezoelectric thin
film. As shown in eqs 10—13, the free positive charges (h*)
reacted with water to form hydroxyl radicals (-OH), whereas
the negative charges (e”™) reacted with free oxygen molecules
to form superoxide radicals (-O,”). These reactive oxygen
species (-O,” and -OH) are regarded as strong oxidants and
are responsible for the degradation of organic dyes (eqs 9—12).

BTO/Ag (piezo — thin film) hv

— piezoelectric field BTO/Ag (e~ + h") (10)
h" + H,0 - -OH + H' (11)
h" + OH™ - -OH (12)
e + 0, » '02_ (13)
ROS (-OH/-0,7) + MB — CO, + H,0 (14)

3.6.2. Scavenger Studies. In order to investigate which
reactive oxygen species were more effective for catalytic
degradation of MB, scavenger studies were conducted via the
addition of trapping agents such as p-benzoquinone (p-BZQ),
t-butanol (+BuOH), and ethylenediaminetetraacetate salt
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Figure 7. (a) Effect of pH solution on piezocatalysis, (b) effect of different piezo-thin films for piezocatalytic degradation of CIP at optimum pH
(pH 3), (c) effect of adsorption, photocatalysis, piezocatalysis, and piezo-photocatalytic degradation of CIP, and (d) rate of adsorption,

piezocatalysis, photocatalysis, and piezo-photocatalysis of CIP.

(EDTA) to inhibit the generation of superoxide, hydroxyl
radicals, and holes, respectively (Figure 6a). Upon the addition
of 5 mM t-BuOH, the catalytic degradation efficiency
decreased from 98 to 32%, whereas in the case of p-BZQ
and EDTA, it decreased to 52 and 76%, respectively (Figure
6b). Therefore, this trapping experiment showed that hydroxyl
radicals were the major ROS responsible for breaking down
MB into less harmful products (CO, and H,0), whereas
superoxide and holes played a minor role in the catalytic
degradation process.

3.7. Piezo-Photocatalytic Degradation of Ciproflox-
acin (CIP). 3.7.1. Effect of pH. The prepared piezo-thin-film
composite (FTO/BTO /Ag) was furthered investigated for the
removal of a pharmaceutical pollutant (S mg/L ciprofloxacin)
from wastewater. In this experiment, an optimum ultrasonic
power of 30 W obtained from the previous piezocatalytic
degradation of methylene blue (MB) was applied for all
catalytic processes. However, the piezocatalytic degradation of
CIP antibiotic drug by FTO/BTO/Ag was studied at different
pH solutions since different organic pollutants behave
differently at certain pH. Figure 7a shows the piezocatalytic
degradation of CIP from wastewater at a different pH range of
3—10. The maximum piezocatalytic efficiency of 68% was
observed under ultrasonic vibration at pH 3. There are several
contradicting studies on the removal of CIP at different pH
values.”>”” ™" The reason for their contradiction could be the
fact that CIP can exist as a cation, anion, and zwitterion.'*

24339

However, some studies have reported the highest removal of
CIP at the lowest pH (<4), which was consistent with our
study, ®100-104

3.7.2. Application of Different Materials (FTO, FTO/BTO,
and FTO/BTO/AgNPs). The piezocatalytic degradation per-
centage of CIP using different piezoelectric thin films is shown
in Figure 7b. As seen in the figure, BTO modified with AgNPs
showed a significant piezocatalytic degradation as compared to
the pristine BTO and FTO substrate. These results also
confirm that the deposition of AgNPs on the surface of BTO
greatly enhanced the piezocatalytic activity of the composite
(FTO/BTO/AgNPs). The piezocatalytic degradation percen-
tages of CIP were reported to be 18, 52, and 68% within 180
min when FTO, FTO/BTO, and FTO/BTO/AgNPs were
applied as piezo-thin films, respectively.

3.7.3. Comparison of Photocatalysis, Piezocatalysis, and
Piezo-Photocatalysis. The removal of CIP from wastewater by
the piezo-thin-film composite through adsorption and when
photocatalysis is coupled with piezocatalysis is presented in
Figure 7c. Without ultrasonic vibration and light exposure (via
the adsorption process), the piezo-thin-film composite showed
a low removal efficiency of CIP (only 6% of CIP was removed
from wastewater). When the experiment was performed under
ultrasonic vibration and light irradiation, it can be seen that
these two processes were more effective when combined as
compared to when singly applied. Under light irradiation
alone, FTO/BTO/AgNPs degraded about 26% of CIP from
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wastewater within 180 min. The coupled process (piezo-
photocatalysis) showed a higher catalytic performance since
the removal efficiency of CIP increased from 26% (photo-
catalysis) to 76% under both ultrasonic vibration and light
irradiation (piezo-photocatalysis). Figure 7d shows the rate of
each catalytic process: the photocatalysis reaction process was
very slow as compared to piezocatalysis and piezo-photo-
catalysis. The rate constants were determined from the pseudo-
first-order plot (In C,/C, vs time (t)). The apparent rate
constant (k) could represent the activity of each process. It is
clearly observed that the reaction rate constant (k) of the
coupled process (piezo-photocatalysis) was greater than the
individual processes; the rate constants were calculated to be
0.00033, 0.00175, 0.00615, and 0.00764 min~' under
adsorption, UV light exposure, ultrasonic vibration, and
combined exposure (UV light and ultrasonic vibration),
respectively. According to these obtained reaction rate
constants, the piezo-photocatalytic process was four times
faster than the photocatalysis process. This indicates that
photocatalysis combined with piezocatalysis as AOPs for
wastewater treatment could be applicable in the near future.
Furthermore, the amount of mineralization of MB and CIP
was determined by TOC (total organic carbon) analysis.
Under optimal conditions, the TOC % values for CIP and MB
were recorded to be 62 and 84%, respectively (Figure S7).

4. CONCLUSIONS

In summary, the piezo-thin film was successfully fabricated and
investigated for piezo-photocatalytic degradation of MB and
CIP. The deposition of Ag nanoparticles onto the BTO surface
reduced the rate of electron and hole recombination and
enhanced the piezo-electrochemical current of the piezo-thin-
film composite (FTO/BTO/AgNPs). Piezo-photocatalytic
degradation percentages were recorded to be 98 and 72% for
MB and CIP within 180 min, respectively. Scavenger studies
showed that hydroxyl radicals (-OH) were the major reactive
oxygen species responsible for the piezo-photocatalytic
degradation of MB followed by superoxide and holes. The
fabricated piezo-thin films were shown to be more effective,
stable, and re-usable. Thus, this study proves that the prepared
piezo-thin film is more applicable for catalytic wastewater
treatment of organic waste pollutants.
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