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Severe water pollution has posed a great threat to human health and aquatic organisms, leading to
serious damage to aquatic ecosystems. Reactive oxygen species is essential in the degradation of water
pollutants via a redox reaction. Here we report boosted and controllable generation of reactive oxygen
species and subsequent removal of organics through ultrasonic and light-activated photo-piezocatalysis
enabled by a nanofiber film. A Ag@BaTiOz nano hybrid seeded polyvinylidene fluoride (PVDF) composite
fiber film with enhanced B phase content was fabricated using electrospinning. The piezoelectric device
made of the Ag@BaTiOs/PVDF fiber film displayed enhanced piezoelectric performance, with an open
circuit voltage of approximately 6.3 V and a short circuit current of 0.497 pA under 3.39 N pressure. The
rate of reactive oxygen species generated via continued ultrasonic irradiation of the heterostructured
fiber film is significantly faster than that of the pure PVDF film. The film allows efficient degradation of
water pollutants (degradation rate 81%) and removal of microbial species (99% clearance of E. coli) via a
concerted route of photo-piezocatalysis. In summary, the use of a heterostructured PVDF nanofiber film
is an effective approach to induce an integral electrical field and to piezocatalytically generate aqueous

rsc.li/materials-advances

1. Introduction

The increased attention paid to global environmental protec-
tion together with the world water shortage has encouraged
research into cleansing and conservation of water resources.
Severe water pollution has posed a great threat to human health
and aquatic organisms, leading to serious damage to aquatic
ecosystems. The emissions of organic and bacterial pollutants
in water are increasing at an alarming rate, and post-treatment
is urgently needed for dealing with water pollution." In the
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ROS, which is desirable in environmental pollution control.

past, photocatalysis has been widely used as a safe environ-
mental purification strategy. However, the high recombination
rate of photon induced carriers and low catalysis efficiency
in the visible range hinder the further development of this
technology.”™

Recently, piezoelectric catalysis, which makes up for the
deficiency of photocatalysis to some extent, has attracted
unprecedented research interest in the areas of environmental
remediation and energy conversion. In piezocatalysis, the
polarization induced by strain or pressure can generate charges
and free carriers that can react with H,O and O, molecules in
the environment generating reactive oxygen species (ROS),
which are highly active substances for catalysis of reduction-
oxidation (red-ox) reactions.”” Common piezoelectric ceramic
materials, such as potassium sodium niobate (KNN),® barium
titanate (BaTiO3/BTO),’ lead zirconate titanate (PZT),"° calcium
barium zirconate titanate (BCZT)"" and so on, exhibit voltage at
both sides when subjected to pressure. The voltage promotes
the separation of electrons and holes and effectively inhibits
their recombination.*'? Various attempts, for instance, intro-
duction of heterojunction structures™ and surface modifica-
tion of piezoelectric ceramics by Au, Ag, Pt and other noble
metals,’* have been explored to enhance the separation of
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electrons and holes, thereby improving the piezoelectric cata-
lytic performance.

One limitation of the common piezoelectric ceramic materials
lies in the difficulty in catalyst recycling and thus low reusability,">*¢
very much due to their presence predominantly in the particulate
phase. In this regard, some organic polymers with a high
piezoelectric coefficient and flexibility, including polyvinyli-
dene fluoride (PVDF),"” polytetrafluoroethylene (PTFE),'® poly-
lactic acid (PLA)" and so forth, can effectively overcome the
shortcomings of piezoelectric ceramic catalysts.”® PVDF is a
semicrystalline polymer with five crystal forms: o-phase
(TGTG’), B-phase (TTTT), y-phase (TTTGTTTG’) and & (TGTG')
and &,>"?*> of which the B phase exhibits the highest piezo-
electric activity.”® However, the B-phase content in PVDF is
usually very low. Additional processing is required to transform
the o phase and other phases into the B phase, such as mechan-
ical stretching,* anodization, high-temperature quenching,>® and
corona polarization. Recent research on PVDF nanofiber films
prepared by electrospinning has shown that electrospinning can
effectively promote B-phase PVDF generation,*® greatly simplify-
ing the complicated steps of piezoelectrically active PVDF film
preparation.

In this context, the overall objective of this research was to
enhance the piezoelectric properties of the PVDF film via
doping Ag@BTO heterostructured nanoparticles to achieve
efficient catalytic performance. Herein, Ag@BTO nanofillers
were embedded into an electrospun PVDF nanofiber film.
The advantages of the as-prepared heterostructured fiber film
include enhanced piezoelectric performance, and thus boosted
photo-piezocatalytic activity for degradation of water pollu-
tants. In addition, compared with the piezoelectric ceramic
materials, thin film catalytic materials have better flexibility
and thus are easier to recycle and reuse. A Ag@BTO hetero-
structure seeded PVDF nanofiber film was fabricated using
electrospinning and its piezoelectrical properties, the ability
to generate reactive oxygen species, and as a water cleanser,
the ability to remove organic pollutants, were investigated.
We found that adding inorganic piezoelectric materials to
PVDF can not only additionally enhance the piezoelectric
properties of PVDF, but they also serve as a nucleating agent
for promoting B-phase formation of PVDF. The enhanced
piezoelectric properties of the Ag@BTO/PVDF nanofiber film
and boosted production of reactive oxygen species enabled
highly efficient removal of organics in water via joint photo-
and piezo-catalysis.

2. Experimental section
2.1 Materials

Barium acetate, acetic acid, titanium butoxide and ethanol were
purchased from Aladdin. Silver nitrate, N,N-dimethylfor-
mamide (DMF), methylene blue (MB) and rhodamine B (RhB)
were purchased from Macklin. Polyvinylidene fluoride (PVDF) was
obtained from Sigma-Aldrich, and 1,3-diphenylisobenzofuran
(DPBF) was obtained from Bide Pharmaceutical. Acetone was
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purchased from Beijing Tongguang Fine Chemical Company.
Escherichia coli was purchased from BeNa Culture Collection.

2.2 Preparation of barium titanate (BTO) nanoparticles

Tetragonal barium titanate (BTO) nanoparticles were prepared
by the sol-gel method, which has emerged as one of the most
effective methods to prepare high-quality nanomaterials due to
the advantages of simple, easy to control, low reaction and heat
treatment temperature, fine product size, narrow distribution,
and low impurity content. Briefly, barium acetate was dissolved
in acetic acid with a molar ratio of 1:10, and then a certain
amount of deionized water was added to the mixture. Barium
acetate was stirred continuously at room temperature until it
was completely dissolved. Titanium butoxide and ethanol were
mixed in a molar ratio of 1:5. Then barium acetate solution
was added dropwise to the above solution. The sol gradually
thickened and became a gel through continuously stirring. The
wet gel was put into a vacuum oven to dry at 180 °C overnight.
The dried gel was ground in a mortar. Subsequently, it was
placed in a tube furnace and calcined at 1000 °C for 10 hours.

2.3 Preparation Ag@BTO nanoparticles by a photoreduction
method

Ag@BTO nanoparticles were prepared by a photoreduction
method. A certain amount of barium titanate nanoparticles
was weighed into a beaker, and 0.01 M silver nitrate solution
was added to the beaker and stirred evenly. The suspension
was irradiated with an ultraviolet lamp for 5 min to induce
a photoreduction reaction. Then the suspension was poured
into a centrifuge tube for centrifugation at 5000 rpm and the
Ag@BTO nanoparticle precipitate was obtained. Then Ag@BTO
nanoparticles were washed three times with deionized water
and dried in a vacuum oven. Finally 5 wt% Ag@BTO nano-
particles were obtained.

2.4 Preparation of BTO/PVDF and the Ag@BTO/PVDF
composite fiber

The nanofiber film was prepared using an electrospinning
technique, and the process is illustrated in Fig. S1 (ESIT).
A mixture of DMF and acetone with a volume ratio of 3:2
was prepared, and 20 wt% PVDF powder was put into the
solvent and stirred at 60 °C until completely dissolved. Then
10 wt% BTO nanoparticles and Ag@BTO nanoparticles were
separately added into the PVDF solution and ultrasonication
was performed for 1 h to obtain a stable solution. The spinning
solution was filled in a 5 mL syringe with an injection rate of
0.13 mm min ', the distance between the syringe and the
collector was 15 cm and the applied voltage was 15 kV. The
drum rotation speed was fixed to be 1000 rpm.

2.5 Fabrication of a flexible piezoelectric nanogenerator
(PENG)

The electrospun film on the aluminium foil was cut to a
rectangular sample size of 4 cm x 1.5 cm. The PET-ITO
electrode was used as the electrode and support structure.
The PVDF film was centred between two electrode layers, with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the electrode size slightly smaller than the film size to prevent
short circuits from occurring. Copper foil strips of a size of
0.5 cm x 5 cm were attached to the electrodes on both sides as
wires. Finally, PI tape was used for encapsulation. The whole
device was a “sandwich” structure.

2.6 Techniques for characterization

An X-ray diffractometer (XRD, BRUKER D8 ADVANCE) was used
to analyse the sample conformation within the range of 26 =
10°-90°. Fourier transform infrared (FTIR) analysis was per-
formed on the sample using a Fourier transform infrared
spectrometer (BRUKER INVENIO-S) to determine the phase
content in barium titanate nanoparticles and PVDF nanofibers.
The absorption spectrum of barium titanate nanoparticles and
silver modified barium titanate nanoparticles were determined
by UV-visible spectroscopy (UV-Vis, Hitachi UH-4150). The
morphology and size of barium titanate nanoparticles and
PVDF nanofibers were analysed by field emission scanning
electron microscopy (SEM, Hitachi SU8020). The elemental
composition of the sample was determined using an energy
dispersive spectrometer (EDS) attached to the scanning
electron microscope. The microstructure of the sample was
characterized using high-resolution transmission electron
microscopy (HRTEM) (JEOL JEM-2100). The elemental compo-
sition of the sample was determined by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher ESCALAB 250Xi) and the
chemical state of the sample was determined. The water
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contact angle of the thin film was measured using a contact
angle meter (CA, Data physics TP50). A fixed pressure was
applied to the PENG device using a press-mode testing system.
And during the testing process, there was no relative contact or
separation between the press-mode testing system and the
PENG device, effectively avoiding the impact of triboelectricity
on the experimental results. A digital oscilloscope (Tektronix
MDO3024) was used to measure the output voltage and current
of piezoelectric devices. The piezoelectric response of the PVDF
fiber and the Ag@BTO/PVDF fiber was analyzed by piezoelectric
force microscopy (PFM, Bruker Dimension Icon).

2.7 Measurement of photo-piezocatalytic activity

The photo-piezocatalytic properties of the prepared films were
tested by various photo-piezocatalytic experiments. Photo-
piezocatalytic experiments were conducted on two dyes, respec-
tively methylene blue (MB, 5 mg L") and rhodamine B (RhB,
5 mg L ). The volume of the dye used for photo-piezocatalytic
experiments was 10 mL. The film was cut to a size of 2 cm x
2 c¢m, and the film was immersed in dye solution and soaked in
the dark for 2 h to achieve adsorption and desorption balance.
Three groups of dye solutions with different treatment methods
(light, ultrasonic, and ultrasonic light) were set up respectively.
An ultrasonic cleaner (40 kHz, 120 W) was used for ultrasonic
treatment. In order to avoid the temperature upsurge of water
due to ultrasonic heat production during the ultrasonic pro-
cess, the water was replaced in time after the ultrasonication
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Fig. 1 Characterization of Ag@BTO. (a) XRD comparison of BTO (blue line) and Ag@BTO (red line) (b) SEM image of Ag@BTO, scale bar 1 um. (c) XPS
spectrum of Ag@BTO (d) XPS Ag3d core-level spectra of Ag@BTO (e) EDS element mapping of Ag@BTO (f) UV-Vis DRS spectra of BTO (red line) and
Ag@BTO (blue line). The illustration shows band gap of BTO (blue line) and Ag@BTO (red line).
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was completed. The absorbance of dye solution was measured
using a microplate reader (Bio Tek Epoch), and the change of
dye solution concentration in the photo-piezocatalytic process
was detected.

2.8 Antibacterial experiment

Escherichia coli was used as the antibacterial experimental object.
An E. coli single colony was placed in a conical bottle containing
Luria-Bertani (L-B) broth medium and grown overnight at 100 rpm
in the 37 °C constant temperature rocker rotator. The bacterial
suspension diluted by phosphate-buffer saline (PBS) was trans-
ferred to a centrifuge tube for storage and a 2 cm x 2 c¢cm film was
dipped into it. Then suspensions containing the films were treated
by ultrasonication and light. The control group was set as a
bacterial suspension without a thin film and subjected to the same
ultrasonic and light treatment. At regular intervals, 150 pL bacterial
suspensions were suctioned from each of the two sets of centrifuge
tubes. It was evenly dispersed on an agar plate containing L-B
broth and kept overnight in an incubator at 37 °C. To calculate the
survival rate of bacteria, the following formula (1) was used:*’

. N
log reduction = log, (—0) = log,y No — log,y N

1
\ 1)
where “N,” is the CFU mL ™" count of the E. coli suspension at ¢ = 0
min and “N” is the CFU mL ™" of the E. coli suspension at time “¢”

during the catalytic experiment.
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3. Results and discussion
3.1 Preparation of Ag@BaTiO; (Ag@BTO) nano hybrids

First of all, BaTiO; (BTO) nanoparticles were fabricated using
a sol-gel method with a calcination temperature of 1000. The
particle diameter was in the range of 200-300 nm (Fig. S2a,
ESIT). Most of the particles had cubic morphology. The XRD
pattern of the as-prepared BTO powder shows the 20 diffraction
peak splits into two peaks at 45° (0 0 2) and 45.4° (2 0 0),
indicating that the prepared barium titanate is in the tetragonal
phase (JCPDS no: 05-0626) (Fig. 1(a), blue line), which is
essential for its piezoelectrical properties. Below 1000 °C, the
particle size decreased (Fig. S2b, ESIt) and the tetragonal phase
was not observed (Fig. S2c, ESIt). The Raman spectrum of
BTO nanoparticles (Fig. S3a, ESIT) displays peaks at ~188 cm™*
[A1(TO), E(TO), E(LO), A1(LO)], ~257 cm™ " [A1(TO)], ~309 cm™*
[B1, E(TO + LO)], ~520 cm™ ' [A1(TO), E(TO)], and ~717 cm™*
[A1(LO), E(LO)], further confirming the tetragonal crystal phase.”®
The FTIR spectrum (Fig. S3b, ESIt) shows the presence of Ti-O
vibration mode at 540 cm ™. The mode of 1440 cm ™' represents
the characteristic peak of barium titanate powder. The modes of
1640 cm™ " and 3450 cm ™" are assigned to the characteristic peak
of OH ™, indicating that BTO powder contains a certain amount of
water.>

Subsequently, Ag@BTO was prepared by using the photo-
reduction method. It can be seen from Fig. 1(b) that there are
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Fig. 2 Characterization of Ag@BTO/PVDF heterostructure film. (a) SEM image of the PVDF electrospun fiber film. The inset shows statistical diameter
distribution of the PVDF fiber. The average diameter is 389 nm. (b) SEM image of the Ag@BTO/PVDF electrospun fiber film. The inset shows statistical
diameter distribution of Ag@BTO/PVDF. The average diameter is 532 nm. (c) EDS element mapping of the Ag@BTO/PVDF fiber film (d) XRD spectra of

PVDF (red line) and Ag@BTO/PVDF film (blue line).
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substantial silver nanoparticles (~10 nm) attached to the sur-
face of BTO particles through SEM analysis (TEM further
confirmed the result as shown in Fig. S4, ESIt), which is
strikingly distinct from the morphology of BTO (Fig. S2a, ESIT).
Some agglomerations occurred in the process of calcination.
The XRD pattern (Fig. 1(a), red line) shows a weak peak at 20 =
387, indicating the presence of Ag atoms. Silver nanoparticle
deposition on the surface of BTO particles did not change the
morphology of BTO. The presence of Ag atoms was further
confirmed by XPS analysis (Fig. 1(c) and (d)).*® The element
distribution of Ag@BTO was found to be uniform through
element mapping via energy dispersive spectroscopic (EDS)
analysis (Fig. 1(e)).

The UV-visible diffuse reflectance spectra (DRS) of BTO and
Ag@BTO nanoparticles are shown in Fig. 1(f). The single-phase
BTO has a steep absorption edge near ~342 nm. According to
the Tauc plot, the band gap of BTO is 3.19 eV (Fig. 1(f) inset).
While the steep absorption edge of Ag@BTO does not change
significantly after Ag photo-deposition, and the large band-
width absorption appears near ~550 nm. This can be
explained by the local surface plasmon resonance (LSPR) effects
by Ag.>'*> The bandgap of BTO limits its absorption of light
only to the ultraviolet region of the solar spectrum, but silver
nanoparticles exhibit resonance behaviour when interacting
with ultraviolet and visible photons, and as a result, it leads
to the light absorption of Ag@BTO light extending from the
ultraviolet region around 342 nm to the visible region around
550 nm.*" The larger bandwidth of Ag@BTO enables more
efficient absorption of light energy in the visible light region
compared with BTO, which is of great help to improve the
efficiency of photocatalysis.

3.2 Fabrication of the Ag@BTO/PVDF film

The Ag@BTO/PVDF film was fabricated using electrospinning
via doping 10 wt% Ag@BTO nanoparticles in 20 wt% PVDF
solution. The film thickness was around 200 pm determined
using a step profiler. The morphology of the PVDF film and
Ag@BTO/PVDF film were observed using SEM (Fig. 2(a) and
(b)). The average diameter of Ag@BTO/PVDF film was about
532 nm (Fig. 2(b) inset), larger than that of the PVDF fiber,
which was about 389 nm (Fig. 2(a) inset). Among the investi-
gated doping concentrations of Ag@BTO, the fiber diameter
increased with the increase of doping concentration (Fig. S5a-d
and Table S1, ESI{). We also found that, as the drum rotating
speed increases, the fiber diameter decreases (Fig. S5e, ESIT).
On the one hand, addition of Ag@BTO decreased the solution
conductivity, and thus decreased charge density and weakened
stretching of the electrospinning jet. On the other hand, it is
likely that addition of Ag@BTO particles increased the viscosity
of the PVDF solution, thus improving the ability of the jet to
resist the stretching of the electric field. As a result, the
diameter of the fiber increased.>® We used 10 wt% Ag@BTO
doping for all the following experiments.

The elemental distributions of Ba, Ti and O by EDS analysis
showed good consistency as shown in Fig. 2(c). It is notable that
Ag element was not displayed by EDS due to its low content;

© 2024 The Author(s). Published by the Royal Society of Chemistry
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however, the XRD results of Ag@BTO/PVDF films indicated the
successful doping of Ag@BTO particles (Fig. 2(d)).

The XRD spectra of PVDF powder and electrospun PVDF
nanofiber films are shown in Fig. 3(a). The characteristic peaks
at 18.3°, 19.9° and 26.6° representing the o phase of PVDF were
significantly weakened in the electrospun PVDF fiber compared
with PVDF powder; meanwhile, the crystallization peak of the
phase at 20.6° was significantly intensified. Clearly, the electro-
spinning process generated a higher-content § phase due to the
spin-stretch operation. The results indicated that electrospin-
ning technique was beneficial to increase the content of the 8
phase in PVDF.** This was further confirmed by Raman spec-
tral analysis. Fig. 3(b) shows the characteristic peaks of the o
phase at 796 cm ™', 876 cm™ ' and the B phase at 839 cm™ " of
PVDF powder; obviously, the o phase was dominant. In clear
contrast, the peak intensity at 839 cm™ ' of the PVDF fiber
(Fig. 3(c)) was greatly enhanced while the peak intensities at
796 cm ™' and 876 cm ™' were decreased, indicating that the
electrospinning process can effectively induce phase transfor-
mation from o to p.*

The exact B phase content of the as-prepared films was
analysed using FTIR. According to Lambert Beer’s law,*® for-
mula (2) was used to calculate the  phase content:
Ap

(2)

ol

F(B) 7(%)/10&/13

where F(B) represents B phase content, A, and Ag are the
absorbance of the o phase at 760 cm ' and P phase at
840 cm™ ', respectively. K, and K are the absorption coefficients
of o and B phase, the specific values being 6.1 x 10* and 7.7 x
10* cm® mol ™" respectively. The B phase content of various
PVDF formats was calculated using the formula (Fig. 3(d)). We
can see that f phase content was in the order of Ag@BTO/PVDF
film > BTO/PVDF film > PVDF film > PVDF powder. The
10 wt% Ag@BTO doped PVDF fiber film had the maximum 8
phase content of 83%, which is 1.5 times higher than that of
PVDF powder.

The increased B phase content of Ag@BTO/PVDF nanofiber
film can be explained from two aspects. Firstly, BTO nano-
particles act as nucleating agents for B-phase PVDF crystal-
lization, and the interaction between BTO nanoparticles and
PVDF chains promotes  phase formation. Strong hydrogen
bonds of O-H- - -F-C were formed between hydrogen atoms in
the hydroxyl group on BTO surface and fluorine atoms in the
PVDF chain (Fig. 4).”° The electrostatic attraction and repul-
sion between BTO nanoparticles and -CH,-CF, dipoles of
PVDF promoted PVDF chains to align along the fiber axis
easily. This led to -CH,-CF, dipoles formation and resulted
in an all-trans (TTTT) planar sawtooth conformation orienta-
tion, which was the spatial configuration of the B phase.”® In
addition to the interfacial interaction between BTO nano-
particles and PVDF chains, the arrangement of —CH,-CF,
dipoles also depended on the dipole interaction between polar
DMF solvents and PVDF chains.*" The interface interaction
between BTO and PVDF, as well as the interaction between

Mater. Adv., 2024, 5, 4409-4420 | 4413
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Fig. 3 Electrospinning increased p phase content (a) XRD comparison of PVDF powder and PVDF film (b) and (c) Raman spectra of PVDF powder and

PVDF film (d) FTIR analysis of PVDF fiber film with different doping.

DMF and PVDF, affects the motion and arrangement of ~-CH,~
CF, dipoles, promoting its B-phase formation. Secondly, with
the help of electrospinning, silver on the surface of BTO
particles can lead to the generation of a local electric field
followed by induction of charges. The induced charge on the
surface of silver nanoparticles can induce PVDF chains to
crystallize on the surface of silver nanoparticles f mutually,
resulting in a stronger coulomb force. The coulomb force
attracts PVDF chains to crystallize into the P phase on the
surface of Ag@BTO nanopatrticles.®”

3.3 Enhanced electrical performance of the Ag@BTO/PVDF
piezoelectric film

The electrical signal output of the fabricated nanofiber films
was tested under the same experimental conditions. The vol-
tage and current were recorded following force application at a
fixed frequency (50 Hz) to the piezoelectric device using a
laboratory customized press-mode system (Fig. 5(a)-(c)). The
open circuit voltages of the Ag@BTO/PVDF film, BTO/PVDF
film and PVDF films were about 6.2 V, 5.4 V and 3 V (Fig. 5(d)),
respectively. It can be seen that the generated voltage was
dependent on the B phase content of the PVDF film. Doping
of BTO nanoparticles effectively improved the piezoelectric
performance of the PVDF matrix. BTO nanoparticles as stress
concentration points in composite fibers enhanced the internal
electric field strength of the fibers. Therefore, compared to the

4414 | Mater. Adv., 2024, 5, 4409-4420

PVDF film, the output voltage of the BTO/PVDF film was
increased by 2.4 V. The silver atoms on the Ag@BTO surface
of the Ag@BTO/PVDF film, not only can increase the  phase
content of PVDF film as discussed above, but also can effec-
tively capture electrons and act as a “fast channel” for electron
transfer, and therefore can further increase the output voltage
by 0.8 V compared to the BTO/PVDF film. A total of 3.2 V voltage
increment of the Ag@BTO/PVDF film was achieved compared
with the PVDF film. PFM was also used to conduct piezoelectric
performance tests on the PVDF fiber film and Ag@BTO/PVDF
fiber film. The testing results are shown in Fig. S6 (ESIf).

Different Ag@BTO loading may affect the viscosity of the
electrospinning solution and the conductivity of the film.
Therefore, the output voltages of Ag@BTO/PVDF composite
fiber film with different Ag@BTO loadings (5%, 10%, 15%)
were investigated. We found that 10% Ag@BTO doped PVDF
fiber film showed the optimum output voltage (Fig. S7, ESIT), so
the following experiments were all performed with the PVDF
film of 10%Ag@BTO loading if not specified.

The force-dependent piezoelectric performance of Ag@BTO/
PVDF piezoelectric device was investigated. First of all, a
0.489 N preloading force was applied to the film, and then
the amplitude of the press-mode system was constantly chan-
ged, and the pressure was converted to the magnitude of the
pressure applied according to the number of the force sensor
on the oscilloscope. As the pressure increased, the open circuit

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic diagram illustrating hydrogen bond formation between
BTO and PVDF chain in the fiber film.

voltage of the Ag@BTO/PVDF piezoelectric device elevated
(Fig. 5(e)). The short-circuit current shows similar variation
tendency (Fig. 5(f)). When a pressure of 0.23 N was applied,
the open circuit voltage and short circuit current were 0.342 V
and 6.8 x 10> pA, respectively. As the pressure increased to
3.39 N, the voltage and current increased to 6.3 V and 0.497 pA,
respectively. The sensitivity of the device was around 1.65 VN,
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To prove that the generated electrical signal was a piezo-
electric signal instead of a triboelectric signal, inverse connec-
tion measurement of Ag@BTO/PVDF piezoelectric device was
carried out*” (Fig. 5(g)). It was found that the amplitude of the
electrical signal was also reversed, which confirmed that the
electrical signal generated was a piezoelectric type.*>**

To confirm the result, we performed piezo force microscopic
analysis of PVDF and Ag@BTO/PVDF fiber (Fig. S6, ESIt). The
amplitude and phase were measured by applying voltage ran-
ging from —10 V to +10 V while the probe was placed at a fixed
position on the PVDF or Ag@BTO/PVDF single fiber. Compared
to the PVDF fiber, Ag@BTO/PVDF fiber showed a well-defined
butterfly curve and the maximum amplitude of Ag@BTO/PVDF
was much greater than PVDF. Ag@BTO/PVDF had a significant
180° phase change hysteresis phenomenon, indicating non-
zero remnant polarisation. The PFM data further confirmed
that Ag@BTO reinforced PVDF fiber exhibited better piezo-
electric performance than pure PVDF fiber, which is consistent
with the PENG results.

(c)
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Fig. 5 Electrical properties of the piezoelectrical device. (a) Picture and (b) schematic diagram of the house-made piezoelectric device (c) schematic
diagram of the press-mode test system. (d) Comparison of output voltages of PVDF films with different compositions under the same pressure (3.39 N, at
a fixed frequency of 50 Hz) (e) Pressure-dependent open circuit voltages of the Ag@BTO/PVDF film. (f) Pressure-dependent short circuit currents of the
Ag@BTO/PVDF film. (g) Forward and reverse voltage comparison of the Ag@BTO/PVDF film.
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Fig. 6 Enhanced ROS generation by the Ag@BTO/PVDF film. UV-Vis spectra of DPBF following continued ultrasonic treatment with (a) Ag@BTO/PVDF
film and (b) PVDF film (c) variation in DPBF concentration (C/Co) over vibration time t with Ag@BTO/PVDF and PVDF films. (d) Rate of catalytic DPBF

degradation over the vibration time t with Ag@BTO/PVDF and PVDF films.

3.4 Improved and controlled ROS generation by using the
Ag@BTO/PVDF film

The piezocatalytic mechanism is largely dependent on the
generation of free charge carriers when the film is exposed to
ultrasonic irradiation. Ultrasonication causes the film to
deform, so that the film converts mechanical energy into
electrical energy. An electric field was formed on the surface
of the film, instantly forming two surfaces with positive and
negative polarity. Due to the attraction/repulsion effects of
electrons (e7) and holes (h") on the film surface, free charge
carriers will move in the opposite direction of the polarization
field. During the movement, free charge carriers interact with
0O, and OH™ in water to form reactive oxygen species (*O,  and
*OH),* as shown in formulas (3)-(6). Reactive oxygen species
(ROS) degrade organic pollutants via a redox reaction.

Ag@BaTiO;/PVDF + ultrasound/photon — e~ +h*  (3)
O, (absorbed) + e~ — *0," (4)
OH™ (from H,0) + h* — *OH™ (5)

Dye/bacteria + ROS(*OH /*0O, ) — Degradation products

(6)

The ROS generated by ultrasonication was determined using
a ROS probe: 1,3-diphenylisobenofuran (DPBF), which is a

4416 | Mater. Adv, 2024, 5, 4409-4420

singlet oxygen (*O,) scavenger.*® The Ag@BTO/PVDF film and
PVDF film were immersed into 50 pM DPBF solution followed
by ultrasonic (US) treatment in the dark. For both Ag@BTO/
PVDF and PVDF film treated DPBF solutions, the absorbance
values at 411 nm decreased following ultrasonic irradiation,
showing time-dependent 'O, generation (Fig. 6(a) and (b)).
After 135 min of US treatment, the relative residual quantity
of DPBF expressed by C/C,, where C and C, represent MB
concentration at time ¢ and the initial concentration, respec-
tively, was 0.08 for Ag@BTO/PVDF film; whereas it was 0.68
for PVDF film (Fig. 6(c)). The degradation rate of DPBF for
Ag@BTO/PVDF film was about 6.65 times higher than that of
the PVDF film (Fig. 6(d)). Clearly, Ag@BTO/PVDF nanofiber
film demonstrated greater capacity to generate ROS than the
PVDF film without any doping, which is consistent with the
piezoelectric performance as described above.

The generation of ROS is controllable. Withdrawal of
ultrasonic irradiation resulted in the direct pause in ROS
production.

3.5 Photo-piezocatalytic degradation of organic dye

Having demonstrated the enhanced ROS generation, we then
evaluated the catalytic performance of the Ag@BTO/PVDF film.
Since the catalytic reaction occurs in the aqueous phase, to
ensure efficient catalysis, we first increased the hydrophilicity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Water contact angle of (a) DA@QAg@BTO/PVDF fiber film (average
99.3°) (b) PVDF film (average 123.6°).

of the film. To this end, the Ag@BTO nanoparticles were
modified with dopamine (DA) before being seeded in the PVDF
film. Surface functionalization of ceramic nanoparticles with
organic coating could significantly improve the distribution
and interface bonding between the polymer and the nano-filler,
thus improving the hydrophilic performance.?” The water con-
tact angle of dopamine-modified Ag@BTO/PVDF fiber film
(DA@Ag@BTO/PVDF) was 99°, in contrast to 129° water contact
angle of the PVDF fiber film (Fig. 7(a) and (b)), indicating that
the hydrophilicity of the film had been improved efficiently.
The effects of dopamine modification on the piezoelectric
properties of composite fiber films were investigated. Com-
pared with the Ag@BTO/PVDF fiber film, the output voltage of
the DA@Ag@BTO/PVDF fiber film was slightly increased by
0.5 V (Fig. S8, ESIT), indicating that dopamine modification can
not only enhance the hydrophilicity of composite films, but
also improve the piezoelectric properties slightly. The following

(@)

(b)
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experiments were all performed with DA@Ag@BTO/PVDF fiber
film if not specified.

To evaluate the performance of the as-prepared film, cataly-
tic degradation of organic dye methylene blue (MB, 5 mg L)
by the DA@Ag@BaTiO;/PVDF nanofiber film was investigated.
The film was immersed into MB solution followed by continued
ultrasonication. The absorbance at 663 nm of the dye solution
was measured at different time points. A time dependent
change of the absorbance was observed (Fig. 8(a)). For compar-
ison, we also investigated the photocatalysis (385 nm UV and a
532 nm green light treatment) and photo-piezocatalysis (dual
light and ultrasonic treatment) behaviour of the film (Fig. 8(b)
and (c)). The performance of catalytic degradation of MB was
judged by the relationship between C/C, and time ¢. Three types
of catalyses all demonstrated time dependent degradation of
MB as shown in Fig. 8(d). Ultrasonic treatment of MB solution
in dark for 135 min resulted in 72% degradation of MB;
while dual-wavelength light treatment for 135 min resulted in
45.5% degradation of MB. The most efficient degradation
was found for the joint ultrasonic and light treatment. The
degradation ratio reached 81% after 135 min treatment
(which is 62% with Ag@BTO/PVDF film without DA treatment
(Fig. S9, ESIf)). Our data, on the one hand, indicate that
piezocatalysis is much more effective than photocatalysis; also
suggest that joint photo- and piezo-catalysis is the most pro-
mising strategy.

The degradation process follows pseudo-first-order kinetics,
where the degradation rate of the dye can be calculated using

()
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Absorbance (a.u.)

500 550 600 650 700 750 800 500 550 600
Wavelength (nm)
(e)
[

Wavelength (nm)

650 700 750 800 500 550 600 650 700 750 800
Wavelength (nm)

1.0 = —e— Photocatalysis 0.01
—a— Piezocatalysis -0.24 804
Piezophotocatalysis
084 0.4 3701
' <
= 0.6 c 60 4
& 061 O .08 2 501
o L) S 40
= 1.0 T 40
— -
0.4 1.2 30
[]
1449 & Photocatalysis k=0.00497min"' Q 20+
0.24 1.6/ © Piezocatalysis k=0.01113min" 104
Piezophotocatalysis k=0.01205min"!
T T T T T T T 1.8 T T T T T T 0 T T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 RhB

MB

Time (min) Time (min)

Fig. 8 Catalytic degradation of MB. UV-vis spectra of MB solution under (a) ultrasonic irradiation (piezocatalysis); (b) light irradiation (photocatalysis) and
(c) dual treatment (photo-piezocatalysis) (d) time-dependent variation of MB concentration upon three types of treatment (e) catalysis rate of MB
degradation upon three types of treatment (f) degradation percentages of MB and RhB through photo-piezocatalysis using the DA@QAg@BTO/PVDF
composite film.
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Fig. 9 Antibacterial properties of DA@Ag@BTO/PVDF film via photo-piezocatalysis. (a) Bacterial colonies of E. coli on L-B agar culture medium at
various times t of light and ultrasonic treatment (diluted by a factor of 1.5 x 10°). (b) Time dependent log reduction of CFUs mL™! of E. coli after 120 min
continued treatment, (c) schematic diagram of antibacterial mechanisms of ROS generated by photo-piezocatalysis.

formula (7).*®

In (C£0> =—kxt (7)

where k is the rate constant of dye degradation, ¢ is the
treatment time. The calculated rate constants of photocatalysis,
piezocatalysis and photo-piezocatalysis of the DA@Ag@BTO/
PVDF nanofiber film for MB degradation were 0.00497 min *,
0.01113 min~ ', and 0.01205 min ', respectively. The photo-
piezocatalysis rate is 2.4 times and 1.1 times higher than that of
photocatalysis and piezocatalysis alone, respectively (the k
values are shown in Fig. 8(e)). The piezoelectric catalysis
degradation rate is 2.2 times higher than the photocatalytic
degradation rate, which indicates that the piezoelectric cataly-
sis is dominant in the synergistic catalysis process.

Photo-piezocatalysis experiments on the rhodamine B (RhB)
dye also conducted using the prepared DA@Ag@BTO/PVDF
films. The degradation rate of photo-piezocatalysis was 75%
at 135 min (Fig. S10, ESIT and Fig. 8(f)). This indicates that the
photo-piezocatalysis performance of the composite film is
universal for a wide range of organic molecules. The
DA@Ag@BTO/PVDF film provides a flexible platform for effi-
cient removal of organic pollutants via either single-mode
catalysis or joint photo-piezocatalysis.

4418 | Mater. Adv, 2024, 5, 4409-4420

3.6 Antibacterial properties of DA@Ag@BTO/PVDF film via
photo-piezocatalysis

The antibacterial performance against Gram-negative Escher-
ichia coli (E. coli) was investigated using DA@Ag@BTO/PVDF
film. The film was immersed in bacterial suspension diluted
using phosphate-buffer saline (PBS). Fig. 9(a) demonstrated the
disinfection performance of DA@Ag@BTO/PVDF film upon US
and light treatment over time. It can be clearly observed that
after the bacterial suspension was treated by the DA@Ag@BTO/
PVDF composite film exposed to ultrasonic waves and light for
120 min, the highest reduction of E. coli logarithm value
(CFU mL™") of 2.94 was obtained (Fig. 9(b)). More than 99%
E. coli bacteria were removed. In contrast, following the same
period of treatment, the logarithmic reduction values of E. coli
for PVDF film and control (PBS) samples were only 0.34 and
0.23, respectively, much lower than that of the DA@Ag@BTO/
PVDF film. The clearance rates of E. coli were 74% and 42%
respectively. We also conducted antimicrobial experiments on
E. coli using a Ag@BTO/PVDF fiber film under same experi-
mental conditions. The sterilization rate of E. coli using Ag@
BTO/PVDF fiber film is about 77%, lower than DA@Ag@BTO/
PVDF film (Fig. S11, ESIY).

The possible mechanism that ROS kill bacteria is illustrated
in Fig. 9(c). ROS first act on the cell membrane, causing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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metabolic disorders and inhibiting growth; going a step
further, ROS penetrate and damage the cell membrane, leading
to cytolysis and cell death. In addition to ROS, silver nano-
particles can also exhibit good antibacterial properties through
contact or non-contact (release of silver ions) with bacteria,*®
therefore the silver nanoparticles in the Ag@BTO/PVDF film
have synergistic antibacterial effects with the generated reactive
oxygen species. In the process of piezoelectric catalysis, the
rupture of acoustic cavitation bubble caused by ultrasonic
waves also played a role in killing bacteria to some extent.”®

4. Conclusions

In summary, herein, we fabricated a high f phase content
Ag@BTO/PVDF fiber film. The open circuit voltage and short
circuit current of PVDF, BTO/PVDF and Ag@BTO/PVDF films
were compared. The Ag@BTO/PVDF fiber films exhibited
the best electrical properties. The PENG device with an area
of 6 cm® prepared by using a Ag@BTO/PVDF fiber film could
generate a stable open circuit voltage of 6.3 V and a short circuit
current of 0.45 pA at 3.39 N pressure and 50 Hz frequency. The
photo-piezocatalytic degradation of MB dye and water disinfec-
tion with the Ag@BTO/PVDF fiber film with continued ultra-
sonic and light irradiation were investigated. The data indicate
that use of a heterostructured PVDF nanofiber film is an
effective approach to induce integral electrical field and to
piezocatalytically generate aqueous ROS, which is desirable in
environmental pollution control. In addition, the filmy format
of catalytic material renders it easy to recycle and reuse, and the
controllable generation of ROS ensures the flexibility of the
process. The development of new hybrid catalytic material with
high efficiency and sustainability will bring economic benefits.
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