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Abstract

Flexible piezoelectric nanogenerators are playing an important role in delivering
power to next generation wearable electronic devices due to their high-power density
and potential to create self-powered sensors for the Internet of Things. Among the
range of available piezoelectric materials, poly(vinylidene fluoride-trifluoroethylene)
(PVDF-TrFE) based piezoelectric composites exhibit significant potential for flexible

piezoelectric nanogenerator applications. However, the high electric fields that are



required for poling cannot be readily applied to polymer composites containing
piezoelectric fillers due to the high permittivity contrast between the filler and matrix,
which reduces the dielectric strength. In this paper, novel Ag-decorated BCZT
heterostructures were synthesized via a photo-reduction method, which were
introduced at a low level (3 wt.%) into the matrix of poly-[(vinylidene
fluoride)-co-trifluoroethylene] (PVDF-TrFE) to fabricate piezoelectric composite
films. The effect of Ag nanoparticle loading content on the dielectric, ferroelectric and
piezoelectric properties was investigated in detail, where a maximum piezoelectric
energy harvesting figure of merit of 5.68x10™"2 m*N was obtained in a 0.04Ag-BCZT
NWs/PVDF-TrFE composite film; where 0.04 represents the concentration of the
AgNO; solution. Modelling showed that an optimum performance was achieved by
tailoring the fraction and distribution of the conductive silver nanoparticles to achieve
a careful balance between generating electric field concentrations to increase the level
of polarization, while not degrading the dielectric strength. This work therefore
provides a strategy for the design and manufacture of highly polarized piezoelectric

composite films for piezoelectric nanogenerator applications.
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1. Introduction

The increasing energy crisis and growing need for sensor systems for the Internet



of Things have become a significant challenge in our society.® In our living
environment, there are many ambient forms of energy sources, which includes light,
heat, wind and mechanical vibrations. Piezoelectric nanogenerators, which are able to
convert mechanical energy sources into electricity, have attracted significant interest
in recent years due to their high-power density, mechanical stability, low density and
low cost.*” As a result, piezoelectric nanogenerators are promising candidates for
powering wearable sensors and electronic devices.

Piezoelectric materials are playing an important role in the development of
piezoelectric nanogenerators, and the selection of the appropriate piezoelectric
material can greatly influence the performance, and ultimately their applications.
Compared to piezoelectric ceramics and polymers, piezoelectric composites, which
aim to combine the high piezoelectric coefficient of piezoelectric ceramics and the
high flexibility of polymers, exhibit significant potential for piezoelectric
nanogenerator applications.® ® Among the range of piezoelectric composites that have
been studied, poly(vinylidene fluoride) (PVDF) based composites have attracted
much attention.> ** Poly-[(vinylidene fluoride)-co-trifluoroethylene] (PVDF-TrFE),
as a copolymer of PVDF, has been explored as the matrix of piezoelectric composites
due to its relatively high piezoelectric coefficient and high degree of mechanical
flexibility.*> 3
In recent decades, significant effort has been paid to the investigation of

PVDF-TrFE composites based piezoelectric nanogenerators. A variety of piezoelectric

ceramic fillers have been selected to fabricate piezoelectric composites; these include



lead zirconate titanate (PZT)™, lead magnesium niobate-lead titanate (PMN-PT)™,
potassium sodium niobate (KNN)®, barium calcium zirconate titanate (BCZT)'". Wu
et al. prepared PVDF-TrFE-based piezoelectric composite films containing PZT
powder and graphene nanosheets. A maximum power density of 1.4 uW/cm? was
obtained when the loading content of PZT powders reached 15 wt%.'® A piezoelectric
organic-inorganic hybrid nanocomposite film was fabricated by mixing BaTiO;
nanoparticles within a PVDF-TrFE matrix, and the maximum output power density

2 which is 4.8 times higher than that of pure

was measured to be 18.4 pW/cm
PVDF-TrFE film.* In addition to the type of piezoelectric ceramic fillers, the
micro-morphology of the filler also plays an important role on the performance of
piezoelectric composite nanogenerators.”® In general, piezoelectric fillers can be
classified into four types, including zero-dimensional (0D) piezoelectric
nanoparticles?, one-dimensional (1D) piezoelectric nanowires or fibers®,
two-dimensional (2D) piezoelectric nanosheets®® and three-dimensional (3D)
piezoelectric nanoflowers or bulk materials®*. Compared with 0D piezoelectric
nanoparticles, 1D and 2D piezoelectric fillers exhibit potential piezoelectric
nanogenerators due to their increased connectivity in a particular dimension. The
dielectric constant and polarization strength of nanocomposite films can be enhanced
as a result of the large dipole moment of 1D and 2D piezoelectric fillers.”> % For
example, for PZT- and BaTiOs-based materials the piezoelectric activity in nanowire

form is higher than that of other morphologies.?” ? In addition, it was demonstrated

that 1D and 2D piezoelectric fillers have a lower surface area than 0D fillers, which



helps reduce the surface energy and inhibits agglomeration in nanocomposite films.?
Moreover, 1D and 2D piezoelectric materials can be oriented in a polymer matrix via
a tape casting process to fabricate piezoelectric nanogenerators with excellent
performance due to their highly preferred orientation.®* Therefore, the use of
one-dimensional piezoelectric fillers is a topic of research interest.

The addition of electrically conductive materials is also considered to be an
effective approach to enhance the output performance of piezoelectric nanogenerators.
Conductive materials that have been examined to date include silver nanoparticles and
nanowires, carbon nanotubes, graphene, and graphene quantum dots.*" 3 For example,
Shi et al. fabricated a flexible piezoelectric nanogenerator via an electrospinning
method, which was composed of 0.15 wt% graphene nanosheets and 15 wt% BaTiO3
nanoparticles. The open-circuit voltage and the maximum output power of the
piezoelectric nanogenerator was 11 V and 4.1 uW respectively.*® Subsequently, Zhou
et al. synthesized porous Ag nanowire/PVDF-TrFE piezoelectric composites via a
simple etching template method, and a high output power density of 7.1 uW/cm?®was
achieved using this piezoelectric nanogenerator.>* Despite the enhancement of
piezoelectric output and properties, an inhomogeneous distribution of conductive
filler material and poor contact between the piezoelectric and conductive filler can
have a negative effect on the electric field distribution within the composite during the
poling process.® This includes the formation of electric field concentrations that can
lead to dielectric breakdown or low electric field regions that exhibit low levels of

polarization during poling. The mechanical property mismatch, such as stiffness,



between the piezoelectric ceramic fillers, polymer matrix and conductive materials is
also a challenge for improving the output performance of piezoelectric nanogenerators.
Recently, a novel strategy was proposed by depositing a layer of conductive
nanoparticles on the surface of piezoelectric ceramic fillers to improve performance.
For example, a carbon layer was deposited on BaTiO3z (BT) nanoparticles to form a
core-shell structure; the nanoparticles were then introduced into a PVDF-TrFE matrix
to fabricate a piezoelectric nanogenerator. A maximum output power of 2.4 uW/cm?
was achieved with a 15 wt % BT@C/P(VDF-TrFE) piezoelectric nanogenerator.*
Shuai et al. synthesized strawberry-structured Ag-BT nanoparticles and introduced
them into a PVDF scaffold by a selective laser sintering method. The piezoelectric
voltage of PVDF/4Ag-BT scaffold was 1.5 times higher than that of pure PVDF/BT
scaffold.®” These results demonstrate that the deposition of a conductive layer on a
piezoelectric filler can enhance the performance of piezoelectric nanogenerators.
Nevertheless, a number of challenges remain to be solved; where a high piezoelectric
filler loading content is currently needed to achieve a high piezoelectric coefficient,
ranging from 20 to 50 wt%. The addition of such a high content of piezoelectric
ceramic can lead to agglomeration of the filler with the polymer matrix, which can
negatively affect the internal electric field distribution and mechanical flexibility of
the composite film.*®

BCZT is lead-free and environmentally-friendly ferroelectric with low toxicity to
the environment and humans, where high piezoelectric coefficients have been

reported (ds3=755 pC/N).* This ferroelectric material therefore provides a route for



the development of high performance and lead-free piezoelectric nanogenerators.
Experiments have shown that the material can be used to fabricate piezoelectric
composites when embedded in both PVDF and poly(methyl methacrylate)
(PMMA)-based matrices, which have also included conductive Ag fillers. It was
demonstrated that the polarization, conductivity and current density of
BCZT+Ag/PVDF and BCZT+Ag/40%PMMA/PVDF was enhanced compared to
piezoelectric composites without conductive Ag fillers.** In addition, BCZT ceramic
particles have been embedded in a PVDF-TrFE polymer to form a composite, which
demonstrated that the polarization and mechanical strength are enhanced at a BCZT
volume fraction of 0.2.** However, the use of high volume fractions of BCZT makes
it difficult to disperse in the polymer matrix, which leads to agglomeration and the
formation of defects; clearly there is a benefit in using small fractions of piezoelectric
filler to tailor the properties.

In this paper, a new approach is developed to create piezoelectric composites,
where silver nanoparticles are decorated on Bag gsCag 15 Tig.9Zrp.103 hanowires (BCZT
NWs) via a photo-reduction method and a low-level of 3 wt% piezoelectric ceramic
fillers were introduced in a PVDF-TrFE matrix to fabricate flexible piezoelectric
nanogenerator. The effect of Ag nanoparticle loading content on the dielectric,
ferroelectric, piezoelectric properties was investigated in detail and the impact of
composite structure on the electric field distribution within the composite
microstructure was modelled. A maximum piezoelectric energy harvesting figures of

merit was obtained by achieving an optimum balance between Ag content,



conductivity, and dielectric strength. The energy harvesting performance figure of
merit was increased by 49% for the Ag-loaded composite, where this work provides a

new strategy to enhance the output performance of piezoelectric nanogenerators.

2. Experimental Section
2.1 Synthesis of Bag gsCap.15Tip.9Zro103 (BCZT) nanowires (NWSs)

The BCZT nanowires (NWs) were synthesized via a combination of sol-gel and
electrospinning method. Firstly, analytical grades of barium acetate (99.99%,
Macklin), calcium acetate monohydrate (99%, Macklin), and zirconium
acetylacetonate (98%, Macklin), were weighed according to the required molar ratio
and dissolved in the mixed solvent of acetic acid (98%, Sinopharm) and ethylene
glycol monomethyl ether (98%, Sinopharm). Then, acetylacetone and tetrabutyl
titanate (98.0%, Sinopharm) was added to the solution and stirred for 6 h at 40 °C to
form a homogeneous sol. The electrospinning precursor solution was prepared by
adding polyvinylpyrrolidone (PVP, M,,=1300000, Macklin, Shanghai, China) to the
sol and stirred for 6 h, and the mass ratio of PVP and BCZT sol was 1.5:10. The
electrospinning parameters were a voltage of 10 kV, an injection rate of 1.2 ml/h, and
a pinhead-to-collector distance of 15 cm. Finally, the as-spun nanowires were calcined
at 400 °C for 1 h and sintered at 800 °C for 2 h to obtain high aspect ratio BCZT
NWs.

2.2 Preparation of Ag-BCZT heterostructures
The Ag-BCZT heterostructures were prepared via a facile photo-reduction

method. The BCZT NWs were dispersed in ethanol solution and stirred at room



temperature for 1 h to make them uniformly dispersed in the solution. Then, different
weights of silver nitrate powder were added to obtain 0.01, 0.02, 0.03, 0.04, and 0.05
M AgNOj; solution. Subsequently, the mixture was exposed to a 300 W Xenon lamp
for 45 min under a constant stirring in the dark. Finally, the powder was washed with
deionized water for several times and dried in the vacuum oven at 60 °C for 12 h. The
obtained samples were labeled as XAg-BCZT NWSs (where x represents the
concentration of AgNOg3 solution, and x = 0.01, 0.02, 0.03, 0.04, 0.05).
2.3 Fabrication of Ag-BCZT/PVDF-TrFE composites piezoelectric nanogenerator

Firstly, the Ag-BCZT NWs/PVDF-TrFE composite films were fabricated via a
tape casting method. A mass of 2 g PVDF-TrFE powder was dissolved in 18 ml
dimethylsulfoxide (DMSO) solvent by magnetic stirring for 6 h at 40 °C. Then, a
low-level of 3 wt% XAg-BCZT nanowires was added to the PVDF-TrFE solution and
sonicated for 1 h to make them dispersed uniformly in the solution. Subsequently, the
suspension was coated on the glass substrate via a facile tape casting method and
dried at 70 °C for 24 h in the vacuum oven to evaporate the solvent. The Ag-BCZT
NWs/PVDF-TrFE composite films were then peeled from the substrate and annealed
at 140 °C to eliminate closed pores and to further increase the degree of crystallinity
of PVDF-TrFE.

The fabricated Ag-BCZT NWSs/PVDF-TrFE composite films were cut into
rectangular pieces with the dimension of 1.5 x 2 cm? Aluminum foils were
attached to the top and bottom sides of the films to form upper and lower electrodes.

The composite films were polarized under a high electric field of 50 kV/mm at 60 °C



in an oil bath for 6 h. Then, silver wires were pasted on the electrodes, and polyimide
(PI) films were used to package the composite film to protect them from harmful
environment, and the whole structure was compressed to hinder the influence of
triboelectricity between different films.
2.4 Finite element simulation analysis

COMSOL Multiphysics 5.4 (combinations of Solid Mechanics, Electrostatics,
and Electrical Circuit Modules) was used to evaluate the electric field and
piezoelectric potential distribution of the Ag-BCZT NWs/PVDF-TrFE composite film.
The dielectric constant (&) of the BCZT nanowires and PVDF-TrFE matrix were
assumed to be & = 2900 and & = 11, respectively. Correspondingly, two
two-dimensional models were created, where the dimension of the films was 72 x 72
um, and the diameter of the spherical silver nanoparticles was assumed be 70 ~ 130
nm. The diameter and the aspect ratio of the BCZT nanowires were assumed to be
300 nm and 8, respectively. An electric field of 30 kV/mm was applied to investigate
the effect of Ag nanoparticles on the electric field distribution within the composite.
In addition, a load of 10 N was applied to the upper surface with the lower set to
ground (0V) to explore the piezoelectric potential distribution of the composite films.
2.5 Characterization and measurements

The microstructure and morphology of xAg-BCZT NWs and BCZT
NWSs/PVDF-TrFE composite films were observed by field emission scanning electron
microscopy (FESEM, NovaNanoSEM230, USA). The microstructure of

0.04Ag-BCZT nanowires was analyzed by a high-resolution transmission microscopy



(HRTEM Titan G260-300). The crystal structure of xAg-BCZT NWs and PVDF-TrFE
composite films were evaluated by X-ray diffraction (XRD) analysis with Cu Ka
radiation. X-ray photoelectron spectroscopy (XPS, ThermoFisher Scientific
Escalab250Xi) was used to detect the element type of Ag-BCZT NWs. The chemical
structure and functional group of the Ag-BCZT NWSs/PVDF-TrFE composite films
were characterized by Fourier-transform infrared spectroscopy (FT-IR, VERTEX 70
V). The dielectric constant, dielectric loss and conductivity of the composite films
were measured by Precision Impedance Analyzer (4294A; Agilent Technologies,
Santa Clara, USA). The ferroelectric polarization-electric field (P-E) loops were
characterized by a TF Analyzer 3000 (AiXACCT systems, Germany). The
piezoelectric charge coefficient dsz was measured using a piezoelectric dsz meter
(ZJ-4AN, Institute of Acoustics, Academic Sinica, China). The piezoelectric output
performance of the Ag-BCZT NWs/PVDF-TrFE composites was evaluated in detail.
A periodic compressive stress at a specific frequency was applied through an
electrodynamic shaker. The output voltage and current of the flexible piezoelectric

nanogenerator were measured by a Keithley 6517B electrometer.

3. Results and discussion

Figure la shows the fabrication process of the flexible piezoelectric
nanogenerator based on Ag-BCZT NWSs/PVDF-TrFE composite films; detailed
information is provided in the Experimental Section. Firstly, BCZT nanowires were
synthesized by an electrospinning method, as shown in Figure 1a (i) and (ii). Then,

silver nanoparticles were deposited on BCZT nanowires via a photo-reduction method



to obtain the Ag-BCZT heterostructures, see Figure 1a (iii) and (iv). Subsequently,
the PVDF-TrFE powders were dissolved in dimethyl sulfoxide (DMSO), and the
XAg-BCZT nanowires were dispersed in a solution to form a homogeneous
suspension, as shown in Figure la (v). The prepared suspension was then tape cast
onto a glass substrate, and the xAg-BCZT/PVDF-TrFE composite films were removed
from the substrate after the evaporation of solvent; see Figure la (vi) and (vii).
Finally, the XxAg-BCZT/PVDF-TrFE composite films were polarized at an electric
field of 50 kV/mm. A schematic of the flexible piezoelectric nanogenerator is
presented in Figure 1b, where the composite film was sandwiched between two
aluminum electrodes and laminated with polyimide (PI) films, and two conductive
wires were connected to the electrodes to form the flexible piezoelectric
nanogenerator. It can be seen from Figure 1c and Figure 1d that the Ag-BCZT
NWs/PVDF-TrFE film and the flexible piezoelectric nanogenerator possessed a high

degree of mechanical flexibility.



(i) (ii) (i) d (iv)
Electrospinning BCZT nanowires e o YR e
vii i ’
(vii) (vi) .0 )
X a -‘ =
v = =
Ag-BCZT N\V%IP\‘DF.TrFE Tape casting PVDF-TrFE suspension
composite film
L) B @
Al electrode .
PVDF-TrFE ,; = 7;—__7 = — ’::'_:_‘,7
\ / =3 BCZY
s

1cm

Figure 1. (a) Illustration for the fabrication process of Ag-BCZT NWs/PVDF-TrFE
composite films: (i) Electrospinning of BCZT sol; (ii) BCZT nanowires; (iii)
Deposition of Ag nanoparticles on BCZT nanowires; (iv) Ag/BCZT heterostructures;
(v) Preparation of Ag-BCZT NWs/PVDF-TrFE suspension; (vi) Tape casting process;
(vii) Ag-BCZT NWSs/PVDF-TrFE composite film. (b) Schematic of the flexible
piezoelectric nanogenerator. Photographs of (c) PVDF-TrFE composite film and (d)

Piezoelectric nanogenerator.

SEM and TEM images of the Ag-BCZT NWs are presented in Figure 2, where it
can be observed from Figure 2a that the surface of pure BCZT NWs is relatively
smooth. After the photo-reduction process, spherical silver nanoparticles can be

observed on the surface of BCZT NWs, as shown in Figure 2b-f. Moreover, the



amount of silver nanoparticles increased significantly with an increase in
concentration of silver nitrate solution. In particular, for the 0.05Ag-BCZT NWs
samples, some silver nanoparticles begin to interconnect with each other, and a degree
of agglomeration can be observed. TEM was performed to further analyze the detailed
crystalline structures of the Ag-BCZT NWs. As shown in Figure 2g and 2h, silver
nanoparticles can be readily observed on the surface of BCZT NWs. The crystal plane
spacing is 0.291 nm, which corresponds to the (110) crystal planes of BCZT
perovskite structure.*? The inter-planar spacing of the decorated nanoparticles is 0.237
nm, which can be assigned to the (111) crystal plane of metallic Ag.* Figure 2i
shows Energy Dispersive Spectroscopy (EDS) mapping analysis of the 0.04Ag-BCZT
NWs. The elements of Ba, Ca, Zr, Ti, and Ag are detected by EDS, and these elements
are homogeneously distributed in Ag-BCZT NWs heterostructures. These results

demonstrate that silver nanoparticles were successfully deposited on BCZT NWs.



200 am
"

200 nm |

Figure 2. SEM images of the BCZT NWs with a range of Ag nanoparticle loading
content. (a) Pure BCZT NWs. (b) 0.01Ag-BCZT NWs. (c) 0.02Ag-BCZT NWs. (d)
0.03Ag-BCZT NWs. (e) 0.04Ag-BCZT NWs. (f) 0.05Ag-BCZT NWs. (g-h) HRTEM
images and (i) EDS mapping of the 0.04Ag-BCZT NWs.

Figure 3a and 3b show the XRD patterns of pure BCZT NWs and xAg-BCZT
NWs. It can be observed that all the diffraction peaks can be matched with the
perovskite-structure of BCZT. Compared with pure BCZT NWSs, characteristic
diffraction peaks of metal Ag located at 38.1 and 44.3° can be observed in the
samples of 0.04Ag-BCZT NWs and 0.05Ag-BCZT NWs,* while they are absent

when the concentration of silver nitrate is lower than 0.04M. Moreover, the XRD



results are in good agreement with the inter-planar spacing in HRTEM results. The
XPS spectra of pure BCZT NWs and 0.04Ag-BCZT NWs were measured to analyze
the chemical bonding state of the Ag nanoparticles. As shown in Figure 3c, all peaks
that belong to Ba 3d, Ca 2p, Zr 3d, Ti 2p, and O 1s can be observed from the scan
spectra. Compared with pure BCZT NWs, peaks of Ag can be clearly observed. High
resolution Ag 3d XPS peaks of 0.04Ag-BCZT NWs is shown in Figure 3d, where it
can be seen that the peaks of Ag 3ds, and Ag 3d,5 located at 374.2 and 368.1 eV,
respectively, which demonstrated the existence of metallic Ag.'® *" These results

indicate that metallic silver nanoparticles were successfully decorated on BCZT NWs.
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Figure 3. (a)(b) XRD patterns of the xAg-BCZT NWs. (c) XPS spectra of pure BCZT

NWs and 0.04Ag-BCZT NWs. (d) High resolution XPS peaks of Ag 3d.

A facile tape casting method was applied to fabricate PVDF-TrFE composite



films containing 3wt% Ag-BCZT NWs with a range of x values (x = 0, 0.01, 0.02,
0.03, 0.04 and 0.05). The surface morphologies of the composite films are presented
in Figure 4. It can be observed that the nanowires are uniformly distributed in the
PVDF-TrFE matrix, and no agglomeration can be found. Moreover, all the composite
films exhibit a dense and smooth surface, with no obvious pores and other defects,
demonstrating the high quality of the prepared films. Cross-sectional SEM images of
PVDF-TrFE composite films are shown in Figure S1, and the thickness of the
composite films is approximately 30 um, and a relatively dense cross section can be
observed, which is beneficial to enhance the piezoelectric performance of the

composite films.
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Figure 4. Surface SEM images of PVDF-TrFE composite films with different ceramic
fillers. (a) Pure BCZT NWs. (b) 0.01Ag-BCZT NWs. (c) 0.02Ag-BCZT NWs. (d)

0.03Ag-BCZT NWs. (e) 0.04Ag-BCZT NWs. (f) 0.05Ag-BCZT NWs.



XRD analysis of the Ag-BCZT NWs/PVDF-TrFE composite films was carried
out to investigate the crystalline structure of the materials. As shown in Figure 5a, the
diffraction peak located at 26 = 19.7° could be assigned to the reflections of the (110)
and (200) orientation planes of PVDF-TrFE, thereby indicating the existence of the
polar ferroelectric B-phase.*® Moreover, it can be observed that this diffraction peak
was intensified after the decoration of Ag nanoparticles. The characteristic peak at 26
= 31.4° corresponds to the (110) plane of perovskite structured BCZT. The other
diffraction peaks of BCZT cannot be easily observed due to low-level content of
BCZT NWs. Moreover, the diffraction peaks of metallic Ag could not be detected in
the composite films, since the loading content of Ag is also low. The FT-IR spectra of
Ag-BCZT NWs/PVDF-TrFE composite films within the wavenumber between 700
and 1600 cm™ is presented in Figure 5b. It can be seen that all composite films
possess almost the same phase composition. The characteristic peak at wavenumber
766cm™ s attributed to the nonpolar o-phase, whereas, the vibration bands at 843
cm™ and 1276 cm™ are assigned to the polar p-phase, according to previous reports.®*
% In addition, the composite films are proved to possess high content of f—phase
content, as shown in Figure S2. The results of FT-IR spectra reveal the phase
composition of the PVDF-TrFE composite films, which is in accordance with the

XRD results.



(a) B v BCZT NWs (b) & B B
s i ‘ v \
j\ PVDF-TrFE : (110) v@10) : ; i
1 i
: . ! 0.05Ag-BCZT NWs i ST
H s —_
h i ! =
-~ : | 0.04Ag-BCZT NWs 2
= H : ' & 0.04Ag-BCZT NWs
< ) ' i 51
~— f t 3 ceomscs 9
= I 0.03Ag-BCZT NWs g A
h— ¥ ' Sy—— y
'; 'E ! 0.03Ag-BCZT NWs
! '
§ : | 0.02Ag-BCZT NWs 2
= | ' b S el = 0.02Ag-BCZT NWs
N
= i\ ! ! <
:M—P(‘ZT NWs
: : ] 0.01Ag-BCZT NWs
" '
: " | 3wi% BCZT NWs
H BCZT NWs
1 1 1 1 L L 1 1
10 20 30 40 50 60 800 1000 1200 1400 1600

2Theta(degree) Wavenumber(cm™)
Figure 5. (a) XRD patterns of the Ag-BCZT NWs/PVDF-TrFE composite films. (b)
FT-IR spectra of the Ag-BCZT NWs/PVDF-TrFE composite films.

The effect of Ag nanoparticles loading content on the dielectric properties of the
PVDF-TrFE composite films is further investigated. The dielectric constant and
dielectric loss as a function of frequency are presented in Figure 6a-b. As shown in
Figure 6a, the dielectric constant of all the composite films decreased with an
increase of frequency due to the confinement of dipoles and ionic migration at high
frequency.*’ The dielectric loss initially increased with increasing frequency and then
began to decrease, which can be attributed to the relaxation of PVDF-TrFE dipole
polarization.*® The dielectric constant and loss of xAg-BCZT NWs/PVDF-TrFE (x = 0,
0.01, 0.02, 0.03,0.04 and 0.05) composite films at 1 kHz is shown in Figure 6c. It can
be seen that all the composite films exhibit a higher dielectric constant than that of
pure PVDF-TrFE; this is due to the intrinsic high dielectric constant of BCZT.
Moreover, the dielectric constant of xAg-BCZT NWs/PVDF-TrFE composite films is
higher than that of the composite film without the decoration of Ag nanoparticles.
When the Ag nanoparticles were deposited on the surface of BCZT NWs, many

interfaces exist between the one-dimensional nanowires and Ag nanoparticles, which



is beneficial for the accumulation of space charges. As a result of this charge
accumulation, the interfacial polarization is strengthened, leading to the enhancement
of dielectric constant.*® The dielectric constant of xAg-BCZT NWSs/PVDF-TrFE
composite films increases with the increasing loading content of Ag nanoparticles.
However, it begins to decrease when the loading content reaches 0.05M, which can be
ascribed to the agglomeration of Ag nanoparticles, see Figure 2f. The dielectric loss
of all the composite films at 1 kHz is maintained at a low level, which is beneficial to
enhance the breakdown strength and reduce conductive losses when operating as a
piezoelectric nanogenerator. Moreover, it can be observed from Figure 6d that the
conductivities of the Ag-BCZT NWs/PVDF-TrFE composite films slightly increases
with the loading content of Ag nanoparticles due to the conductive nature of metallic

Ag.
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Figure 6. Dielectric properties of Ag-BCZT NWs/PVDF-TrFE composite films. (a)



Dielectric constant. (b) Dielectric loss. (c) Comparison of dielectric constant and loss
at 1 kHz. (d) AC conductivity.

The ferroelectric properties of the Ag-BCZT NWs/PVDF-TrFE composite films
are now estimated. Figure 7a shows the ferroelectric polarization-electric field
hysteresis loops of the composite films at an electric field of 100 kV/mm. All the
composite films exhibit a symmetrical ferroelectric hysteresis loop, indicating that the
Ag-BCZT NWs/PVDF-TrFE composite films possess a good ferroelectric response. It
can be seen from Figure 7b that the remnant polarization of the composite films
increases first with an increase in Ag nanoparticle loading content, which then begins
to decrease when the loading content is greater than 0.04. The decoration of Ag
nanoparticles can enhance the local electric field in the BCZT NWs, where the
polarization of the composite and the transfer of free charges becomes much easier.*°
Therefore, the remnant polarization of the composite films can be enhanced. However,
the remnant polarization of 0.05Ag-BCZT NWSs/PVDF-TrFE composite film
significantly decreases, since the agglomeration of Ag nanoparticles can enhance the
leakage current density.>® Moreover, the coercive field decreased from 53.7 to 44.3 kV
mm™ when the loading content of Ag nanoparticles increases from 0 to 0.04, then it
increased slightly to 48.3 kV/mm for the 0.05Ag-BCZT NWs/PVDF-TrFE composite
film. The reduction in coercive field due to the presence of electric field
concentrations in the composite structure allows the Ag-BCZT NWSs/PVDF-TrFE
composite films to pole to a greater extent at a reduced externally applied electric

field.



The electric breakdown strength is an important parameter for PVDF-TrFE based
composites. A two-parameter statistical Weibull distribution was used to evaluate the
breakdown strength, as shown in Figure 7c. This distribution can be described by the
following equation:>

P(E) =1~ [~ ()] @
Where P(E) is the cumulative probability of electric failure, E is the measured electric
breakdown strength, Ey, represents the characteristic breakdown strength when P(E) is
0.632, S is the shape parameter. The electric breakdown strength E, and shape
parameter S of Ag-BCZT NWSs/PVDF-TrFE composite films are summarized in
Figure 7d. It can be observed that the electric breakdown strength of the composite
films decreased from 214 kV/mm to 165 kV/mm with increasing Ag nanoparticles
loading content. The shape parameter S represents the scatter of the measured electric
breakdown strength. The lowest value of # = 9.37 was obtained in the sample of
0.05Ag-BCZT NWs/PVDF-TrFE composite film. The lower the value of g for the
PVDF-TrFE composite film, the lower the quality and stability of the composite films
and the greater the scatter in dielectric strength. Therefore, a high loading content of
Ag nanoparticles can lead to a low electric breakdown strength and poor stability of
the composite films.

As shown in Figure 7e, the piezoelectric dss coefficient first increases with
increasing Ag nanoparticle loading content and then begins to decrease. The
piezoelectric voltage coefficient (gs3 = dss/el; £0), which is a measure of the electric

field per unit stress, exhibits the same trend, where a maximum value of gs3 ~ 203 mV



m/N was obtained with the 0.04Ag-BCZT NWSs/PVDF-TrFE composite film. The
piezoelectric energy harvesting figures of merit can also be calculated by the
following equation:
d2
FoM 33 = % (2)
80833
Where FoMs; is a piezoelectric energy harvesting figure of merit, d;5 is the
piezoelectric charge coefficient, g, is the permittivity of free space, and &I, is the
relative permittivity at constant stress. It can be seen from Figure 7f that the FOMs3
increased from 3.82x10™2 to 5.68x10™2 m?/N with increasing Ag nanoparticle loading
content and then begins to decrease, where the highest value is achieved by the
sample of 0.04Ag-BCZT NWs/PVDF-TrFE composite film; this value is 49% higher
than that of pure BCZT NWSs/PVDF-TrFE composite film. Therefore,

0.04Ag-BCZT/PVDF-TrFE composite film is more suitable for piezoelectric

nanogenerator applications.
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Figure 7. Ferroelectric and piezoelectric properties of Ag-BCZT NWs/PVDF-TrFE
composite films. (a) Ferroelectric hysteresis loops. (b) Remnant polarization and
coercive field. (c) Weibull distributions. (d) Breakdown strength and shape parameter.
(e) Piezoelectric coefficient (ds3) and piezoelectric voltage coefficient (gs3). (f)
Piezoelectric energy harvesting figure of merit (FOMs3).

Finite element analysis was performed by COMSOL 5.4 software to investigate
the effect of Ag nanoparticles decoration on the electric field distribution and

piezoelectric potential of PVDF-TrFE composite films. Two 2D models were created,



where the applied electric field and mechanical load were set to be 30 kV/mm and 10
N, respectively. Simulation results are presented in Figure 8. As shown in Figure
8a-b, the maximum electric field strength of the pure BCZT NWs/PVDF-TrFE
composite film was 9.51 % 10° V/m, and after the introduction a conductor the
maximum electric field strength reached 7.04 x 10° \//m after the decoration of Ag
nanoparticles, which is 6.4 times higher than that of pure BCZT NWs/PVDF-TrFE
composite film. This demonstrates that the decoration of Ag nanoparticles on BCZT
NWs is beneficial to the polarization of the composite films due the existence of
electric field concentrations.> Moreover, the piezoelectric potential generated by
Ag-BCZT NWs/PVDF-TrFE composite film is higher than that of pure BCZT
NWs/PVDF-TrFE composite film under the same mechanical stress, see Figure 8c-d.
The simulation results of electric field distribution and piezoelectric potential indicate
that the decoration of Ag nanoparticles aids the polarization and output performance
of BCZT NWSs/PVDF-TrFE composite films. It should be noted that a careful balance
is needed due to the presence of conductive inclusions in the ferroelectric composite,
where the addition of Ag can lower the coercive field and increase the degree of
poling due to the presence of electric field concentrations (Figure 8), while the

existence of field concentrations can also reduce the breakdown strength (Figure 7d).
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The 0.04Ag-BCZT NWs/PVDF-TrFE composite film was selected for further
characterization of piezoelectric energy harvesting performance due to it exhibiting
the highest piezoelectric energy harvesting figure of merit. The output voltage of the
composite film under different pressure at a frequency of 2 Hz is presented in Figure
9a and Figure 9b. It can be observed that the open circuit voltage increases almost
linearly with increasing pressure, the maximum output voltage could reach 3.5 V
under the pressure of 165 kPa, which is 2.3 times compared with that of pure BCZT
NWSs/PVDF-TrFE composite film without Ag nanoparticles decoration, as shown in
Figure S3. Moreover, it can be observed from Figure S4 that the short circuit current

is approximately 1.8 pA under the same pressure. The enhanced output performance



can be attributed to the deposition of Ag nanoparticles on BCZT nanowires, where the
working mechanism of the flexible piezoelectric energy harvester is shown in Figure
S5. The ferroelectric dipoles are oriented along the direction of applied electric field
and when a compressive force is applied on the piezoelectric energy harvester, the
polarization is reduced as the dipole moment along the thickness direction is reduced.
A potential difference is generated across the material, allowing electrons to flow
through an external circuit. With the removal of external force, the polarization
returns to its original state, and electrons flow in an opposite direction to maintain the
electrical balance. During this process, the interface between Ag nanoparticles and
BCZT nanowires can be regarded as a Schottky barrier, which is beneficial for the
transfer of free charges during the deformation process.® >3 A polarization switching
test was conducted to confirm that the output voltage signal is originated from the
piezoelectric effect, as shown in Figure 9c. The output voltage and current as a
function of load resistance ranging from 500 kQ to 100 MQ are shown in Figure 9d.
The output voltage of the flexible piezoelectric nanogenerator increases steadily with
increasing load resistance, while the output current decreases, which can be attributed
to the greater resistance to current flow with an increase in load resistance. The
maximum output power of 4.5 mW/m? was achieved with a load resistance of 4 MQ,
see Figure 9e. Moreover, the durability and stability of the flexible piezoelectric
energy harvester was evaluated by applying and releasing a vertical pressure of 165
kPa with the frequency of 2 Hz. It can be seen from Figure S6 that the output voltage

of the flexible piezoelectric energy harvester remains almost stable after 3000 cycles,



indicating the excellent mechanical stability and durability. As shown in Figure9f, an
output voltage of 4 V was obtained under light finger tapping. Furthermore, the
flexible piezoelectric nanogenerator can generator an output voltage of approximately
6.5 V under an impact at a large force by a fist, as shown in Figure S5, indicating that

the flexible piezoelectric nanogenerator can harvest mechanical energy.
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Figure 9. (a) Output voltage produced from the piezoelectric nanogenerator. (b)
Output voltage as a function of pressure. (c) Forward and reverse connection of output

voltage under the pressure of 165 kPa. (d) Voltage and current with various load



resistances. (e) Output power with various load resistances. (f) Output voltage under

finger tapping force.

4. Conclusion

This work has developed a new approach to produce high performance
piezoelectric composite films based on a low level of Ag-decorated ferroelectric
BCZT heterostructures within a flexible ferroelectric PVDF-TrFE polymer matrix.
The prepared composite film was used to fabricate flexible piezoelectric
nanogenerator to harvest mechanical energy at a range of dynamic forces. Modelling
and detailed characterization of the composite materials has shown that the decoration
of BCZT nanowires with conductive Ag nanoparticles can increase the local electric
field in the vicinity of the BCZT nanowires during the poling process, thereby leading
to an enhancement in the degree of polarization and an increase the piezoelectric
energy harvesting performance. With an increase in Ag nanoparticle loading content,
the piezoelectric coefficient initially increases and then begins to decrease when the
conductive silver particles begin to agglomerate and increase the level of conductive
losses. The highest piezoelectric coefficient of ds3 ~ 28 pC/N was obtained in the
sample of 0.04Ag-BCZT NWSs/PVDF-TrFE composite film, which also possess the
piezoelectric energy harvesting figures of merit of 5.68x10™** m*N, which is 49%
higher than the composite with no silver additions. The piezoelectric energy
harvesting performance of 0.04Ag-BCZT NWs/PVDF-TrFE composite film was also

evaluated, where the output voltage generated by the sample could reach 3.5V, which



is 2.3 times compared with that of pure BCZT NWs/PVDF-TrFE composite film, with
the maximum output power density of 4.5 mW/m?® The flexible piezoelectric
nanogenerator is demonstrated to have the ability to harvest mechanical energy for a
range of dynamic loads (33 — 165 kPa) at an extended number of cycles. As a result,
this work therefore provides a new approach for the fabrication of high performance
flexible polymer-based piezoelectric nanogenerators by careful tailoring of the electric

field distribution, coercive field, degree of polarization and dielectric strength.
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