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ABSTRACT: A fully rollable nanocomposite-based nanogener-
ator (NCG) is developed by integrating a lead-free piezoelectric
hybrid layer with a type of nanofiber-supported silver nanowire
(AgNW) network as electrodes. The thin-film nanocomposite is
composed of electroactive polyvinylidene fluoride (PVDF)
polymer matrix and compositionally modified potassium sodium
niobate-based nanoparticles (NPs) with a high piezoelectric
coefficient (d;;) of 53 pm/V, which is revealed by the
piezoresponse force microscopy measurements. Under period-
ical agitation at a compressive force of 50 N and 1 Hz, the NCG
can steadily render high electric output up to an open-circuit
voltage of 18 V and a short-circuit current of 2.6 pA. Of
particular importance is the decent rollability of the NCG, as indicated by the negligible decay in the electric output after it
being repeatedly rolled around a gel pen for 200 cycles. Besides, the biocompatible NCG can potentially be used to
scavenge biomechanical energy from low-frequency human motions, as demonstrated by the scenarios of walking and
elbow joint movement. These results rationally expand the feasibility of the developed NCG toward applications in
lightweight, diminutive, and multifunctional rollable or wearable electronic devices.
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ith the rapid growth of portable electronics,
Wwearable devices, and wireless sensing networks,
considerable efforts have been devoted to the
development of abundant, sustainable, and environmentally
benign energy sources.' Over the past decade, flexible
piezoelectric nanogenerators (PENGs) have been extensively

investigated not only for self-powered electronic systems but
also as active sensors for real-time monitoring,”~> by virtue of
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that it can effectively harvest diverse types of mechanical energy

N R L I 9,10 .
from deformations,” vibrations,”® fluid/air flows, acoustic
11-13

waves, and even body/organ motions.""'> To date,

various nanostructures have been proposed for PENGs based
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Figure 1. (a) Schematic illustration presenting the structure of the PVDF-niobate-based NCG with the AgNW-based electrodes. (b,c) Optical
photographs of an as-fabricated wafer-scale nanocomposite thin film (7.5 cm in diameter) and an integrated NCG at bent state that exhibits its
bending flexibility. (d—f) XRD pattern, Raman spectrum, and SEM image of the uniform-sized NKNS-LT-BZ NPs synthesized by a solid-state
reaction, showing a perovskite crystalline structure with the coexistence of ferroelectric rhombohedral and tetragonal phases. (g) Top-view
SEM image of the annealed thin-film nanocomposite with well dispersed NKNS-LT-BZ NPs. The inset shows a locally magnified region,
indicating the needle-like morphology of the PVDF matrix. (h) Top-view SEM image of the nylon nanofiber-supported AgNW-based

electrode. (i) Cross-sectional SEM image of the PVDF-niobate-based NCG.

on ZnO nanowires,'®"” GaN nanorods,'® MoS, nanoflakes,'®
conventional piezoceramic crystals,7’20_23 organic—inorganic
lead halide perovskites,”* and polyvinylidene fluoride
(PVDE).* ' In particular, the nanocomposite-based nano-
generator (NCG) composed of elastic matrix and nanoscaled
piezoelectric fillers has emerged as a new paradigm with
improved mechanical flexibilities and enhanced output
performances.'”'>**™*!  Moreover, such merits as simple
structure, low cost, and easy fabrication are likewise advanta-
geous for possibly large-scale energy harvesting."*>**” Even so,
several deficiencies, including poor mechanical strength and still
low-level electric output, are bound to be addressed in order to
meet the ever-increasing demands of the practical applica-
tions.””

p-Phase PVDF and its copolymers are among the most
attractive organic piezoelectric materials because of their
superior piezoelectric properties, adequate mechanical robust-
ness, and desirable flexibility.” Despite a variety of PVDF-based
architectures having been designed for PENGs,* "% it still has
rarely been employed as the matrix of the NCG. Only recently,
Shin et al. developed a composite thin film composed of
BaTiO; (BT) nanoparticles (NPs)-poly(vinylidene fluoride-co-
hexafluoropropene) (P(VDF-HFP)) hemispherical clusters,
which exhibited surprisingly high piezoelectric power output
owing to dipoles centralization combined with effective stress
transfer.”* More recently, Siddiqui et al. also reported a well
performed poly(vinylidene fluoride-co-trifluoroethylene) (P-
(VDF-TtFE))-based NCG by introducing BT NPs as well.*
Considering that the voltage generated by the NCG primarily
depends on the piezoelectric coefficient (ds;) of the inorganic
component, special attention should thus be paid to materials
with excellent piezoelectric activity.”' In this regard, (Na,K)-
NbO; (NKN), as a kind of biocompatible lead-free piezo-
electric material, has been widely studied because its piezo-
electric property can be siﬁgniﬁcantly promoted by simple
compositional modification.’® The usual way to achieve this is
to form the polymorphic phase boundary (PPB) at room

temperature by either adding dopants, such as Li*, Ta"*, and
Sb**, or by forming solid solutions with compounds, including
(BigsNay5)TiOs, NTiO; (N: Ba**, Ca*, Mg*, and Sr**), and
BiMO; (M: Ee**, Sc**, and AI**).”” The reduced energy barrier
for polarization rotation within the PPB compositions of the
NKN-based systems could conduce to outstanding piezo-
electric activities (ds3 > 300 pC/N) compared to BT (d;; ~ 100
pC/N), closely matching to those of toxic Pb-based
piezoceramics, which make them more suitable for NCG.”’
Moreover, although a number of bendable NCGs have been
frequently studied, the authentically operating rollable NCG
has been still scantly developed due to the absence of proper
electrodes and robust nanocomposite matrix.** "' Herein, we
develop a simple and facile route to a fully rollable lead-free
PVDF-niobate-based NCG with high performance, in which a
compositionally modified NKN-based piezoelectric material
with nominal composition of 0.915(Nay Ky 5) (Nbg,Sby o6) O5-
0.04SLiTa05-0.04BaZrO; (NKNS-LT-BZ) is adopted (see
Note S1 for details). This composition is found to be located
in the PPB region with the coexistence of rhombohedral and
tetragonal phases, giving rise to exceptional piezoelectric
properties for the NPs (d;; ~ S3 pm/V). The thin-film
nanocomposite made of well distributed NKNS-LT-BZ NPs
and PVDF polymer matrix is fabricated via a solution casting
process in wafer scale. A type of ultraflexible nanofiber-
supported silver nanowire (AgNW) network is adopted as the
electrode, which is integrated with the nanocomposite so as to
realize rollability for the NCG. Under periodical agitation at a
compressive force of S0 N and 1 Hz, the NCG with an area size
of 2 X 2 cm? can generate an open-circuit voltage (Vi) of 18
V and a short-circuit current (Igc) of 2.6 uA. The optimal
content of the NKNS-LT-BZ NPs is found to be 30%. In
particular, the electric outputs have negligible reduction after
being rolled around a gel pen for 200 cycles, which reveals
decent rollability of the NCG and presents their applicability
for tubular devices. Besides, the demonstrations of the NCG in
harvesting biomechanical energy from low-frequency human
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Figure 2. (a—c) Topography, amplitude, and phase images of the
phase hysteresis loops obtained by applying a DC voltage of 3 V.
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body motions, such as walking and elbow bending, indicate that
they can be possibly used in lightweight, diminutive, and
multifunctional wearable electronic devices.

RESULTS AND DISCUSSION

A schematic structure of the flexible PVDF-niobate-based NCG
is illustrated in Figure la. The piezoelectric nanocomposite
layer comprised of well-embedded NKNS-LT-BZ NPs and
PVDF polymer matrix with a diameter of 7.5 cm is first
fabricated through a solution casting method (Figure 1b).
Subsequently, a type of ultrathin, highly conductive, and super
flexible nylon nanofiber-supported AgNW-based electrode is
seamlessly assembled on both sides of the nanocomposite with
the assistance of an adhesive layer of polydimethylsiloxane
(PDMS). The sheet resistance of the AgNW-based electrode is
obtained to be as low as 8.6 Q sq~" and barely changes in spite
of repeated bending, which exhibits its superior mechanical
robustness and flexibility as compared to commercial ITO
electrode (Figure S1).>*~* Here, a photograph that demon-
strates the bending flexibility of the fabricated NCG is displayed
in Figure lc.

The compositionally modified NKNS-LT-BZ NPs adopted
here were synthesized via a conventional solid-state reaction
method (see the Experimental Section). X-ray diffraction
(XRD) and Raman spectroscopy were carried out to character-
ize the crystalline structure of the NPs. All XRD diffraction
peaks are precisely distinguishable and can be indexed to the
lattice planes of the perovskite structure (Figure 1d). Notably,
the magnified asymmetric (200) diffraction peak, which is the
characteristic one of tetragonal symmetry, is fitted by a pseudo-

Voigt function as shown in the inset of Figure 1d. The resultant
(002)1/(200) and (200)g peaks indicate that the composition
of the NKNS-LT-BZ NPs lies in the PPB region with the
coexistence of thombohedral and tetragonal phases. Moreover,
the Raman spectrum of the NPs are in great consistence with
general NKN-based perovskite materials (Figure le).”” Because
of the random growth orientation of the NPs, the profiles of
vibration modes are relatively broad compared with those of a
single crystal.*' The intermediate and high-frequency vibrations
are associated with NbOg octahedra, consisting of A, (vy), E,
(1), By, (13), By, (1y), and Fyy (v5) in the range of 200—900
cm L *? Particularly, several subtle signs, such as the weak E

(v,) shoulder at 550 cm™ and the small F,, (v,) mound in the
region from 360 to 460 cm™}, also suggest the coexistence of
ferroelectric phases in the NPs.*’ Figure 1f presents a scanning
electron microscopy (SEM) image of the NKNS-LT-BZ NPs in
polydisperse angulated shape with the feature size from 50 to
300 nm. After sufficient stirring and ultrasonic dispersing, the
NPs can be uniformly distributed in the PVDF polymer matrix
(Figure 1g). Meanwhile, the typical needle-like morphology of
the ferroelectric f-phase PVDF is observed in a magnified SEM
image, shown in the inset of Figure 1g. This phenomenon
agrees well with the Fourier transform infrared spectroscopy
(FT-IR) results obtained from the conventional PVDF films
(Figure S2). The presence of nonpolar a-phase in the pristine
PVDF film is found to be evident with a set of strong
vibrational bands at 533, 613, 762, 795, 856, 974, 1148, and
1208 cm™. In contrast, three new bands at 510, 840, and 1285
cm™, in an annealed PVDF film, belong to CF, stretching with
the dipole moments parallel to the polar b-axis, which confirms
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Figure 3. Electric characterization of the PVDF-niobate-based NCGs. (a) Cycled compressive force vertically loaded onto the NCGs, and the
corresponding cycled (b) Vi and (c) Ic of the NCGs with different NKNS-LT-BZ NPs content from 0 to 40%. (d) Results of the polarity-
switching test (forward and reverse connections) conducted to demonstrate the measured electric output indeed stem from the NCG rather
than the instruments. (e) Sheet resistance of the AgNW-based electrode integrated on the NCG as a function of the rolling number. The inset
shows an optical photograph presenting a NCG fully rolled on a gel pen with a diameter of 8 mm. (f) The corresponding V, does not decay

after rolling, indicating the decent rollability of the NCG.

the formation of electroactive f-phase.”"** Figure 1h shows a
top-down SEM image of the nylon nanofiber-supported AgNW
network. It can be observed that the AgNWs with an average
diameter of 25 nm and a length of 5—20 um are uniformly
distributed into a layer of nylon nanofibers of about 100 nm in
diameter. The AgNWs and the nylon nanofibers are
intertwined, which enables the nanonetwork electrode to
possess high conductivity, flexibility, and mechanical robust-
ness. Cross-sectional SEM images of the fabricated NCG are
shown in Figure 1i. The thickness of the thin-film nano-
composite can be facilely controlled to around 80 um by the
amount of casting slurries. From the enlarged view, good
dispersity of the NKNS-LT-BZ NPs can be also observed,
which is beneficial to effective stress transfer and further to
piezopotential generation.27’35

In order to investigate the local polarization state as well as
the dynamic domain switching behavior of the NKNS-LT-BZ
NPs, piezoresponse force microscopy (PFM) measurements
were conducted. Figure 2a—c shows the topography, the out-of-
plane (OP) amplitude, and phase images of the NPs with a
scanned area of § X S um? respectively. The images were
recorded in a dual AC resonance tracking (DART) mode using
an AC driving voltage of 2 V at a deflection setting point of 0.5
V and a scanning frequency of 1 Hz. The topography in Figure
2a shows the dense and homogeneous NPs with an average
grain size of 150 nm, which is in conformity with the SEM
observation (Figure 1f). Domains with opposite polarization
orientation can be identified by the image contrast in Figure 2c.
The dark brown and bright yellow regions correspond to
domain polarization that is oriented upward and downward,
respectively. Moreover, the typical butterfly shaped amplitude
loop and rectangular-shaped phase hysteresis loop were
measured by applying a sequence of DC bias voltage along
the tip axis to explore the local piezoresponse and
ferroelectricity of the NPs. As presented in Figure 2d, the
asymmetry of the amplitude loop is likely due to the built-in

piezoelectric field and the domain movement under the tip
region. In the measurement configuration, a highly nonuniform
electric field could develop under the tip, which would produce
a certain in-plane driving force to move or bend the non-180°
domains.*® The slim phase angle loop (Figure 2e) shows a 180°
difference. This result proves that the dipoles are easily capable
of being switched by an external electric field, which is also
clearly indicated by the in situ poling process (Figure S3). The
shift toward negative bias in the loop can be ascribed to the
polarization pinning owing to either charge trapping or
mechanical stress.*>"” In addition, both the strong piezores-
ponse and the low coercive field derived from the amplitude
and phase angle loops, respectively, are benefited from the
coexistence of the ferroelectric phases in the NPs. Since the
magnitude of the dj; coeflicient is proportional to the
electromechanical response of a material, the dj; of the
NKNS-LT-BZ NPs can be calculated by measuring the AC
voltage-dependent amplitude image,”" as shown in Figure 2fg.
The effective d;; value of the NPs is about 53 pm/V, which is
superior to that of NaNbOj nanowires (4 pm/V), (Biy¢Nays)-
TiO; nanofibers (18 pm/V), and even FAPbBr; (25 pm/V) or
BT (28 pm/V) NPs.’"*® These results exhibit fairly good
piezoelectric and ferroelectric properties of the NKNS-LT-BZ
NPs, making them well suitable for mechanical energy
harvesting.

The electric output of the NCGs in this work is evaluated by
applying a repeated compressive force from an impact
stimulator (see Note S2 for details). All of the NCGs are
pretreated with poling process to align the randomly oriented
dipoles in the domains. Under the force of 50 N at a frequency
of 1 Hz (Figure 3a), the open-circuit voltage (Vo) and short-
circuit current (Igc) were recorded from the NCGs with
different NKNS-LT-BZ NPs content. As shown in Figure 3b,c,
a Vo amplitude of 2.5 V and a Igc of 0.2 #A are obtained for
the NCG without the NPs as a control group. As previously
reported, the electric output from PVDF-based PENGs was
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Figure 4. (a) Schematic illustration clarifying the energy conversion mechanism of the PVDF-niobate-based NCG. The generation and
vanishment of the piezopotential drive the electron flow forward and backward, respectively. (b) The electric output of Vo and Iy varies with

the different vertical mechanical force.
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Figure 5. Demonstration of the PVDF-niobate-based NCG potentially harvesting biomechanical energy from low-frequency human motions.
(a) Optical photograph of a NCG with a size of 3 X 3 cm® glued onto a shoe-pad. (b) Experimentally measured V¢ and Iy from the NCG
during human walking. Two types of electric output are observed corresponding to the two different motions, i.e., stomping and walking-
enabled bending. (c) Optical photograph of a NCG with a size of 3 X 3 cm? taped to the elbow of a tight sport suit and seamlessly stitched by
a piece of cloth. (d) Generated Vo and Is: from the NCG by bending and straightening an arm.

usually small, which is largely due to the weak dipole
polarization of the PVDE.” ™' With the increase of the
NKNS-LT-BZ NPs content, both V5 and I present a steady
increase until the NPs content reaches 30%. The maximum
electric output of 18 V and 2.6 yA is achieved. This substantial
enhancement of the electric output is attributed to the
reinforced piezoelectricity of the nanocomposite, which
resulted from the well-known interfacial or Maxwell—
Wagner—Sillars polarization occurring at the interfaces between

the NPs and PVDF matrix. However, as the NPs content

further increases, the emerging massive aggregations (Figure
S4d) tend to unduly narrow the distance among the NPs
accompanied by the solidification of dipole moments. Although
the dielectric constant and polarizability could rapidly increase
in this case, the electric breakdown might take place due to the
Asa
result, the electric output no longer increases but drops down
to 14 V and 1 uA when the NPs content reaches up to 40%.
This observation is consistent with previous reports on PVDE-

. . )
more and more weak insulation of the nanocomposite.

based NCGs,***° indicating that compositional optimization is
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essential for high-performance NCGs. To confirm that the
electric output genuinely originates from the NCGs rather than
the measurement system, a polarity-switching test was carried
out. Both V3¢ and Iy in forward and reverse connections
exhibit opposite polarity with almost identical amplitude, as
revealed in Figure 3d, which attests the genuineness of the
electric output.

In addition, the adequate flexibility and rollability of the
NCG are further investigated. The inset in Figure 3e illustrates
a fully rolled NCG wrapping around a gel pen with a diameter
of 8 mm. All the same, the AgNWs are uniformly distributed
into the layer of nylon nanofibers without visible crimp, twist,
and snap after the rolling (Figure SS). As a result, although the
sheet resistance of the AgNW-based electrode slightly increases
with respect to the number of rolling cycles, it still can be
maintained at a low value about 10 Q sq™" after being rolled for
200 cycles. Accordingly, decay in the V¢ output for the NCG
is not observed after the rolling, as shown in Figure 3f. The
decent rollability of the NCG indicates its possible applications,
such as fully rollable portable devices,” tubular motion
sensors,”* and energy-harvesting systems in automobile tires."”

Figure 4a)b illustrates the energy conversion mechanism of
the PVDF-niobate-based NCG as being stressed. At the original
state, each piezoelectric domain that contains electric dipoles in
the nanocomposite is randomly oriented, exhibiting absolute
nonpolarity (Figure 4a, I). During the following poling process,
the polarization orientation of each domain would tend to align
along the electric field direction through the domain wall
motions. Some domains will be oriented parallel to the electric
field direction, yet some just tilt after the removal of the
external bias, resulting in a strong remanent polarization.
Therefore, both the top and bottom electrode surface would
possibly trap a certain amount of bound charges with opposite
sign to screen the built-in piezoelectric field (Figure 4a, II). In
this state, there is no piezopotential coming forth because of
the zero net electric dipoles. However, while a vertical
compressive stress is applied to the NCG, the dipoles inside
the domains would align in a single direction more strongly due
to the stress-induced poling effect, which is believed to be
reinforced with increasing the applied stress.”’ As a result, the
piezopotential is immediately generated across the top and
bottom electrodes (Figure 4a, III—VI). Accordingly, the step-
like V¢ output presented in Figure 4b is found to be in a close
correspondence with the applied force. This means that the
amplitude of the generated piezopotential could remain
constant under a given stress, which in turn certifies the
genuineness of the stress-induced piezopotential and also
makes the NCG promising for pressure sensor applications.
Besides, in the case of short-circuit condition, the electron flow
will be driven to counteract the piezopotential change along the
stress direction, illustrated by the set of transient current pulses
(Figure 4b). Once the external compressive stress is released,
the piezopotential will be vanished, and the electrons
accumulated on the bottom electrode will instantly transit
back to the opposite direction (Figure 4a, VII). Therefore,
pulse-type voltage and AC-type current electric output can be
produced under repeated vertical compression and release
(Figure 3b,c).

Since the developed NCG is able to generate considerable
electric output in response to mechanical pressing at a low
frequency, it can be potentially used to scavenge biomechanical
energy from human body motions. As demonstrated in Figure
Sa, a NCG is taped onto a shoe-pad to harvest energy from

human walking. Two types of electric output were obtained in
accordance to the two different motions, ie., stomping and
walking-enabled bending, as illustrated by the snapshots in
Figure 5b. The stomping motion can produce a relatively high
electric output of approximately 6 V and 100 nA, whereas the
bending stimuli yield a lower electric output of 4 V and 70 nA.
This result is attributed to the more powerful and faster
interaction during the stomping stage. With sequential repeat of
these two processes, the NCG is pressed and bent in a cyclic
manner, respectively. Thus, it can sustainably generate electric
energy during walking, which is fully comparable to that of the
previously reported elastic-composite nanogenerators.'>>> The
harvested electric energy can be directly stored in electrolytic
capacitors through a full wave bridge rectifier circuit and used
to power green light-emitting diodes (LEDs) (Figure S6a). As
shown in Figure S6b, the 2.2 uF capacitor is charged by the
NCG to S V in 300 s under regular walking. Furthermore, by
connecting the NCG with three 2.2 yF capacitors in series, the
total usable charged voltage is reached at 22.6 V through
walking for 10 min (Figure S6c). The stored electric energy is
successfully used to drive three commercial green LEDs aligned
in a serial circuit (Figure S6d), which demonstrates the
potentiality of the developed NCG as energy sources for low-
power-consumption electronic devices. Likewise, the NCG is
also glued on the elbow of a tight sport suit and then tightly
sewn by a piece of cloth (Figure Sc,d). In this way, the NCG is
capable of converting energy from the arm movement. In spite
of a much smaller stress produced by bending and straightening
an arm, visible electric output of 1 V and 10 nA is also obtained,
as shown in Figure 5d. Notably, because of the lightweight,
ultrathin, and supersoft features of the NCG, it barely exerts
any influences on the normal form of the clothing. On the basis
of these results, the biocompatible NCG developed in this work
might have great potential in wearable device applications, such
as energy-harvesting systems inside the shoe, multifunctional
wearable nanosensors, and artificial skins.

CONCLUSIONS

In summary, we have realized a fully rollable lead-free NCG
with high performance enabled by a piezoelectric active PVDF-
niobate-based thin-film nanocomposite and a type of ultra-
flexible nylon nanofiber-supported AgNW network electrodes.
The composition of the NKNS-LT-BZ NPs is found to be
located in the PPB region with the coexistence of ferroelectric
rhombohedral and tetragonal phases, which significantly
enhances the electric output of the NCG. Under periodical
agitation at a compressive force of S0 N and 1 Hz, the NCG
with an area size of 2 X 2 cm? can generate an optimal Vi and
Isc up to 18 V and 2.6 pA, respectively. Notably, the
undiminished electric output for the NCG after consecutive
rolling cycles indicates its decent rollability. In addition, the
potentiality of the NCG in harvesting biomechanical energy
from low-frequency human body motions has been further
explored. All of the results suggest that the NCG developed in
this work is suitable for possible applications, such as fully
rollable portable devices, tubular motion nanosensors, and
wearable electronic systems, efc.

EXPERIMENTAL SECTION

Materials. All of the reagents were used without further
purification: analytical-grade metal carbonates and oxides (99%,
Sinopharm Co., Ltd.) of Na,CO;, K,CO;, Li,CO;, BaCO;, Nb,Os,
Sb,0s, Ta,05, and ZrO,; polymers of PVDF (Sigma-Aldrich), Nylon-6
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(PA6, Aladdin), and PDMS (Sylgard 184, Dow Corning, mixed with
curing agent in a weight ratio of 10:1); solvents of N,N-
dimethylformamide (DMF, anhydrous, 99%, Sigma-Aldrich); and
formic acid (95%, Sigma-Aldrich).

Fabrication of the NKNS-LT-BZ Perovskite Piezoelectric NPs.
Angular NKNS-LT-BZ perovskite NPs were synthesized via a
conventional solid-state reaction method according to the nominally
compositional formula. Hygroscopic Na,CO; and K,CO; powders
were first fully dried at 150 °C to remove the absorbed moisture. The
stoichiometric raw powders were thoroughly mixed and ball milled in a
nylon jar with zirconia balls at 360 rpm for 12 h using ethanol as the
media. The obtained slurries were dried at 80 °C for 12 h and then
calcined at 850 °C for S h to react and form perovskite crystals.
Afterward, the homogeneous compound powders were remilled for 24
h to gain the uniform crystalline NPs.

Fabrication of the PVDF-Niobate-Based Thin-Film Nano-
composite. Perovskite NKNS-LT-BZ NPs with different mass ratios
(0—40%) to PVDF powders were first uniformly dispersed in 10 mL
of DMF solvent by stirring and ultrasonic dispersing at room
temperature for 1 h. Subsequently, PVDF powders were added into
the above suspension (10 wt %) and entirely dissolved through
vigorous stirring at 65 °C for 3 h. After a treatment in an ultrasonic
bath for 1 h again, the uniformly mixed slurries were cast into a film
shape in a Petri dish and then degassed and dried in atmosphere at 75
°C. The film thickness could be facilely adjusted by the amount of
casting slurries. The obtained thin-film nanocomposite was annealed in
vacuum at 120 °C for 3 h to crystallize the PVDF matrix at last.

Fabrication of the AgNW-Based Electrode and Integration
of the PVDF-Niobate-Based NCG. First, the precursor (1S wt %)
made by dissolving PA6 particles in the solvent of formic acid was used
to prepare the ultrathin nylon nanofiber network via an electro-
spinning method. Subsequently, the nylon nanofiber network was
transferred by a thin polyethylene terephthalate (PET) frame and used
as the filtration membrane. The diluted AgNW suspension was
vacuum filtrated onto the free-standing nylon nanofiber membrane
with the help of a square mask. The as-prepared electrodes were
integrated on both major surfaces of the PVDF-niobate-based thin-film
nanocomposite with a size of 3 X 3 cm” through a spin-coated
adhesive layer of PDMS, and then the NCG was cured at 80 °C for 1
h. The active area of the NCG is about 2 X 2 cm? to prevent electric
breakdown at the edges during the poling process. In addition, to
minimize the ubiquitous triboelectric effect during the electrical
measurement, the NCG was seamlessly vacuum-packed without gaps
using two PET thin films to avoid contact-separation motions between
the AgNW-based electrode and the mechanical stimulator. Before the
electrical measurements, the NCG was poled under a DC field of 20
kV/mm in dry atmosphere at room temperature for 1 h.

Characterization and Measurements. The crystalline structure
of the NKNS-LT-BZ NPs and PVDF polymer matrix was determined
by the measurements of XRD (D/Max2500 V, Rigaku), Raman
(LabRam HR-800), and FT-IR (Nicolet 67) spectra, respectively. The
morphology of the thin-film nanocomposite, the AgNW-based
electrode, and the NCG was observed using a scanning electron
microscope (SU8020). A piezoresponse force microscope (MFP-3D-
SA-DV, Asylum Research) was used to investigate the domain
switching behavior at nanoscale as well as to measure the ds; value of
the NKNS-LT-BZ NPs. The Pt-coated tip (Asyelec-01, Asylum
Research) with a spring constant of 2 N/m was used for the PFM
measurements. The sheet resistance of the AgNW-based electrode was
measured using a resistivity measurement system (RTS-9) with a four-
point probe configuration to eliminate the contact resistance. The
electric output of the NCG was measured by low-noise voltage
preamplifiers (Keithley 6514 System Electrometer and Stanford
Research SR570).
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