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Abstract

Piezoelectric nanogenerators are attracting substantial attention due to the environmental constraints
and ecological considerations of energy harvesting. However, the Achilles' heel of the majority of these
nanogenerators is the presence of toxic compounds or the requirement of a poling process to promote
higher piezoelectric effect. Here a self-poled and bio-flexible piezoelectric nanogenerator (BF-PNG) is
designed, based on lead-free biocompatible Bag gsCao 15Zr0.10 Tlo.9003 nanoparticles functionalized with
polydopamine embedded in the polylactic acid biodegradable polymer. The BF-PNG can generate
open-circuit voltage and short-circuit current of 14.4 V and 0.55 pA, respectively, under gentle finger
tapping. Furthermore, it demonstrates an outstanding high mechanical robustness and stable output
voltage after 14000 cycles. It achieves a maximum power density of about 7.54 mW/cm?® at a low
resistive load of 3.5 MQ. The feasibility of the BF-PNG by trigging commercial electronics such as
charging capacitors and lighting a LED is verified, and the BF-PNG can drive a 1 puF capacitor to store
the energy of 3.92 pJ within 115 s under gentle finger tapping. This research demonstrates that a lead-
free piezoceramic in combination with a biodegradable piezopolymer can lead to a design of bio-
flexible piezoelectric nanogenerators with outstanding performances and in particular useful in self-

powered medical devices.

Keywords: self-poled piezoelectric nanogenerator, core/shell nanoparticles, polylactic acid,

biocompatible, nanocomposite






1. Introduction

Because of their robustness and their enhanced output performances, the ceramic/polymer
nanocomposite piezoelectric nanogenerators (PNGs) using piezoelectric materials at the nanoscale are
in the focus of development of the new generation of mechanical energy-harvesting sources [1-4].
Importantly, these PNGs could drive self-powered and wireless healthcare systems such as heart
monitor, pacemaker energizer, blood flow monitor, and real-time biomedical monitor [5-9]. Today’s
market of piezoelectric devices is dominated mainly by lead-based piezoceramics like PbZr,Ti;«O3
(PZT) and (1- x)Pb(Mg13Nb23)O3—xPbTiO; (PMN-PT) systems because of their excellent
piezoelectric properties [5,10,11]. However, the toxicity of lead and harmfulness to the environment
and human health [12-14] makes the replacement of PZT by the homologs with comparable
piezoelectric properties but without lead as an urgent task [15-18]. In this regard, lead-free bioceramic
Bap ssCap.15Zr0.10Tlo.9003 (BCZT), is considered as a potential candidate to substitute the lead-based
materials [13,19-22]. Notably, this material was shown to demonstrate the enhanced dielectric,
ferroelectric and piezoelectric performances [22—-26]. Another important factor of BCZT ceramics is
biocompatibility nature [27-29]. Scarisoreanu et al. [29] proved for the first time that BCZT coatings
on Kapton polymer substrates could provide optimal support for osteogenic differentiation of

mesenchymal stem cells in the bone marrow.

The particular interest presents the embedding of the BCZT materials into the matrix of Polylactic
acid (PLA) which is a low cost, biodegradable, and biocompatible polymer with excellent mechanical
properties, chemical, and electrical resistance, and it is amenable to a variety of processing techniques
[30,31]. PLA is a polymer known for many years in the field of medical applications such as sutures,
orthopedic pins, or galenics [32]. PLA is now available for mass markets such as for packaging, single-
use items, fibers, etc. New developments in terms of products are underway and should soon enable
PLA to be more present in sustainable applications such as the automotive sector, floor coverings,
electronics, etc. [33,34]. PLA is becoming a promising candidate for energy harvesting applications
owing to its high piezoelectric properties, which could outspread the applications of PNGs to several
energy-related systems, namely in the biomedical field [35-37]. The carbonyl groups present in PLA
structure induce polarity, and it shows a piezoelectric coefficient d;4 value of 10 pC/N without an
additional poling step in its crystalline structure [38]. Curry et al. [39] elaborated a biodegradable and
flexible piezoelectric force sensor based on poly-l-lactide (PLLA) polymer for measurement of

physiological pressures such as lung pressure, brain pressure and eye pressure. Zheng et al. [40]



reported the concept of a biodegradable triboelectric nanogenerator (BD-TENG) for short-term in vivo

biomechanical energy conversion based on available low-cost polymers.

BCZT ceramics were elaborated extensively by solid-state reaction and sol-gel processing at high
temperatures due to its simplicity, we have demonstrated that the synthesis temperature of BCZT
powders could be decreased to a low temperature of 160 °C while still preserving enhanced dielectric,
ferroelectric and energy storage properties [41,42]. This temperature is about 1200 °C lower when
compared with solid-state reaction and is about 840 °C lower than in sol-gel methods, which is a

valuable asset in large-scale industrial production [41].

In the current article, a flexible piezoelectric nanogenerator (BF-PNG) combining BCZT
nanopowders functionalized with polydopamine (PDA) via core-shell structuration (BCZT@PDA) and
PLA biopolymer, was designed without any poling process. The outputs performances under different
human body motions were tested, alongside with the feasibility of the BF-PNG to drive commercial
electronics (charging capacitors and glowing a light-emitting diode (LED)). The fabricated BF-PNG
could generate open-circuit voltage and short-circuit current of 14.4 V and 0.55 pA, respectively, under
gentle finger tapping, and demonstrated an outstanding high mechanical robustness and stable output
voltage after 14000 cycles of high-frequency impartations.

2. Experimental Section
2.1. Preparation of BCZT@PDA/PLA nanocomposite film

Bap ssCap.15Zr0.10 Tio.9003 (BCZT) nanocrystalline and the pure powder was obtained through a sol-
gel method followed by a single-step hydrothermal synthesis in a high alkaline medium at 160 °C for
24 has reported previously [43]. Additional characterization data of BCZT ceramic like structural,
dielectric, and ferroelectric properties can be found in Refs [41,43]. A layer of polydopamine (PDA)
was coated on BCZT nanoparticles to form functionalized BCZT@PDA nanoparticles with enhanced
dispersion stability, i.e., to avoid the agglomeration. Detailed experimental procedure and morphology
of BCZT@PDA nanoparticles before and after the core-shell structuration are presented in the S2
section and Fig. S1 in the Supporting Information, respectively. BCZT@PDA/PLA nanocomposite
film was elaborated by the solution casting method using 20 vol% of BCZT@PDA nanoparticles
dispersed in the PLA matrix. The detailed experimental procedure for the preparation of
BCZT@PDA/PLA nanocomposite film is depicted in the S3 section (Supporting Information).

2.2. Fabrication of the BF-PNG



The BCZT@PDAJ/PLA nanocomposite film was sandwiched between two copper foils of 1.5 x 1.3
cm? serving as top and bottom electrodes. For external connections, two copper wires were attached to
the top and bottom electrodes to measure the open-circuit voltage and short-circuit current. Then, the
BF-PNG was additionally sandwiched by using the Kapton tape. This encapsulation prevented damage

of the BF-PNG by repeated mechanical excitations and made it water- and dustproof.
2.3. Instrumentations and Setups

Transmission electron microscope (JEOL - ARM 200F Cold FEG TEM/STEM) operating at 200 kV
coupled with a high-angle annular dark-field (HAADF) detector was used to visualize the thickness of
PDA coating on the surface of BCZT nanoparticles. The local piezoelectric responses of BCZT@PDA
nanoparticles before and after embedding in the PLA matrix were investigated with an atomic force
microscope (AFM, Asylum Research, MFP-3D) equipped with a piezo-response force module (PFM).
To avoid the sticking of the BCZT@PDA nanoparticles to the PFM tip, the particles were fixed using
epoxy resin as previously reported in ref [44]. A Ti/lr-coated Si tip with a radius of curvature ~20 nm
(Asyelec, Atomic Force F&E GmbH) was utilized, and the electric field was applied to the sample in
the virtual ground regime, similarly as previously reported in refs [44,45]. The out-of-plane piezo-
response amplitude images of BCZT@PDA nanoparticles before and after embedding in the PLA
matrix were recorded in dual ac-resonance tracking mode at an ac amplitude signal of 60 V and ~350
kHz. The PFM amplitude and phase hysteresis loops were measured in the switching spectroscopy off-
electric field mode with the pulse dc step signal and overlapped drive ac signal. The waveform
parameters were as follows: the sequence of increasing dc electric field steps was driven at 20 Hz with
a maximum amplitude of 150-200 V; the frequency of the triangle envelope was 200 mHz; an
overlapping ac sinusoidal signal with an amplitude of 5 or 10 V and a frequency of ~350 kHz was used.
Three cycles were measured in an off-electric field mode. The average thickness of the nanocomposite
film was measured by a precise coating thickness gauge (Surfix Pro S, Phynix), and proved by using a
field-emission scanning electron microscope (FESEM, JEOL 7600F). To study the output
performances of the BCZT@PDA/PLA piezoelectric nanogenerator, the open-circuit voltage (Vo) and
the short-circuit current (lsc) were measured by using a multi-channel, research grade battery cycler
(MPG-2, Bio-Logic). The approximate contact forces of finger tapping and hand slapping were
evaluated experimentally by using a dual column mechanical testing system (Instron, 3369). All

measurements were carried out at room temperature.

3. Results and Discussions



3.1. Local piezoelectric properties

The piezoelectric response which is the key property of PNGs, was carefully checked before and
after embedding BCZT@PDA nanoparticles in the PLA matrix by piezoresponse force microscopy
(PFM). The PFM is based on the detection of a local electromechanical response of the ferroelectric
material through the converse piezoelectric effect. Fig. 1 shows the schematics of the PFM setup and
BCZT@PDA/PLA nanocomposite film.

Photodetector

GND

Nanocomposite film VGN%?

Fig. 1. The operating setup used to measure the piezoelectric response in BCZT@PDA/PLA

nanocomposite film schematically shown in the upper right corner (zoomed inset displays field-

emission scanning electron microscope (FESEM) image of the nanocomposite film).

Before the incorporation of BCZT@PDA nanofillers in the PLA matrix, the topographic AFM and
the out- of- plane amplitude PFM images are shown in Figs. 2a-h. The single particles can be clearly
distinguished in topography (a) height and (b) deflection images. PFM amplitude and phase images
show that the BCZT@PDA particles are piezoelectrically active. A closer look (Figs. 2e-h) reveals
inside the particle’s regions of different piezoelectric activity (white arrows mark some examples). To

further investigate piezoelectric/ferroelectric responses, PFM switching spectroscopy experiment was



performed. The local phase and amplitude hysteresis loops typical for piezoelectric/ferroelectric

material were measured, as shown in Figs. 2i, j.
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Fig. 2. The topography (a, €) height, (b, f) deflection and out-of-plane PFM (c, g) amplitude, (d, h)
phase images of BCZT@PDA nanoparticles. The PFM (i) phase and (j) amplitude local hysteresis
loops measured in the two points 1 and 2 marked by crosses in panel (g). In both panels (i and j), a

second cycle is shown.

The local piezoelectric response and local domain switching properties of BCZT@PDA powder
inserted in the PLA polymer matrix forming 20 vol% BCZT@PDA/PLA nanocomposite film were
investigated by using the PFM (see Fig. 3a-g). The topography, out-of-plane amplitude, and phase

signals were analyzed (see Fig. 3a-d). By comparing the topography and amplitude PFM images, we



can conclude that the enhancements in the PFM signal (bright regions) are observed at the positions of
the BCZT@PDA powder islands, indicating their piezoelectric activity. Additionally, the PFM
switching spectroscopy experiment was performed on the BCZT@PDA powder island in two points
(see Fig. 3e). The local PFM phase and amplitude hysteresis loops typical for piezoelectric/ferroelectric
material are shown in Fig. 3f and 3g. Hence, the local piezoelectric response of 20 vol%

BCZT@PDA/PLA nanocomposite film was confirmed.
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Fig. 3. Out-of-plane PFM (a) amplitude, (b) phase images with the topography (c) height and (d)
deflection of 20 vol% BCZT@PDA/PLA film. In the panel (a), the bright regions are the BCZT@PDA
powder islands embedded in the darker PLA matrix. The large magnification of such an island is
shown in panel (e). The panels (f) and (g) show phase and amplitude of local hysteresis loops,
respectively, measured by PFM in the two points, marked by crosses 1 and 2 in the panel (e). In both

panels (f and g), a second cycle is shown.
3.2. Mechanical energy harvesting

Generally, PNGs are used to harvest mechanical energy in a relatively low-frequency range (e.g.,
human activities, mechanical vibration, etc.). Here, the stress field (o) plays a vital role in the
generation of output voltage as the deformation of the crystal structure depends on applied mechanical
stress. In this study, two types of human impartations were investigated: the finger tapping and hand
slapping under fixed frequency. The approximate contact force was evaluated experimentally by using



a dual column mechanical testing system. The average contact forces (F) were estimated at 2.0 N and
27.9 N for the finger tapping and hand slapping, respectively, and the results are shown in Figs. 4a, b.
The resulting input stress (o) under finger tapping and hand slapping is estimated using ¢ = F/area,
and found to be 9.1 kPa (contact area ~2.2 cm?) and 18.5 kPa (contact area ~15.1 cm?), respectively. A
demonstration for the contact force measurement under finger tapping is depicted in Video S1

(Supporting Information).
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Fig. 4. The measured contact force under (a) finger tapping and (b) hand slapping.

To have an insight into the mechanical energy harvesting performances of BCZT@PDA/PLA
piezocomposite film from the energy available in the ambient environment (human body motions), a
bio-flexible piezoelectric nanogenerator (BF-PNG) was designed. The schematic illustration and the
photo of the flexible BF-PNG generator device are shown in Figs. 5a, b, respectively. The fabrication
process of the BF-PNG is described in the Experimental Section. Besides, the open-circuit voltage (Vo)
and the short-circuit current (ls) for the BF-PNG were measured. Figs. 5¢, d show the V. and the I,
respectively, of the BF-PNG subjected to a series of gentle finger tapping as demonstrated in the Video
S2 in the Supporting Information. By finger tapping, the V. and I of the BF-PNG can reach values up
to 14.40 V and 0.55 pA, respectively. The slight variation in the amplitude of each pulse could be
attributed to the manual stress variation during the tapping sequence. It should be noted that these
values are comparable to those found in PNGs containing other types of piezoelectric materials [46—
49]. The working mechanism of the BF-PNG is discussed in section S4 (Supporting Information). It
should be noted that contrary to polyvinylidene fluoride (PVDF) or polydimethylsiloxane (PDMS)
based PNGs, no poling process is required before testing the PNG as the BF-PNG is a self- poled

device. It benefits from the natural piezoelectricity developed in PLA after application of mechanical



stress and the surface-charge induced polarization without applying any external electric field
[35,50,51]. Hence, in BF-PNG, the traditional electrical poling process used in piezoelectric and

ferroelectric materials-based energy harvesting devices is not required.

The voltage-stability test of the fabricated BF-PNG was performed under gentle finger tapping at a
driving frequency of 0.3 Hz for 115 s (Fig. 5e), and under 14000 tapping cycles by using a sewing
machine at tapping frequency of 23 Hz for 625 s (Fig. 5f). See also demonstrations in Videos S2 and
S3 in the Supporting Information. The sewing machine was used as a constant stress source compared
to finger tapping and hand slapping. Here, the sewing machine needle was substituted by a cylindrical
plastic piece with a tapping area close to that of a human finger. In this case, the BF-PNG was exposed
to direct stress tapping indicating its high mechanical stability. It is worth noting that neither
performance degradation nor mechanical damage after 14000 cycles at a frequency of 23 Hz was
observed. The mechanical robustness and the excellent stability of the BF-PNG signal without a
significant drop in V. prove its applicability as a capable energy harvesting device of irregular and
regular excitations present in our living environment and as a powering device for small portable
electronic applications and flexible high energy density capacitors. Various tests were devoted to verify

the potential use of the BF-PNG for operating commercial electronic devices.

10



o)

" A Afn___

LIIVIC

—_—
Laborato! re de Ph)s quL
de la Matiére Conde

do b Mion G JHORIZON2020 - MSCA - RISE Project Institute
0.6
12 4
044
8 -
- 02
S z
>8 3
0+ 0.0
-4 -
-0.2 4
-8 -
-12 T T T T T T 04
0 5 10 15 20 25 30 0 5 10 15 20 25
t(s) t(s)
(c) (d)
154 16 -
12 . ’
10 4 8 x o
4 “ ‘ |
= 4 n H
2 5 s Zh
3 801 14 000 cycles
-4
0
-8
5 -12
¥ T T T T T T T -16 T T T T T T T
0 20 40 60 80 100 120 0 100 200 300 400 500 600
t(s) t(s)
(e) (f)

Fig. 5. (a) Schematic illustration of the prepared composite generator and (b) a photograph of the
flexible nanocomposite generator device (BF-PNG). The generated (c) open-circuit voltage and (d)
short-circuit current of the BF-PNG under finger tapping, and the results of voltage stability tests of the
BF-PNG device under (e) finger tapping and (f) under 14000 tapping cycles using a sewing machine
(inset shows a magnified view of the voltage stability).
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3.3 Charge-storage capability of BF-PNG

The power and accumulation tests checked the feasibility of the BF-PNG device for the application.
To evaluate the energy storage capability of the BF-PNG device, one cycle of charging and discharging
was performed on a commercial capacitor (1 puF) under finger tapping and hand slapping with a
frequency of 4 Hz as shown in Fig. 6a. The inset of Fig. 6b illustrates the schematic circuit diagram for
the following of the accumulated voltage during capacitor charging, which includes a full-wave bridge
rectifier, capacitor, and BF-PNG. The ac output generated by the BF-PNG was first converted into dc
power through the rectifier, then the generated dc power was used to charge the capacitor. The enlarged
plot of accumulated voltage-time charging curves under (inset of Fig. 6a) shows stepwise charging of
the capacitor under both human body motions. In the case of finger tapping and hand slapping, the BF-
PNG could charge the capacitor up to 2.27 and 4.94 V, respectively, which correspond according to
U, =1/2CV?, to stored energy of 2.57 and 12.20 pJ, respectively (Fig. 6b). Here U, C, and V
correspond to the stored electric density, capacitor capacity, and the generated voltage, respectively.
The equivalent energy density using finger tapping and hand slapping reached 0.775 and 3.68 mJ/cm®,
respectively. This latter is 1.7 times higher than that found by Shin et al. [52] in BZT-BCT NPs/PVDF

composite film.

To characterize the output performance of PNGs, the output charge density is an important
parameter, though, most works about PNG do not report the output charge density. The corresponding
average charging rate is 7.7 and 42.2 nC per cycle, equivalent to 39.5 and 215.8 uC/m?, for finger
tapping and hand slapping, respectively. The output charge density and the generated energy in the case
of hand slapping are more significant due to the higher input stress (c =18.5 kPa). The obtained value
of the output charge density in the case of hand slapping is higher than that found by Gu et al. [53] (193
HC/m?) in PNG with a three-dimensional intercalation electrode (IENG) using foot stepping. Moreover,
our BF-PNG demonstrated higher output charge density compared to some reported triboelectric
nanogenerators (TENGs) [54-56]. The real-time recording of the accumulated voltage across the
capacitor under finger tapping and hand slapping is presented in Videos S4 and S5 in the Supporting
Information, respectively. It is worthy to note that the unsmooth charging curves, especially, during
hand slapping is originated from the inhomogeneous motions. To overcome this drawback, the sewing
machine was used as a nearly constant stress source compared to a human finger. The charging
capability of the BF-PNG under constant stress source was tested by storing a rectified electrical output
from the BF-PNG in two commercial capacitors of 1 uF and 2.2 pF. Three charge-discharge cycles
were performed to prove the performance reproducibility of the BF-PNG. The charging and

12



discharging behavior of the capacitors 1 puF (Fig. 6¢) and 2.2 pF (Fig. 6d) at a constant frequency of 23
Hz. The insets of Fig. 6¢ and d display the enlarged views of the charging behavior of the capacitor.
The typical stepwise charging and the discharging response of the capacitor signify the high energy
storage capacity. The BF-PNG could charge the 1 puF-capacitor up to 6.36 V within 18.4 s only, which
corresponds to stored energy of 20.22 uJ. The discharging process requires more time than charging
one. Hence, three discharging cycles were performed for discharging down to 3 V. This implies that the
fabricated BF-PNG device could be used to recharge discharged batteries. Furthermore, it can also be
seen that the fabricated device can charge the capacitor several times, which proves the reproducibility
of the BF-PNG under cyclic charging and discharging conditions. The charging and discharging
behavior of a commercial capacitor of 2.2 pF are shown in Fig. 6d. After 52 s of impartation, the 2.2
MF capacitor reached a voltage of 3.38 V, which corresponds to the stored energy of 12.56 uJ. The
charging and discharging experiment were carried three times wherein each step the maximum voltage
of the capacitor reached up to 3.52 V, which also proves the reproducibility of the BF-PNG. From these
results, we can conclude that the capacitors of different capacitance can be charged up by the BF-PNG
to a certain voltage under specific time and with high stored energy, which will be useful for further

utilization.
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Fig. 6. (a) The accumulated voltage across a single capacitor of 1 pF charged by the BF-PNG at 4 Hz
of imparting frequency under finger tapping and hand slapping, (b) the maximal output voltage and the
equivalent stored energy (inset schematic circuit diagram of capacitor charging), and repeated charging
and discharging shown for the (¢) 1 uF and (d) 2.2 pF commercial capacitors charged by the BF-PNG

at 23 Hz of sewing machine tapping frequency (insets show the zoomed portion of a charging curve).
3.4 Energy performances of BF-PNG

For a practical use of the harvested energy, the device cannot operate in open circuit, but instead must
be connected to a load [57]. To examine the energy performances of BF-PNG, the output voltage
characteristic was measured at various external resistive loads, as shown in the schematic circuit
diagram in the inset of Fig. 7a. It is observed that the generated output voltage from the BF-PNG across
a load resistor gradually increases with increasing resistance to reach a maximum then decreases (Fig.

7a). The variation of the power (P) related to the external resistance is also depicted in Fig. 7a. P

14



increases with the increasing resistance up to a maximum value and then decreases by further
increasing the resistance. The maximal power P,,, = V?/R, of 25 uW was reached at the resistive
load R = 3.5 MQ. It occurs when the value of the resistive load is equal to the impedance of the BF-
PNG piezoelectric capacitor. The obtained Pmax is more than three-fold higher than that obtained, by
Baek et al. [58] in a piezoelectric nanogenerator based on encapsulated BCZT nanoparticles and Ag
nanowires in the PDMS matrix at the resistive load R, = 100 MQ. Moreover, such low R, is also
enabling the BF-PNG as a high output power source, compared to previously reported PNGs in Table
1. This value is quite similar to that reported by Karan et al. [59] The area power density Py, = 12.82

HW/cm? and volumetric power density PY,,= 7.54 mW/cm?® were estimated by using the Egs. (1) and
(),

VZ
PSoy =———, 1
max R, X area £

VZ

Py = ———.
max- R, x volume

(2)

Here, the active volume of 1.5 cm x 1.3 cm x 17 um of the BF-PNG was used.

Table 1 compares the energy harvesting performance of BF-PNG with other PNGs reported in the
literature. The Vo and ls. of our BF-PNG are higher than that reported in [49,60-68] and lower than
stated in refs [10,52,59,69,70]. The obtained power density in the BF-PNG is much higher than that
reported in refs [10,52,59,69,70]. This is mainly due to the thinner nanocomposite film that was used to
design our BF-PNG. As stated before, the biodegradable PLA leads to natural piezoelectricity that
makes the BF-PNG a self- poled device. This eliminates the need for high electric fields, in contrast to
the majority of PVDF or PDMS-based PNGs, which request a high electric field, high temperature and
prolonged time during the poling process [10,52,65-68].
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Table 1. Comparison of the energy harvesting performances of BF-PNG with other PNGs reported in

the literature.

Piezoelectric nanogenerator Poling conditions R, Voe ls P max Ref.
M) (V)  (UA)  (uW/em®)
20 vol% B_NP@PDA/PLA (BF-PNG) No poling 35 14.4 0.55 7540 This work
BZT-BCT/PVDF 35 kV/cm, 10 h, 130 °C - 20.61 2.0 3450 [52]
Cu-BZT-BCT/PVDF 35 kV/cm, 10 h, 130 °C - 18.8 1.84 4120 [52]
BCZT nanofibers/PVDFHFP composite 20 kV/em, 2 h, 50 °C 55 10 0.75 291 [68]
BaTiO; thin film 200 kVv/cm, 15 h, 150 °C - 1 0.026 7000 [60]
Oriented BaTiOs film 30 kvicm, RT 80 6.5 0.14 105 [61]
BCZT nanowires 15 kV/cm, 2 h, 90 °C - 3.25 0.055 338 [62]
ZnO nanowires Not supplied - 2.03 0.107 11000 [63]
PZT thin film 100 kV/cm, 3 h, 120 °C 200 200 15 1750 [69]
PZT/PVDF-HFP 250 kV/cm, 1 h, 150 °C - 65.0 1.0 81.25 [10]
PZT/PET 40 kV/cm, 15 min, 130 °C 100 6.0 0.045 200 [64]
KNNS-BNKZ nanofibers 50 kV/cm, 150 °C, RT 100 10 - 4508 [49]
KNbO3; nanowires/PDMS 50 kV/cm, 1 h, RT 10 10.5 13 42 [65]
BaTiO; nanotubes/PDMS 80 kv/cm, 12 h, RT - 55 0.35 64 [66]
KNbO;3; nanorods/PDMS 150 kV/cm, 1 h, RT - 3.2 0.0675 11.9 [67]
Chitin nanofiber/PDMS Not supplied - 22.0 0.12 97 [70]
Chitin nanofiber/PVDF/PDMS Not supplied - 49.0 1.9 6600 [70]
Eggshell membrane/PDMS 2kVv,48h 15 26.4 1.45 238.17 [59]

To support the analysis above and demonstrate the output performance of our BF-PNG to power
commercial electronics, a visual and realistic application was devoted. The electrical energy produced
from the finger tapping of the BF-PNG was successfully used to drive commercial red LED (light-
emitting diode) connected to a 1 puF capacitor (Fig. 7b). This capacitor could be charged up to 2.8 V in
115 s under successive finger tapping at a frequency of 4 Hz, which corresponds to the stored energy of
3.92 WJ. The corresponding schematic circuit diagram and demonstration video for the LED lighting is
included in Fig. S3 and Video 6 in the Supporting Information, respectively. Hence, the combination of
BF-PNG and the energy storage device could cover a potential solution to the frequent replacement of
the discharged batteries. Also, it can be of great potential for effective power generation and energy
harvesting from human movements to power small portable electronics [71]. As reported by Hwang et
al. [5] in the case of healthy animals, the minimum external electric energy needed to trigger the action

potential required to contract the heart artificially is 1.1 pJ. Hence, the BF-PNG could be applicable for
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biomedical sensors and actuators such as pacemakers. Moreover, the choice of biodegradable polymer
(PLA) [32,72,73] that is extensively used in medicine and lead-free biocompatible ceramic (BCZT)
[27-29] are encouraging for such applications.
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Fig. 7. (a) The output voltage and power density generated by the BF-PNG across various resistors
(inset shows the schematic circuit diagram of the harvested output voltage), and (b) voltage charging
curve of a 1 uF commercial capacitor by the BF-PNG under finger tapping at a frequency of 4 Hz. The
upper inset shows an enlarged plot of voltage steps during capacitor charging. The lower inset depicts a

digital photograph of a glowing red LED powered by the charged capacitor.
4. Conclusion

All-ecological piezoelectric nanogenerator was designed via core-shell structured BCZT filler with a
PDA layer and a biodegradable PLA matrix. The piezoelectricity of BCZT@PDA nanoparticles before
and after embedding in the PLA matrix was checked via measurements of the piezoelectric hysteresis
loops by PFM. The designed BF-PNG could generate open-circuit voltage and short-circuit current of
14.4 V and 0.55 pA, respectively, under gentle finger tapping. Moreover, the BF-PNG demonstrated
outstanding durability, high mechanical robustness, and stable output voltage even after 14000 cycles
of high-frequency impartations. The maximum power density achieved was around 7.54 mW/cm? at a
low resistive load of 3.5 MQ. The feasibility of the BF-PNG was verified by trigging commercial
electronics (charging capacitors and lighting an LED). The BF-PNG could drive a 1 pF capacitor to
store the energy of 3.92 pJ within 115 s under gentle finger tapping. The reported nanocomposite film
BF-PNG has the significant potential to be used as an energy source for self-powered medical devices.
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