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Mechanical energy harvesting using piezoelectric nanogenerators (PNGs) offers an attractive solution for
driving low-power portable devices and self-powered electronic systems. Here, we designed an eco-
friendly and flexible piezocomposite nanogenerator (c-PNG) based on Hy(Zrp1Tip )07 nanowires
(HZTO-nw) and Baggs5Can 15Zrp.10Ti0.0003 multipods (BCZT-mp) as fillers and polylactic acid (PLA) as
a biodegradable polymer matrix. The effects of the applied stress amplitude, frequency and pressing
duration on the electric outputs in the piezocomposite nanogenerator (c-PNG) device were investigated
by simultaneous recording of the mechanical input and the electrical outputs. The fabricated c-PNG
shows a maximum output voltage, current and volumetric power density of 11.5 V, 0.6 pA and 9.2 mW
cm™3, respectively, under cyclic finger imparting. A high-pressure sensitivity of 0.86 V kPa™* (equivalent
to 3.6 V N7} and fast response time of 45 ms were obtained in the dynamic pressure sensing. Besides
this, the c-PNG demonstrates high-stability and durability of the electrical outputs for around three
months, and can drive commercial electronics (charging capacitor, glowing light-emitting diodes and

powering a calculator). Multi-physics simulations indicate that the presence of BCZT-mp is crucial in
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Accepted 26th September 2022 enhancing the piezoelectric response of the c-PNG. Accordingly, this work reveals that combining 1D

and 3D fillers in a polymer composite-based PNG could be beneficial in improving the mechanical
DOI: 10.1039/d2na00429a energy harvesting performances in flexible piezoelectric nanogenerators for application in electronic skin
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their long-term durability.® Besides this, contrary to chemical
batteries, PNGs can provide sustainable electrical energy.” In

1. Introduction
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Since 2006, the concept of piezoelectric energy harvesting,
proposed by Wang et al.,' using a piezoelectric nanogenerator
(PNGs) has become a growing and a promising technology for
converting random mechanical energy into electric energy
using nanoscale piezoelectric materials.”* Another biome-
chanical energy harvesting concept is the use of triboelectric
nanogenerators.>® However, despite their high electrical
outputs, the impermanent nature of triboelectric charges limits
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particular, ceramic/polymer piezocomposites for energy har-
vesting applications are considered to be a significant research
field, providing the convenience of mechanical flexibility,
adaptability for large mechanical forces, suitable voltage with
sufficient power output, lower internal leakage current, lower
manufacturing costs, and rapid processing compared to
ceramic-based PNGs.>'**? In this case, both the ceramic and
polymer must be carefully selected.> However, the most high-
performance piezoceramics used in industry, such as PbZr,-
Ti; ,Os (PZT), are lead-based, toxic and environmentally
unfriendly, and thus their integration in future applications will
be restricted.”®"” Similarly, the majority of polymers used in
polymer-based PNGs, such as polydimethylsiloxane (PDMS) and
polyvinylidene fluoride (PVDF), are petrol-based, not eco-
friendly and the majority of them are not biodegradable.***>°
Besides this, almost all PNGs require a poling process to
promote the piezoelectric activity of the utilised materials.***>*
Consequently, the durability of the output performances of
these PNGs have been questioned.*** Recently, we designed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a self-poled and bio-flexible piezoelectric nanogenerator (BF-
PNG) based on lead-free biocompatible Ba, g5Cag.15Zr0.10Ti0.00
O3 (BCZT) nanoparticles that are functionalised with polydop-
amine and embedded in a polylactic acid (PLA) biodegradable
polymer.”” The BF-PNG was able to generate excellent electrical
outputs under gentle finger tapping, and demonstrated
outstanding mechanical robustness, stable and durable output
even after one year.

It has been reported that 1D-shaped piezoelectric nanowires
are better than 0D ones for energy harvesting applications.?®?*®
To tailor piezocomposites with high electrical outputs, the
design of novel piezo-fillers with complex morphologies unlike
OD-nanoparticles and 1D-nanomaterials (nanowires, nano-
tubes, nanofibers, etc.) is a leading topic. Previously, we re-
ported the piezoelectric energy harvesting of lead-free
H,(Zr 1Tig.0)30; nanowires embedded in a PLA matrix and
observed enhanced output performances (open-circuit voltage
of 5.41 V and short-circuit current of 0.26 pA) and could drive
small commercial electronics under various human motions).*

To further improve the piezoelectric energy harvesting
properties of nanogenerators, the design of other complex
morphologies is attracting considerable critical attention.
Mainly, the use of 3D fillers (e.g. flowers, stars, etc.) is gaining
interest in the scientific community.**** More specifically,
flower-like piezo-fillers with a 3D morphology play a vital role in
enhancing piezoelectric harvesting performances.*” Accord-
ingly, the combination of 1D and 3D piezoceramics could
enhance further the piezoelectric response of piezoelectric
nanogenerators.

From this perspective, we report a novel strategy to design
ceramic/polymer nanocomposites for energy harvesting appli-
cations. This involves embedding H,(Zr, 1Tiy.¢);0, nanowires
(HZTO-nw) and Bag g5Cag.15Zr0.10Tio.0003 multipods (BCZT-mp)
in a PLA biopolymer. The effects of the applied stress ampli-
tude, frequency and pressing duration on the electric outputs in
the piezocomposite nanogenerator device (c-PNG) were inves-
tigated using a simultaneous recording of the mechanical input
and the electrical outputs. Through this approach, enhanced
output voltage and a short-circuit current of 11.5 V and 0.6 pA,
respectively, were obtained under finger tapping. Multi-physics
simulations using COMSOL Multiphysics indicated that the
presence of the BCZT-mp was crucial in enhancing the piezo-
electric response of the ¢-PNG. In addition, the ¢-PNG can
generate stable and durable voltage even after three months.
The ¢-PNG proved its applicability to generate enhanced output
voltage under bending motions, and to drive low-power
commercial electronics (light-emitting diodes (LEDs) and
a calculator).

2. Experimental section

2.1. Preparation of HZTO-NWs

To produce H,(Zr,1Tig0);0; nanowires (HZTO-nw),** which
serve as an inorganic template for BCZT multipod preparation,
5 g of Zry1Tiy00, (ZTO) powder synthesised previously** was
dispersed in 100 mL of a 10 M aqueous solution of NaOH. After
1 h of stirring, the suspension was transferred to a 150 mL

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Teflon-lined stainless-steel autoclave, sealed and heated at
240 °C for 48 h, then cooled to room temperature. The resulting
white suspension was collected by filtration and soaked in 0.2 M
HCl for 10 h to convert Na,(Zry;Tip¢);0; (NaZTO) to
H,(Zr.1Tip.9)307 (HZTO). The obtained product was centrifuged
at 4000 rpm for 10 min, washed several times with deionised
water and ethanol, filtered, then freeze-dried for 48 h to obtain
a fluffy product. The detailed structural, morphological and
piezoelectric characterisation can be found in the literature.***¢

2.2. Preparation of BCZT multipods

BCZT multipods were prepared via the hydrothermal reaction of
HZTO-nw with barium acetate and calcium nitrate tetrahydrate,
as reported in ref. 37. Under an inert atmosphere (N,), 150 mg of
HZTO-NWs was dispersed in 35 mL of barium acetate (50 mM)
and calcium nitrate tetrahydrate (8.8 mM) solution and 0.1 M of
potassium hydroxide. Next, the suspension was sonicated for
10 min to break the agglomeration. Then, the suspension was
purged with N,, transferred into a 50 mL-Teflon-lined stainless-
steel autoclave, sealed and heated at 180 °C for 6 h. Once the
hydrothermal reaction was completed, the sealed autoclave was
cooled down to room temperature. The resulting white precip-
itate was collected by centrifugation at 5000 rpm for 10 min,
soaked in 0.2 M HCI for 4 h, and washed several times with
0.2 M HCI, deionised water and ethanol. Then, the final product
was dried at 80 °C for 12 h. Since the growth of BCZT-mp is
based on HZTO-nw, which serves as a template, and the
conversion is not complete, as discussed previously,* the final
product contains both HZTO-nw and BCZT-mp in a ratio of
1:5.

2.3. Preparation of the HZTO-nw + BCZT-mp/PLA
nanocomposite film

The resulting nanopowder was functionalised with polydop-
amine (PDA) to enhance the dispersion stability and to avoid
agglomeration formation, as we reported previously in the
literature.”” HZTO-nw + BCZT-mp/PLA nanocomposite films
were modified using the solution casting method employing 0,
5, 10, 20, 30 and 40 vol% of the inorganic filler, as illustrated in
Fig. 1a. Explicitly, an adequate amount of PLA was solubilised in
dichloromethane with magnetic stirring for 2 h. Subsequently,
the HZTO-nw + BCZT-mp were dispersed therein using ultra-
sound for 15 min, then homogenised by magnetic stirring for
another 2 h. The slurry was cast in a Teflon Petri dish, dried at
room temperature to obtain a flexible composite film, dried
under vacuum at 40 °C for 12 h to remove the solvent, then
finally hot-pressed at 140 °C for 15 min to reduce porosity.

2.4. Fabrication of the c-PNG device

PLA-based piezocomposite films using 0, 5, 10, 20, 30 and
40 vol% HZTO-nw + BCZT-mp filler (c-PNG) were sandwiched
between two copper foils of 1.7 x 1.4 cm? serving as top and
bottom electrodes. For external connections, two copper wires
were attached to the top and bottom electrodes to measure the
electrical outputs. Then, the c-PNG was additionally sand-
wiched by using Kapton® tape. This encapsulation prevents
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Fig.1 Experimental procedure for the preparation of (a) the 20 vol% HZTO-nw + BCZT-mp/PLA nanocomposite film and (b) the c-PNG device.

damage of the c-PNG by repeated mechanical excitation and
makes it water- and dustproof. Fig. 1b summarises the fabri-
cation process of the c-PNG.

2.5. Characterisation

The morphological properties of the filler powder and the
HZTO-nw + BCZT-mp/PLA nanocomposite film were analysed
by using a scanning electron microscope equipped with an
electron gun (FESEM, JEOL JSM-7600F). An energy-dispersive X-
ray (EDX) spectrometer was utilised to confirm the composition
of the BCZT multipods, and a backscattered electron detector
(BSE) was used to visualise the cross-section of the nano-
composite film, including all its components (HZTO-nw, BCZT-
mp and PLA). A 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
visualise the morphology of the BCZT multipods. A Discovery
Series TGA 55 (TA instruments) device was used to characterise
the thermal stability of PLA and HZTO-nw + BCZT-mp/PLA
during the heating process. About 8 mg of the sample was
placed in a platinum pan and heated from room temperature to
600 °C at a heating rate of 10 °C min~" under a nitrogen flow of
40 mL min~". The average thickness of the nanocomposite film
was measured using a precise coating thickness gauge (Surfix
Pro S, Phynix). To study the output performances of the piezo-
composite nanogenerator (c-PNG), the open-circuit voltage,
short-circuit current and electrical charge were measured using
a potentiostat (SP-150, Bio-Logic). The approximate contact
force of finger tapping was evaluated experimentally using
a dual column mechanical testing system (Instron, 3369). The
tensile mechanical behaviour of the films was performed using
a crosshead speed of 5 mm min~'. All measurements were
carried out at room temperature.
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3. Results and discussion

3.1. Structural and morphological properties

Fig. 2a shows the FESEM micrograph of the filler nanopowder
composed mainly of 1D-HZTO nanowires (HZTO-nw) with
a high aspect ratio, and 3D-BCZT multipods (BCZT-mp). Fig. 2b
presents a STEM-HAADF image of a single BCZT multipod with
a 500 nm pod-length six-pod architecture. The composition of
the BCZT multipods was confirmed by energy dispersive X-ray
(EDX) analyses, as shown in Fig. S1 and S2 (ESI).T The growth
mechanism of the BCZT multipods has previously been thor-
oughly discussed.*® The X-ray diffractometry (XRD) pattern of
the nanopowder is illustrated in Fig. 2¢, wherein the presence of
BCZT-mp and HZTO-nw can be clearly observed, and HZTO-nw
and BCZT-mp can be observed to have crystallised in mono-
clinic (C2/m) and tetragonal (P4mm) phases, respectively. As
depicted in the inset of Fig. 2c, the selected area electron
diffraction SAED pattern clearly shows that the BCZT multipod
is single crystalline and has a good crystalline phase. As shown
in the SAED pattern, the lattice spacings determined from the
diffraction spots of the SAED of the BCZT multipod are 3.999 A
and 2.834 A, which match the (100) and (011) planes, respec-
tively. The corresponding zone axis (ZA) of the SAED pattern is
indicated in the top of the figure. Further structural,
morphology and composition analyses of the BCZT multipods
can be found in the literature.*® Besides this, Fig. 2d presents an
FESEM image of the cross-section of the 20 vol% HZTO-nw +
BCZT-mp/PLA nanocomposite film, from which a dense film
with 8 um thickness is observed (the cross-section of the
nanocomposite with low magnification is provided in Fig. S3
(ESI)).t In the FESEM images, a BSE detector was used to visu-
alise the composition fluctuation in the nanocomposite film,
where the whitest spots represent the BCZT multipods. Also, it
can be clearly seen that HZTO-nw and BCZT-mp fillers are

© 2022 The Author(s). Published by the Royal Society of Chemistry



Paper
vBCZT-mp
(C) * *HZTO-nw
3
s
2
]
c
2
= (111)
211
J & (100) (230) s v :
X v
£
1'0 2|0
2 theta (°)
Fig. 2

Nanoscale Advances

(a) FESEM micrograph of the raw nanopowder (inset shows the magnified view of the BCZT multipods and HZTO nanowires). (b) STEM-

HAADF image of a single BCZT multipod. (c) XRD pattern of the raw nanopowder (inset is the SAED pattern of a single BCZT multipod). (d) FESEM
image of a cross-section of the 20 vol% HZTO-nw + BCZT-mp/PLA nanocomposite film.

covered with PLA polymer matrix, indicating the excellent
compatibility between PLA and the fillers.***

The mechanical and thermal properties of PLA and 20 vol%
HZTO-nw + BCZT-mp/PLA films are depicted in Fig. S4t (ESI).t
Thermogravimetric analysis (TGA) was used to evaluate the
effect of HZTO-nw + BCZT-mp fillers on the thermal stability of
the PLA biopolymer. Fig. S4at shows the TGA curves and their
respective derivative thermogravimetry (DTG) curves (inset of
Fig. S4af) of the neat PLA and 20 vol% HZTO-nw + BCZT-mp/
PLA films. Both TGA curves display one decomposition step
between 240 and 350 °C. It is observed that PLA and 20 vol%
HZTO-nw + BCZT-mp/PLA start to degrade from 240 and 250 °C,
respectively, as defined from the onset degradation tempera-
tures in the DTG curves. This improvement in the thermal
behaviour (shift in the TGA curve of the nanocomposite film
toward higher temperatures) is related to the presence of HZTO-
nw + BCZT-mp as a reinforcing charge.***' The mass residues at
600 °C are 0.63 and 7.79% for the PLA and 20 vol% HZTO-nw +
BCZT-mp/PLA films, respectively.

Meanwhile, Fig. S4bt depicts the typical stress-strain curves
of the neat PLA and 20 vol% HZTO-nw + BCZT-mp/PLA films.
Obviously, both samples exhibit a clearly distinguished yield
point, as shown in Fig. S4b.} After loading the PLA with HZTO-
nw + BCZT-mp fillers, the Young's modulus (Y) doubled from
26.33 to 53.05 MPa. Accordingly, the 20 vol% HZTO-nw + BCZT-
mp/PLA nanocomposite films can resist high mechanical stress

© 2022 The Author(s). Published by the Royal Society of Chemistry

and exhibit a relatively high Young's modulus.** Actually, good
mechanical properties of the piezocomposite film are highly
required to preserve the designed piezoelectric nanogenerator
from damage while applying mechanical impartation during
the energy harvesting process.*>**

3.2. Mechanical energy harvesting of the ¢-PNG

To assess the biomechanical energy harvesting ability of the
modified piezocomposite films, piezoelectric nanogenerators
with different filler concentrations (0, 5, 10, 20, 30 and 40 vol%)
were designed. Fig. 3a shows a schematic illustration of the
developed flexible piezocomposite nanogenerator device (c-
PNG), consisting of a 20 vol% HZTO-nw + BCZT-mp/PLA
nanocomposite film sandwiched between two copper elec-
trodes and embedded with Kapton® tape, while Fig. 3b shows
a photograph of the flexible piezocomposite nanogenerator
device under bending motion, proving its flexibility. To gain
insight on the effects of HZTO-nw + BCZT-mp filler concentra-
tion on the piezoelectric performance, specifically the open
circuit voltage (V,c), the fabricated nanogenerators were sub-
jected to finger impartations of 2 N and the resulting V,,. values
were recorded and are presented in Fig. S5 in the ESL{ It was
observed that the output voltage was amplified with an increase
in the HZTO-nw + BCZT-mp concentration. This can be
explained by an enhancement in the dielectric constant of the

Nanoscale Adv., 2022, 4, 4658-4668 | 4661
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composite with filler addition, and nanocomposite films with
a higher dielectric constant show good storage charge capa-
bility, which can lead to better piezoelectric properties.*
Nevertheless, above 20 vol%, a decline in the piezoelectric
performance is observed due to filler agglomeration, i.e. dete-
rioration of the mechanical properties which limits the move-
ment of PLA dipoles and eventually weakens the polarizability
of the nanocomposite.*® Subsequently, the focus will only be on
a piezocomposite with 20 vol% HZTO-nw + BCZT-mp.
Interestingly, compared to other previously reported PNGs,
our piezoelectric nanocomposite energy harvester does not
require any poling process to promote its piezoelectric activity.
To verify the purity of piezoelectric effects in the PNG device,

Mechanical stress
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a switching polarity test was conducted.” As presented in
Fig. 3c, upward and downward output signals were obtained
upon pressing and releasing motions, respectively, when the c-
PNG device was forward-connected to the measurement kit. In
contrast, the signal direction was inverted in the reverse
connection, as shown in Fig. 3d. The observation of such signal
output switching by changing the polarity confirms that the
energy harvesting signals are the product of piezoelectricity
from the flexible c-PNG device.”***

A dual column mechanical testing system and an electrical
measurement unit was employed to simultaneously record the
input stress and output voltage. First, we examined the effect of
applied stress on the electrical output performances, and the
results are given in Fig. 5a and b. Real-time simultaneous
recording of the open-circuit voltage and the stress amplitude
under finger tapping is presented in Video S1 in the ESL{ It can
be clearly seen that increasing the mechanical input (mechan-
ical stress) enhances the electrical output (open-circuit voltage)
of the c-PNG. For instance, by applying 2.97 kPa, an open-circuit
voltage of 5.73 V can be obtained, however, by increasing the
mechanical stress to 9.90 kPa, an open-circuit voltage of 11.04 V
can be reached. The value discrepancy of each peak can be
ascribed to the different strain rate of the device during the
press-release process.*” Besides this, the observed asymmetry in
the positive and negative voltage peaks is attributed to the
difference between the external force applied on the device and
the restoring force.*

These results are consistent with the dependence of the
crystal structure deformation on the applied mechanical stress.
A simulation of the piezoelectric potential of the c-PNG device
by finite element (FEA) method using the COMSOL Multi-
physics 5.6 programming software under a mechanical stress of
2 N is depicted in Fig. 4. Simulation calculations of the piezo-
potential involved solid mechanics, the electrostatic effect, and
the piezoelectric effect. By applying a mechanical stress of 2 N,
positive and negative piezopotentials of 13 and —3 V were
found. From Fig. 4a, it can be seen that the effective stress
occupies a large area in the HZTO nanowires, however, highly

Piezoelectric potential

V-3 e A 13
[ S 10

Fig. 4 The simulated distribution by FEA of (a) mechanical stress and (b) piezoelectric potential under a compression of 2 N.

4662 | Nanoscale Adv., 2022, 4, 4658-4668

© 2022 The Author(s). Published by the Royal Society of Chemistry



Paper

effective stress is mainly applied to the corners of the BCZT
multipods (brighter colour) compared to that applied to the
centre. This can be explained by the extension of the applied
stress to the corner of the BCZT-mp under external pressure to
the composite. This stress distribution discontinuity is believed
to be related to the specific space architecture of BCZT-mp,
which was not observed in HZTO-nw. Similar observations
were reported by Jian et al.>* Therefore, the high local stress at
BCZT-mp may be the main reason for the significantly
enhanced voltage output in the c-PNG. A confirmation of these
observations is presented in Fig. S6 (ESI),} where we simulated
the mechanical stress and piezoelectric potential under
a compression of 2 N of ¢-PNG using different fillers. It was
found that the presence of BCZT-mp is vital in enhancing the
piezoelectric response of the c-PNG.

The mechanical energy harvesting at various frequencies was
studied using a constant stress of about 10.50 kPa (Fig. 5¢ and
d). As observed, the generated output voltage is not impacted by
increasing the operating frequency from 1 to 5 Hz, indicating
that the ¢-PNG device has the potential to scavenge mechanical
energy with adjustable frequency and amplitude in a natural
environment.

Also, the effect of the pressing duration on the open-circuit
voltage was investigated and the results are provided in
Fig. 5e and f. A demonstration of the real-time simultaneous
recording of the open-circuit voltage and the applied stress
duration under finger tapping is depicted in Video S2 (ESI).}
From first sight, it can be observed that using high mechanical
stress does not result in a high output voltage. However,
a thorough observation of the output voltage indicates that
applying high mechanical stress results in symmetric voltage
peaks. Besides this, contrary to the “press-release” sequence,

Nanoscale Advances

the “press-hold-release” sequence produces output voltage
peaks with greater negative voltage. This indicates that when
applying low mechanical stress, the charges are hardly fully-
pushed from one electrode to another.”® It is worth
mentioning that the stress drop in the hold sequence is related
to the finger trembling while pressing (Fig. 5f). The peak-to-
peak voltage (AV,;) was found to increase with increasing
stress amplitude and hold time. For instance, AV, is
enhanced from 13.4 to 17.8 V upon increasing the applied
mechanical stress from 9.9 to 62.5 kPa, respectively. Notably,
AV, can be further improved by adding a hold sequence
(pressing duration) in the input stress. For example, by applying
only 45.4 kPa with a hold time of 3 s, the AV,,_, can be boosted to
23.2 V, compared to that obtained by applying 62.5 kPa.

The sensitive properties of the c-PNG at low pressures (Ag =
10 kPa) were evaluated through the dynamic pressure sensitivity
(S) according to S = AVp_p/Ac, where AV, , and Ag are the
differences in the generated peak-to-peak voltage and applied
stress, respectively.**> From Fig. S7 (ESI),i the generated
output voltage changes almost linearly with respect to the
increased implied pressure. The calculated sensitivity of the c-
PNG was found to be 0.86 V kPa™*', equivalent to 3.61 V N},
which is higher than several previously reported piezoelectric
pressure sensors.*>** Another important parameter in sensors
is the sensing response time. By applying a pressure of 10.50
kPa, the c-PNG can delivers a fast response of 45 ms at 1 Hz. The
response time of the c-PNG increases as the frequency of the
applied pressure decreases, mainly due to a decrease of the
applied pressure speed.®® These response times are lower than
those of other reported piezoelectric sensors.**®*-*¢ These
outcomes make the c¢-PNG a suitable candidate for use in
electronic skin applications and wearable devices.
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Fig. 6 Real-time recording of the (a) electrical charges and (b) current and (c) the corresponding mechanical stress under finger tapping using
the flexible piezocomposite nanogenerator device. The test results of the reliability and durability of the fabricated c-PNG device. (d) Open-
circuit voltage and (e) the corresponding applied stress under successive finger tapping. (f) Stability and durability of the open-circuit voltage after
three months under sewing machine impartations, and (g) illustration of the open-circuit voltage stability testing of the c-PNG using sewing

machine impartations.

By employing the same approach of the simultaneous
recording of the mechanical and electrical outputs, the depen-
dence of the electrical charges and current with the applied
stress can be deduced, as presented in Fig. 6a-c. It is clearly
shown that the values of the electrical charges and the current
change are stress-dependent, and applying high mechanical
stress induces high electrical charges and current values. For
instance, by applying 9.8 kPa, electrical charge and current
values of 11.55 nC and 0.42 pA, respectively, are obtained. The
calculated charge density of about 48.4 uC cm ™ is higher than
that obtained in our previous work in a piezoelectric nano-
generator based on BCZT spherical nanoparticles and a PLA
matrix.>” As observed in the effect of the pressing duration on
the open-circuit voltage, the charge and current can be further
improved by adding the hold sequence in the mechanical input.
Accordingly, our pioneering concept based on simultaneously
recording the mechanical input and electrical outputs can be
helpful to easily tune energy harvesting performances.

The voltage-stability testing of the fabricated piezocomposite
nanogenerator was performed under gentle finger tapping (10
kPa) at a frequency of 1 Hz by measuring simultaneously both
voltage and mechanical stress, as illustrated in Fig. 6d and e. It
is observed that the output voltage is mechanical stress-
dependent, and since it is difficult to maintain constant stress
under finger tapping for a prolonged time, we used a sewing
machine as a constant stress source (see Fig. 6f and g), as re-
ported in our previous work.”” After 3300 cycles, at a frequency
of 23 Hz, constant voltage values were observed without any
performance degradation or mechanical damage. Besides this,
the durability of the output performance, which is by far the
biggest downside of piezoelectric nanogenerators, was
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evaluated after 3 months of aging under 1800 tapping cycles
using a sewing machine at a frequency of 23 Hz (Fig. 6f). A slight
drop in the output voltage (<0.04 V) was detected without any
mechanical damage of the piezoelectric nanogenerator during
the tests. These outcomes prove the excellent performance
stability of our mechanical energy harvester even after three
months of aging.

3.3. Self-poling mechanism in the c-PNG

Self-polarisation has already been reported to be an amazing
technique by which to eliminate the complexity of the tradi-
tional electrical poling process for piezoelectric and ferroelec-
tric materials-based energy harvesting devices.”>* Similar to
self-poled PVDF-based PNGs, the self-poling aspects in PLA
results from some degree of molecular alignment of the PLA
chains along the length of the HZTO-nw and BCZT-mp.”* In
other words, the PLA molecules are self-polarised in a favour-
able direction via the dual effect of stress and surface charge
induced polarisation without the application of an external
electric field. It has been reported that the electroactive f-phase
of PLA has flexible molecular chains containing C=0 dipoles,
where the crystal structure is characterised by a helical structure
and the shear piezoelectricity at the molecular level originates
from the dipole that accompanies the asymmetric carbon.®® The
amount of the B-phase in PLA could be increased by embedding
piezoelectric fillers into the PLA matrix, thus enhancing the
piezoelectric properties. In our case, the presence of the oppo-
sitely charged polar surfaces on HZTO-nw and BCZT-mp
aggressively interact with the different C=0 dipoles of PLA,
resulting in the developing of negative and positive charge
densities over the nanocomposite surface, promoting the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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formation of a piezoelectric polar B-phase through surface
charge induced polarisation. Besides this, the applied
mechanical strain induces a potential in the HZTO-nw and
BCZT-mp which additionally aligns the C=O dipoles in the
direction of the applied force through stress induced polar-
isation. Accordingly, the use of the PLA biopolymer eliminates
the complexity of the traditional electrical poling process in
piezoelectric energy harvesters.

3.4. Some applications of the ¢-PNG

In biomechanical energy harvesting, an effective piezoelectric
nanogenerator is regarded to generate electrical energy from
various motions (compressive stress, bending, stretching,
folding, etc.).****”® To shed more light on this concept, the
ability of the c-PNG to generate electricity from bending
motions was investigated. As presented in Fig. 7a, our energy
harvesting system can operate effectively under bending/
unbending motions under a reverse connection mode, and
can generate a maximum voltage of around 2.5 V, with a peak-
to-peak voltage of >6.5 V. The results of the voltage-stability
testing under finger bending/unbending are shown in Fig. S8

(EST)t.
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Fig. 7b illustrates the load voltage and instantaneous power
of the c-PNG device recorded as a function of various external
resistive loads (Ry) from 1 kQ to 50 MQ, as shown in the sche-
matic circuit diagram in the inset of Fig. 7b. Increasing the load
resistance gradually increases the output voltage to the open-
circuit value. This behaviour is characteristic of piezoelectric
nanogenerators.””> The instantaneous power calculated by
Pmax = V?/R, increases with increasing resistance up to
a maximum value (Pp,,,) of 17.5 pW under an external load of 4
MQ and then decreases upon further increasing the resistance.
The obtained P, value is among the highest reported for
piezoelectric nanogenerators at reasonably low load resis-
tance.>"*” The corresponding volumetric power density was
calculated to be 9.2 mW ¢cm 2. This value is far higher than the
values reported in the overwhelming majority of the previous
reports on composite film based piezoelectric nano-
generators.”>*””>7* It was apprehended that the experimentally
measured current (I, 0.6 pA) is lower than that estimated theo-
retically using the equation I = \/Ppa /Ry (2.1 pA). This
discrepancy is generally due to the power consumption of
internal resistance present in the measurement system.>>”*

—e— Voltage

_ Finger bending (b

I
i

(V)

2.(a)‘

Ry

Voltage (V)

L
Voltage (V)

—=— Instantaneous power L18

2.96 V.

Instantaneous power (uW)
Voltage (V)

——T T T T T T T T T T T T T T
-0 -8 6 4 -2 0 2 4 6 8 10 12 14 1k 10k 100k

™ 10M 100M 0 2 4 6 8 10 12 14 16 18 20

time (s) Resistor ()

1 Red LED

1 Blue LED 2 Blue LEDs

Fig. 7 The test results of the feasibility of the fabricated c-PNG device. (a) The generated open-circuit voltage of the c-PNG device when
attached to the forefinger and stressed by successive biomechanical bending motions. (b) The measured voltage and calculated instantaneous
output power under varied external resistance loads in the range from 1 kQ to 50 MQ (the inset shows the electrical circuit diagram used to
measure the harvested output voltage). (c) The charging curve of a 1 pF-capacitor using the piezocomposite nanogenerator under sewing
machine impartations (the inset shows the electrical circuit diagram used to harvest the electric energy from the c-PNG device (top) and an
enlarged view of the charging curve (bottom)). (d) Schematic circuit diagram of the LEDs and calculator powering using the c-PNG. (e-g)
Photographic images of the process of the red LED glowing under finger bending/unbending using the c-PNG. (h—j) Captured photographs
showing various LEDs being lit up by the electric energy generated from the c-PNG device. (k) Captured photograph of a commercial calculator
powered by the c-PNG under successive hand slapping impartations (the inset shows the calculator display turning on).
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To check the feasibility of the ¢-PNG to be integrated as
a powering device for small portable electronic applications and
flexible high energy density capacitors, several tests were con-
ducted. First, the c-PNG device was used to charge a 1 pF-
capacitor under sewing machine impartations at a frequency
of 23 Hz. The top inset of Fig. 7c shows the schematic circuit
diagram used to track the accumulated voltage during the
capacitor charging, which includes a full-wave bridge rectifier, 1
uF capacitor, and the piezoelectric nanogenerator. The bottom
inset presents an enlarged view of the voltage-time curve
recorded during the capacitor charging process. The c-PNG can
charge the 1 uF capacitor up to 2.96 V in a very short time span
of 10 s, which corresponds to U. = 1/2CV?, to a stored energy of
4.38 yJ and an equivalent energy density of 2.3 mJ cm ™. Here
Ue, C, and V refer to the stored electric density, capacitor
capacity, and the generated voltage, respectively.

Besides the energy storage capability, we also demonstrated
the realistic usefulness of the c-PNG with energy generating
capability to drive different types of commercial electronics,
such as light-emitting diodes (LEDs) and a calculator. Using the
schematic circuit diagram in Fig. 7d, the power generated from
the c-PNG under cyclic finger tapping or hand slapping impar-
tations was stored in a 10 pF-capacitor, and then could turn on:
one red LED under finger bending (Fig. 7e-g and Video S3
(ESI)),T one red LED under finger tapping (Fig. 7h and Video S4
(EST)),T one blue LED and two blue LEDs (Fig. 7i and j and Video
S5 (ESI)),T and a calculator (Fig. 7k and Video S6 (ESI))T after
successive hand slapping impartations for five min. The results
of these tests verify the ¢-PNG as a capable energy harvesting
device for regular and irregular excitations present in our living
or harsh environments and as a powering device for small
portable electronics.

4. Conclusions

In this study, we reported a new conceptual strategy to design
ceramic/polymer nanocomposites for mechanical energy har-
vesting applications, involving the embedding of HZTO nano-
wires and BCZT multipods in a PLA biopolymer. Through the
simultaneous recording of the mechanical input (stress under
finger tapping) and the electric outputs (open-circuit voltage,
short-circuit current and electrical charges), we can easily tune
the energy harvesting performance. The ¢-PNG device demon-
strated an enhanced output voltage, current and volumetric
power density of 11.5 V, 0.6 uA and 9.2 mW cm >, respectively,
under cyclic finger imparting, alongside a high-pressure sensi-
tivity of 0.86 V kPa~" and fast response time of 45 ms at 1 Hz.
Besides this, the c-PNG can generate a highly stable and durable
output voltage, even after three months, proving its applicability
to power commercial electronics (charging capacitors, glowing
LEDs and powering a calculator). Multi-physics simulations
using COMSOL Multiphysics indicate that the presence of
BCZT-mp was crucial in enhancing the piezoelectric response of
the ¢-PNG. Accordingly, the embedding of HZTO-nw (1D) and
BCZT-mp (3D) in a PLA composite-based PNG paves the way for
a new and effective strategy to design eco-friendly and flexible
devices for powering small portable electronics and could be
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beneficial
properties.

in enhancing mechanical energy harvesting
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