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A hybrid piezoelectric and triboelectric
nanogenerator with lead-free BZT-BCT/PDMS
composite and PVA film for scavenging mechanical

energyT
S. R. Gopal,? T. S. Velayutham, ©** W. C. Gan,©P® J. Y. Cheong® and A. E. Soh?

A hybrid piezo/triboelectric nanogenerator (H/P-TENG) is designed for mechanical energy harvesting using
polymer ceramic composite films; polydimethylsiloxane/Ba(Zrg > Tig §)O3—0.5(Bag 7Cag 3) TiO3 (PDMS/BZT—
BCT) and polyvinyl alcohol (PVA). A lead-free BZT-BCT piezoelectric ceramic was prepared via solid-state
method and blended into PDMS to form a series of polymer-ceramic composite films, ranging from 5% to
30% by weight. The films were forward/reverse poled with corona poling and their electrical properties were
compared to non-poled samples. The H/P-TENG constructed with forward-poled 15 wt% BZT-BCT in
PDMS achieved the highest open-circuit voltage, V. of 127 V, short-circuit current density, Jsc of 67 mA
m™2, short-circuit charge density, Qs of 118 uC m~2, and peak power density of 7.5 W m~2, an increase
of 190% over pristine PDMS-based TENG. It was discovered that incorporating BZT-BCT into the PDMS
matrix improved the triboelectric properties of PDMS. The overlapping electron cloud (OEC) model was
used to explain the enhancement and the effect of poling direction of the PDMS/BZT-BCT composite
used in H/P-TENG, providing fundamental knowledge of the influence of piezoelectric polarisation on

rsc.li/rsc-advances contact electrification.

Introduction

In the last decade, the internet of things (IoT) has given rise to
a significant increase in the use of smart devices and sensors.'
Understandably, the need for a clean, safe power source for
these devices and sensors has risen as well.** Mechanical
energy, being one of the most widely available energies in the
environment, provides a more viable means to produce self-
powered devices. In that context, triboelectric nanogenerators
(TENG) stand out as a promising option among the various
conceivable alternatives.*® TENGs transform mechanical
energy into electrical energy by utilising the triboelectric
effect.®*® Contact electrification and electrostatic induction play
an important role in the operation of the TENG,"** therefore
any modifications and improvements to the TENG would
revolve around these two phenomena. Despite its high open-
circuit voltage output, TENG has a high internal resistance
and a low short-circuit current output, resulting in a poorer and
unstable power density.”** On the other hand, piezoelectric
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nanogenerators (PENG) are able to convert mechanical energy
into electrical energy via the piezoelectric effect."*™® In
comparison to TENG, PENG typically has higher short-circuit
current but lower open-circuit voltage. TENG and PENG are
both capable of converting irregular, low frequency, and
distributed mechanical energy into electrical energy.
Combining the benefits of PENG and TENG, a hybrid piezo-
electric-triboelectric nanogenerator (H/P-TENG) can be ex-
pected to create impressive open-circuit voltage and short-
circuit current at the same time, thus it is worth exploring.*
In recent years, several H/P-TENGs have been produced and
demonstrated to have promising features.*® The type of mate-
rials utilised for the triboelectric layers and the number of
terminals are important aspects to consider when developing
H/P-TENG.*'** PDMS is commonly used in TENG systems, as it
is a flexible, inexpensive material that has high tribo-nega-
tivity.>**” Its tendency to attract electrons when in contact with
a tribo-positive surface makes it very desirable as TENGs.
Conversely, PVA film has high tribo-positivity, allowing it to lose
electrons when coming into contact with tribo-negative mate-
rials.?®* This is a perfect combination of materials for a TENG
device, but the energy output is still minimal. Prior research are
centered on merging TENG and PENG in either series or parallel
modes, or making use of organic piezoelectric materials such as
PVDF and its copolymer as the tribo- and piezo-materials
simultaneously.”® When compared to organic counterparts,
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the piezoelectric characteristics of inorganic piezoelectric
materials are significantly superior. The drawback is that there
is a restricted amount of flexibility. One further possibility for
getting over the aforementioned restriction is to use inter-
connected ferroelectric films i.e., lead zirconate titanate (PZT)*
or BiFeO; (ref. 31) on flexible glass fibre fabric, ZnO nanorod/
PVDF-PTFE,*** ZnO nanowire/parylene C,** BTO/PDMS,***¢
PDMS/carbon coated BT*” and etc.

Ba(Zr, ,Tig 3)03-0.5(Bay ;Cay 3)TiO; (BZT-BCT) is a lead-free
binary piezoelectric ceramic which has gained popularity due
to its unique characteristics such as high dielectric constant
~2400, high piezoelectric constant ~471 pC N~ ' and high
polarizability ~103 mC m™2.** BZT-BCT has been utilised as
the piezoelectric material in numerous PENG devices,*>** but it
has not been utilised in any notable TENG-based systems. In
this study, we mixed BZT-BCT ceramic powder into the PDMS
matrix to form a PDMS/BZT-BCT composite film. The high
piezoelectric and dielectric properties of the BZT-BCT ceramic
powder is hypothesized to enhance the charge concentration in
PDMS due to synergistic effect of piezoelectricity and tribo-
electricity, thus enhancing the overall electrical output of the H/
P-TENG. We studied the wt% and poling direction of the
ceramic filler to determine the optimized polymer ceramic
composite film that leads to the maximum enhancement to the
power density output of the H/P-TENG. By means of its syner-
gistic design, this hybrid generator may compensate for the
shortcomings of each transducing mechanism, allowing it to be
employed as energy supply units in a wide range of applications.

Methodology
BZT-BCT ceramic powder

The BZT-BCT ceramic is produced using high purity BaCO;
(>99%), ZrO, (99.95%), CaCO; (>99%) and TiO, (99.95%)
powders. The BZT and BCT are stoichiometrically mixed, ball
milled separately in ethanol for 24 hours and calcined at 1200 °
C for 2 hours. Next, the BZT and BCT powders are ball milled
together in a BZT : BCT ratio of 2: 1 to produce BaZr, ,Tiy g0z~
0.5[Bay;Ca 3TiO3] (BZT-0.5BCT). The BZT-BCT ceramic
powder is sieved through a 70 microns mesh sieve and pellet-
ized using uniaxial compression. The ceramic pellet is sintered
for two hours at 1300 °C. Crystalline phases of the sintered
ceramic are investigated by X-ray diffraction XRD (Empyrean X-
ray Diffractometer) and the analysis is shown in Fig. S1 (see
ESIY).

Polydimethylsiloxane (PDMS)-BZT-BCT composite film

PDMS is prepared using SYLGARD®184 silicone based elasto-
meric kit which was purchased from Sigma Aldrich. The kit
contains a polymeric base and a curing agent which cross-links
to polymeric matrix. The PDMS base and curing agent are added
with a 10 : 1 ratio respectively. The BZT-BCT ceramic pellets are
ground into powder to ensure greater dispersion in the
composite film. The powder was added to the Sylgard 184 PDMS
elastomer base and stirred for 45 minutes using a magnetic
stirrer to achieve a good mixture. Next, the curing agent was
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added, and the mixture was stirred for another 15 minutes. The
composition of the BZT-BCT ceramic powder is varied to ach-
ieve of 0, 5, 10, 15, 20, 25, and 30 weight percentage (wt%)
respectively. The PDMS/BZT-BCT mixtures are spin-coated onto
a 2.5 cm x 2.5 cm glass substrate which was pre-coated with
aluminium electrodes. The composite films are then cured at
100 °C in oven for one hour. The morphology of the fabricated
PDMS/BZT-BCT composite film is studied by field emission
scanning electron microscope FESEM (Hitachi SU8200 Ultra
Resolution Scanning Electron Microscope) with an accelerating
voltage of 1 kV. The polymer composites are poled in either
forward or reverse directions using corona poling method. A
high electric field (15 kv cm™") is applied at 100 °C for 20
minutes and the electric field is retained until the films cooled
down to room temperature.

Poly(vinyl alcohol) (PVA) film

Polyvinyl alcohol (average molecular weight of 145000, >98%
hydrolysed) was purchased from Sigma Aldrich. 10 wt% of PVA
crystals are dissolved in 10 mL of deionized water. The solution
is stirred at 150 °C for an hour until the PVA crystals are
completely dissolved. The PVA mixture is then casted onto
a Petri dish and is left in an oven at 42 °C overnight to dry the
excess water from the mixture. The PVA film is then cut, and
firmly secured onto a 2 ecm X 2 cm copper electrode.

H/P-TENG

We have coupled PVA film (tribo-positive layer) and PDMS/BZT-
BCT polymer composite film (tribo-negative layer) for the H/P-
TENG. For the electrical contacts, the electrodes of the PVA
film and PDMS/BZT-BCT polymer composite film are attached
to connecting wires, which are then connected to a Keithley
6517B electrometer. The PVA film is attached to a rigid plat-
form, while the PDMS/BZT-BCT polymer composite film is
attached to the moving piston of an electrodynamic shaker. The
schematic diagram of the H/P-TENG is shown in Fig. S2 (see
ESIt).

Electrical measurement

The dielectric measurement of the composite film is conducted
using Agilent 4294A impedance analyzer in a frequency range
between 40 Hz and 15 MHz. The piezoelectric constant ds; of
the ceramic pellets as well as the polymer composite films are
determined using a Sinocera YE2730A d;; meter. The ferro-
electric hysteresis (P-E) measurement of the BZT-BCT ceramic
pellet is conducted using ferroelectric tester (Radiant Technol-
ogies Precision LC unit) at 100 Hz. The vertical contact-
separation of the H/P-TENG is simulated using an electrody-
namic shaker with a separation distance of 10 mm and a force
of 50 N at 1 Hz and the electrical output is measured using
a Keithley 6517B electrometer. The open-circuit voltage (Vo.),
short-circuit current density (/i), and short-circuit charge
density (Qs.) of the H/P-TENG are recorded for a period of 10 s.
The power density is calculated by connecting the H/P-TENG in
series with various resistors (1-500 MQ) and measuring the
voltage and current over a period of 10 s. The optimized power

© 2023 The Author(s). Published by the Royal Society of Chemistry
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density of the H/P-TENG is then selected as a power source to
light-up commercial LEDs and charge capacitors with various
capacitance (1-330 uF).

Results

Morphology study of pristine PDMS film and PDMS/BZT-BCT
polymer composite films

Fig. 1 presents FESEM cross-sectional images of pristine PDMS
film and PDMS/BZT-BCT composite films with 15 and 30 wt%
BZT-BCT concentration. The pristine PDMS film appears to be
smooth and does not contain any pores (refer to Fig. 1(a and b)).
On the other hand, in the composite films, the ceramic powder
appears as bright particles, while a slightly darker region
corresponds to the PDMS matrix. The FESEM cross-sectional
views of the film confirm that the ceramic particles are
uniformly distributed in the 15 wt% PDMS/BZT-BCT
composite. However, in the case of the 30 wt% PDMS/BZT-BCT
polymer composite film, the ceramic powder forms large
agglomerates.

Electrical output of H/P-TENG with PDMS/BZT-BCT polymer
composite films

The typical time dependent open-circuit voltage V., short-
circuit current density Js. and short-circuit charge density Qg of
the H/P-TENG (measured at a frequency of 1 Hz for 10 cycles) is
shown in Fig. 2(a)-(c). Taking the pristine PDMS-based TENG as
a reference, we can observe that the Vi, Js., Qsc, and power
density outputs vary accordingly with the different wt% of BZT-
BCT inclusion. For the pristine PDMS, the V., Jsc, Qsc and power
density output are 59.8 V, 21.6 mA m™ 2, 55.2 uC m > and 2.6 W
m ™ respectively. The electrical output of the PDMS composite
H/P-TENG is the contribution of triboelectric effect. As the wt%

Fig. 1 FESEM cross-sectional images magnified at 500x magnifica-
tion (left column), followed by 100 00 x magnification (right column)
of (a and b) pristine PDMS film (c and d) 15 wt% and (e and f) 30 wt%
polymer composite film, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

" 25%. 305,

‘m"l\}\‘l“.‘ ‘‘‘‘
\

40

Time (s) Time (s)

15%wt.
20%mt.

MR

Power Density (W m?)
O 4N W s O N®

0 10 20 30 40
Time (s)

El

107 10°
Load Resistance ()

Fig. 2 (a) Open-circuit voltage, V., (b) short-circuit current density,
Jse. (c) short-circuit charge density, Q. and (d) power density output
of H/P-TENG with polymer composite films of varying wt% of BZT—
BCT inclusion.

of the BZT-BCT increased in the composites, the Vo, Jsc, Qsc and
power density output of the samples increased and reached
a maximum value at the 15 wt% BZT-BCT of inclusion. The V.,
Jses Qse and power density output of 15 wt% are 113.2'V, 61.1 mA
m 2, 100.7 uC m 2 and 5.1 W m 2, respectively. Further
increment in the wt% of BZT-BCT inclusion results in a gradual
deterioration of the values.

Impedance matching experiment is conducted by connect-
ing the TENG in series to a load resistance and the power
density is measured. Fig. 2(d) depicts the plot of power density
output versus load resistance. The power density increased and
showed a peak for all samples at the load resistance of 8 MQ.
This suggests that the TENG's internal resistance is about 8 MQ,
making it the optimal load resistance connected in series. The
inclusion of BZT-BCT can enhance the power density output of
a PDMS-based TENG up to 96%.

The dielectric constants, ¢, of the composite films are
examined to explain the electrical output augmentation of the
TENG. Fig. 3(a) depicts the frequency dependence of ¢ of
polymer composite films with varying wt% of BZT-BCT ceramic.
The results reveal that ¢’ increased as the weight percentage of
BZT-BCT increased in the composites. An increase in the
dielectric constant raises the surface charge density of the
polymer composite film,****** making it more tribo-negative.
eqn (1) is used to approximate the surface charge density of
the polymer composite films.**

v &r&o
= 1
14 7 (1)

where ¢ and ¢, are the surface charge density and relative
dielectric constant of the polymer composite film, while the ¢, is
the vacuum permittivity (8.854 x 10~ "> F m '), V is the open-
circuit voltage measured using the polymer composite film,
and d is the separation distance between the two triboelectric
layers. The calculated surface charge density of the pristine,
forward and reverse poled composite films is shown in Fig. 3(b).

RSC Adv, 2023,13, 7921-7928 | 7923
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Fig. 3 (a) Dielectric constant, & of PDMS/BZT-BCT polymer
composite films of varying wt% of BZT-BCT inclusion measured at
40 Hz to 15 MHz, (b) calculated surface charge density, o of PDMS/
BZT-BCT polymer composite films with varying wt% of BZT-BCT
inclusion, and (c) illustration of charge formation in H/P-TENGs with
none, optimal and overabundant inclusion of BZT-BCT ceramic
powder in the polymer composite.

The surface charge density of polymer composite films
increases as the wt% of BZT-BCT inclusion increases. When
combined with a similar tribo-positive material, a more tribo-
negative substance produces a larger electrical output in the
operation of TENG. As a result, increasing the weight
percentage of BZT-BCT inclusion increases the electrical output
of the TENG.

Moreover, the inclusion of polarizable ceramic powder (BZT-
BCT) into the matrix of the PDMS improves the charge trapping
ability of the polymer composite film. This also contributes to
the increased H-P/TENG output because the electrons captured
by the polymer composite film during contact electrification are
unable to drift along the composite film matrix and recombine
with the induced positive charges from the electrode.*>*
Although not contributing to the increment of the overall
output, this charge trapping ability is crucial in minimising the
charge recombination that results in the loss of triboelectricity
generated in the H/P-TENG during its working mode.

However, as mentioned above, we observe a decrement in
the electrical output of the TENG when the BZT-BCT inclusion
increases higher than 15 wt%. This is most likely due to BZT-
BCT ceramic particle agglomeration in the PDMS matrix,
resulting in an uneven distribution of the ceramic particles.
Fig. 3(c) depicts a schematic diagram that explains the
phenomenon. When the ideal wt% of BZT-BCT is exceeded, the
BZT-BCT ceramic powder begins to agglomerate. A short-circuit
pathway is formed due to the agglomeration along the z-axis of
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the polymer composite film. The formation of these continuous
conducting networks results in increased electrical conductivity
within the composite film, creating a short-circuit pathway for
the charges that developed during triboelectrification to
recombine and dissipate.*®*® As a result, despite the fact that the
surface charge density increased with the weight percentage of
BZT-BCT inclusion, the overall charge transfer is reduced due
to the charge recombination phenomena.

Effect of poling the polymer composite films

Let us now investigate the effect of poling direction on the
electrical output of the H/P-TENG. Fig. 4(a) shows the power
density of the H/P-TENG using non-poled and poled composite
films. The power density of the H/P-TENG varies with the poling
direction. Non-poled samples have lower power density, as ex-
pected; nevertheless, reverse-poled samples have much lower
power density than non-poled samples. It is obvious that
forward-poling improves while reverse-poling decreases the
power density output of the H/P-TENGs. Moreover, both non-
poled and forward-poled samples display the highest power
density in 15 wt% BCT-BZT/PDMS composites.

The difference in power density output of the TENG without
(non-poled polymer composites) and with the piezoelectric
component (forward-poled polymer composites) in the nano-
generator is shown in Fig. 4(b). When compared to the output of
the PDMS-based TENG, the optimised hybrid piezo/triboelectric
nanogenerator (which contains 15 wt% PDMS/BZT-BCT
composite) demonstrated an overall improvement of ~190%. A
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Fig. 4 (a) Peak power density, (b) enhancement of power density
output observed from H/P-TENGs of H/P-TENGs with polymer
composite films of varying wt% of BZT-BCT inclusion, open circuit
voltage, (c) Vo short-circuit current density, (d) Js. short-circuit
charge density, (e) Qs and (f) power density against various load
resistance for 15 wt% polymer composite H/P-TENG under various
poling conditions.
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Table 1 Comparison of Vg, Jsc, Qsc and power density output of H/P-TENG with various %wt of BZT-BCT inclusion under different poling

conditions
%wt of BZT-BCT inclusion Poling condition Voe (V) Jse (MAm™?) Qsc (RCm™) Power density (W m™?)
0 — 59.8 21.6 55.2 2.6
5 Forward-poled 82.9 47.0 74.6 3.1
Non-poled 71.0 33.3 67.1 2.8
Reverse-poled 65.4 28.8 57.5 2.6
10 Forward-poled 97.4 50.4 87.8 3.5
Non-poled 83.4 38.3 78.5 3.0
Reverse-poled 76.2 36.5 74.0 2.7
15 Forward-poled 127.1 66.6 117.5 7.5
Non-poled 113.2 61.1 100.7 5.1
Reverse-poled 99.5 53.8 95.3 4.2
20 Forward-poled 120.9 63.4 107.4 5.5
Non-poled 102.5 52.2 97.1 4.9
Reverse-poled 91.7 44.7 90.8 3.9
25 Forward-poled 112.6 53.6 100.4 4.6
Non-poled 98.3 43.0 93.0 4.2
Reverse-poled 86.7 35.8 85.8 3.6
30 Forward-poled 107.5 44.2 96.7 4.0
Non-poled 97.2 36.7 85.1 3.6
Reverse-poled 84.0 33.3 77.6 3.2

similar trend is observed for the V,, Jsc, and Q. output of the H/
P-TENG (refer to Fig. 4(c)-(e) respectively). Table 1 summarises
the Voe, Jsey Qse; and power density output of all polymer
composites H/P-TENG variations. Fig. 4(f) depicts the power
density output of 15 wt% polymer composite H/P-TENGs when
coupled to resistors of varied resistance. The power density
output in a circuit increases with the load resistance, peaks at 8
MQ, and then declines steadily as the load resistance increases
further.

The aforementioned results indicate that forward poling the
polymer composite films optimises the piezoelectric compo-
nent of the H/P-TENG. Fig. 5 is the schematic diagrams illus-
trating the operating mechanism of the device with the forward-
poled PDMS/BZT-BCT polymer composite film. The non-poled
polymer composite film contains randomly oriented BZT-BCT
particles. During the contact phase, the polymer composite film
is subjected to a certain amount of mechanical stress, which
generates the piezoelectric effect in the BZT-BCT ceramic

+ + + + + + +

Fig. 5 Working mechanism depicting the formation and transfer of
charges in H/P-TENG when the polymer composite film used are
under forward-poled condition.

© 2023 The Author(s). Published by the Royal Society of Chemistry

powder. As a result of the unoriented characteristic of the BZT-
BCT ceramic powder, the resultant piezo-potential is weak.
Therefore, it has a negligible or minimal impact on the number
of charges that developed in the H/P-TENG's.

In contrast to the non-poled polymer composite, for the
forward-poled samples, the dipoles of the BZT-BCT ceramic
powders are aligned in the poling direction (see Fig. 5). Positive
dipoles face the interface between the PVA film and the PDMS/
BZT-BCT polymer composite film, whereas negative dipoles
face the polymer film's electrode. During the contact phase,
a mechanical force is applied to the PDMS/BZT-BCT polymer
composite film, creating a piezo-potential along the direction of
the dipoles. With the piezo-potential pointing upwards, addi-
tional negative charges are attracted to the interface of the PVA
and PDMS/BZT-BCT films. Consequently, the quantity of
charges produced during the contact electrification is
increased. As additional charges are generated at this stage,
more charges are generated within the electrodes as a result of
electrostatic induction. This results in an increase in the overall
electrical output of the H/P-TENG.

In contrast, when the polymer composite film is reverse-
poled, the orientation of the BZT-BCT ceramic powders'
dipoles is reversed. This alignment produces a piezo-potential
in the downward direction during the contact phase of the H/
P-TENGs. Subsequently, the negative charges are driven away
from the interface between the PVA and PDMS/BZT-BCT film,
which results in less charges formed during the contact elec-
trification. As a result, the overall electrical output of the H/P-
TENG is reduced.

Discussion

Herein, an overlapping electron cloud (OEC) model is adopted
to explain the formation of charges during the contact

RSC Adv, 2023, 13, 7921-7928 | 7925
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electrification in H/P-TENG.?****° This model is able to illustrate
how charges are formed within the H/P-TENG during contact
electrification and how factors like piezoelectric inclusion and
the poling orientation of the PDMS/BZT-BCT polymer
composite film affect the charge generation. Fig. 6 shows the
OEC model for the H/P-TENG where the PVA film, PDMS film
and PDMS/BZT-BCT polymer composite film are depicted as
molecules with their respective potential wells. AE is used to
show the difference in the highest occupied energy level of the
electrons in both triboelectric layers, and the dashed lines
depict the vacuum energy level.

First, we look at the non-poled H/P-TENG operation. When
the two triboelectric layers come into close proximity during the
contact phase of the H/P-TENG, the electron clouds of the PVA

Non-Poled Polymer Composite H/P-TENG

Fig. 6 Depiction of overlapping electron cloud (OEC) model for
PDMS/BZT-BCT polymer composite-based H/P-TENGs under the (a)
non-poled, (b) forward-poled, and (c) reverse-poled conditions,
where the blue sphere is the electron cloud of the tribo-positive PVA
molecule, and the red sphere is the electron cloud of the tribo-
negative PDMS/BZT-BCT molecule.
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film and PDMS/BZT-BCT film are able to overlap. When this
happens, the potential wells of both triboelectric layers merge,
forming a double-well potential as shown in Fig. 6(a). Due to the
higher occupied energy levels of the electrons in PVA, this forms
an asymmetric double-well, which provide an energy gradient to
drive the electrons from the tribo-positive PVA to the tribo-
negative PDMS/BZT-BCT energy well. As a result, the PVA film
has net positive charges on its surface, whereas the PDMS film
has net negative charges.

As the polymer composites are forward-poled, the energy
levels shifted downwards, the AE increased and subsequently
increases the energy gradient of the merged potential well. With
an even higher energy gradient, more electrons are driven from
the PVA film towards the forward-poled PDMS/BZT-BCT film.
This is reflected in the increase of electrical output of the H/P-
TENG when the polymer composite films are forward-poled.
Under the reverse-poled condition, we predict the energy
levels of the electrons are shifted upwards. This has the oppo-
site effect, lowering the AE between the PVA film and reverse-
poled PDMS/BZT-BCT film. With a narrower AE, the energy
gradient is also relatively lower, which results in fewer electrons
being driven from the PVA film to the PDMS/BZT-BCT film.

We charged several capacitors ranging from 1 uF to 330 pF
with our H/P-TENG. The voltage storage versus capacitor
charging time for the various capacitors that are measured is
depicted with solid lines in Fig. 7(a). When compared to the
ranges of capacitors, the 1 uF and 2.2 pF capacitors had a faster
charging rate. The 1 uF capacitor is able to charge up to 7 V
whereas 2.2 pF capacitor charge up to 6 V within 3 minutes. The
total stored energy and charging rates drop significantly when
connected to the 6.8 pF capacitor, and even further when the
capacitance is =10 pF. The voltage stored in the capacitor V¢ is
calculated using the eqn (2) shown below:"*

8 (a) —— 1yF ——22yF —— 6.8yF —— 104F
- 22yF 33F 47yF —— 3304F
- = 1yF = = 22yF = = 68F = = 104F e
- = 22yF ~ — 3F

~ 4TyF = = 330uF _ - ~

Voltage stored (V)
TN o

N

0O 20 40 60 80 100 120 140 160 180
Time (s)

Fig.7 (a) Measured (solid lines) and theoretical (dashed lines) charging
rate of various capacitors by H/P-TENG constructed with polymer
composite film of 15 wt% BZT-BCT inclusion and, (b) H/P-TENG
constructed with polymer composite film of 15 wt% BZT—-BCT inclu-
sion lighting up 50 commercial blue LEDs.
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Table 2 Comparison of hybrid piezo/triboelectric nanogenerators
power density output from recent years

Tribo-positive Tribo-negative Power
material material density (W m™>) Ref.
PVA PDMS/BZT-BCT 7.5 This work
PTFE ZnO/PVDF 0.3 32
BCZT/PVDF-HFP Silicon rubber 0.2 51
Stainless steel fabric PDMS/PVDF-HFP 3 52
PET PDMS/BTO 0.4 53
Silk nanofibers BFO-GFF/PDMS 3 54
Copper BZTO:PDMS 4 55
Aluminium PDMS/BiTO 0.2 56
Polypyrrole PDMS/BTO-GFP 4 57
electrodeposited GFP
Paper ZnO/PDMS 6 43
Chitosan/BT PTFE 8 58
PTFE C-PS/P(VDF-TrFE) 8 59
PVDF/BTO Natural rubber 0.4 60
PVA/ZnR Silicon rubber 15 44
t
VC = Vs(l — eiﬁ) (2)

where Vg is the voltage supplied by the H/P-TENG, ¢ is the
charging time, R is the total resistance and C is the capacitance
in the circuit. Since the H/P-TENG has a high internal resis-
tance, it may be assumed that R is constant throughout all
capacitors. Thus, as the capacitance increased the stored
voltage decreased over time. This is consistent with the findings
in Fig. 7(a), where the higher capacitance exhibits slower
charging rate and stored voltage after 180 s. The observed
results also fit well with the fitted data which are calculated
using eqn (2) (shown as dashed lines in Fig. 7(a)). The H/P-
TENG is utilised to illuminate commercial LEDs. Fig. 7(b) is
an image showing fifty blue commercial LEDs connected in
series lit up to their maximum brightness. In ESI, we have also
included a video demonstrating how the H/P-TENG is used to
illuminate LEDs for 10 seconds at varying frequencies. Table 2
compares our H/P-maximum TENG's output power density to
that of other contemporary polymer composite-based H/P-
TENGs. The current H/P-TENG has demonstrated relatively
higher power outputs than the recent similar PMMA-based H/P-
TENG, indicating the potential for micro/nano power sources in
self-powered systems.

Conclusion

We have shown that the inclusion of BZT-BCT piezoelectric
ceramic is able to enhance the electrical output of a PDMS-
based TENG. With the optimal inclusion of BZT-BCT at
15 wt%, the H/P-TENG is able to achieve open-circuit voltage,
Voe, short-circuit current density, Js., and short-circuit charge
density, Qs of 113.2 V, 61.1 mA m™ >, and 100.7 uC m™>
respectively. The increase in the dielectric constant of the
polymer composite films is one of the reasons for the
enhancement of the electrical output of the H/P-TENG. In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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addition, we have shown that the forward-poling direction is
optimal for the electrical output of H/P-TENG's where the
forward-poled 15 wt% polymer composite recorded the highest
Voe (127.1 V), Jo (66.6 mA m ?), Qg (117.5 uC m ?) and
a maximum power density of 7.5 W m™2, which is equivalent to
~190% enhancement when compared to the PDMS-based
TENG. The overlapping electron cloud (OEC) model is
proposed to explain this phenomenon. Our study shows that
the inclusion of piezoelectric BZT-BCT is a viable method of
enhancing the electrical output of a TENG.
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