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Triboelectric nanogenerators (TENGs) with excellent flexibility and high outputs are promising for powering
wearable/wireless electronics with electricity converted from ubiquitous mechanical energies in the
working environment. In this work, the effects of the dielectric properties and thickness of the
electrification film on the performance of the TENG are discussed. BaTiOz nanoparticles are added into
poly(vinylidene fluoride) (PVDF) to improve the dielectric constant of the composite film. The TENG
using a BaTiOs/PVDF nanocomposite film with 11.25 vol% BaTiOs as the tribo-negative electrification
layer is demonstrated to be the optimized one, and generates an open-circuit voltage of 131 V and
transferred short-circuit charge density of 89 nC m=2, 6.5 fold higher than those of a TENG using bare
a PVDF layer. Furthermore, by reducing the thickness of the BaTiOs/PVDF film to 5 um, the voltage and
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1. Introduction

The rapid advancement of miniaturized electronic devices has
led to their extensive applications in wireless, portable, wear-
able and distributed smart devices. Nevertheless, the green
energy resource to provide sustainable power for these devices
has always been a major concern. Harvesting ubiquitous
mechanical energies from the working environments of elec-
tronic devices has been proven to be one of the most promising
strategies. Among various energy harvesting technologies,
triboelectric nanogenerators (TENGs)," based on the coupling of
triboelectrification and electrostatic induction,” have emerged
as a promising technique to convert mechanical energy into
electricity due to their high output voltage, simple fabrication,?
flexibility and low cost.*” As an energy harvester, further
enhancing the output performance is critical to speed up their
practical applications.

There have been many reports on improving the output
power of TENGS. Several strategies have been developed, such
as the device structure optimization,**° excitation circuit,"***
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charge density increase to 161 V and 112 uC m~

2 respectively, and an instantaneous peak power density

vacuum environment," and corona charge bombardment.™***
From a materials perspective, optimizing the tribo-
electrification film is essential. By increasing the effective
contact area, the tribo-electrified static surface charge density
can be improved. Many methods have been utilized to enlarge
the effective contact area, such as plasma etching,"” electro-
spinning technique,'®>° as well as the use of silicon mold for
pattern transfer.”* Alternatively, surface modification is
adopted to tune the tribo-negativity of a dielectric film, so as to
improve the generated static charge density. Improving the
dielectric properties of triboelectric materials is also an
effective method. Zhai et al.>® have improved the performances
of TENG by adding titania monolayer to poly(vinylidene fluo-
ride) (PVDF) to improve dielectric constant. Lee et al>
synthesized PtBA-grafted PVDF copolymers with high dielec-
tric constant, which improved TENG's performance several
times. Inorganic fillers with high dielectric constant or
conductive fillers were also reported to be embedded in the
polymer matrix, such as carbon nanotubes,” graphene,"
ceramic materials,”*?® and metal-organic framework mate-
rials.*® Other than these properties, the thickness of the elec-
trification layer can also affect the output performances, but
its effect is not well studied experimentally.

In this work, dielectric properties and thickness of the
tribo-electrification film were optimized to improve the output
performances of TENG. BaTiO; nanoparticles were added into
a PVDF polymer matrix. BaTiO3/PVDF nanocomposite film
showed enhanced output performances when it was employed
as a negative triboelectric layer in a two-electrode TENG. The
volume fraction of the BaTiO; was optimized, and the BaTiO3/

This journal is © The Royal Society of Chemistry 2020
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PVDF composite film with 11.25 vol% BaTiO; filler (40 um
thick) generated open-circuit voltage of 131 V and transferred
short-circuit charge density of 89 pnC m~2, 6.5 folds higher than
TENG using bare PVDF. Furthermore, by reducing the thick-
ness of BaTiO3/PVDF film to 5 pum, the voltage and charge
density increased further to 161 V and 112 uC m™ 2, respec-
tively. The electrification layer of 5 um BaTiO3;/PVDF
composite film generated a peak power density of 225.6 mW
m 2 at a load resistance of 100 MQ. The device was used for
charging commercial capacitors and glowing LEDs. Further-
more, the enhanced output performance of the 5 pum
composite film-based TENG shows good stability and dura-
bility under continuous operation of 4000 cycles.

2. Experimental section
2.1 Materials

Poly(vinylidene fluoride) (PVDF) powder was provided by Arkema.
N,N-Dimethylformamide (DMF) was purchased from Tianjin
yongda (China). Tetragonal piezoelectric barium titanate
(BaTiO;) nanoparticles, with an average diameter of 100 nm, were
obtained from Sigma-Aladdin. The XRD curve and SEM image of
BaTiO; nanoparticles were shown in Fig. 1b and c. All chemicals
were used as received without further purification.

2.2 Preparation of BaTiO;/PVDF composite film

The PVDF powder was dissolved in DMF with the density 0.1 g
ml~' and vigorously stirred several days to obtain a homoge-
neous solution. The different volume fraction of BaTiO; parti-
cles (3.18-16.47 vol%) were mixed in the PVDF solution, and the
solution was ultrasonic treated for 3 h and stirred 24 h to
improve the dispersion of the particles. Correspondingly, the
bare PVDF solution was made as to the comparative experiment.
The BaTiO;/PVDF nanocomposite films were prepared by the
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doctor-blade casting method, dried at 60 °C for 4 h in an oven,
and then peeled off from the substrates.

2.3 Characterization of BaTiO;/PVDF composite film

Field-emission scanning electron microscopy (SEM, Nova)
was used to characterize the thickness of BaTiO;/PVDF films
and the distribution of BaTiO; nanoparticles in the polymer.
X-ray diffraction was collected on a Panalytical Instrument
X'Pert 3 Power with Cu Ka radiation source. Fourier transform
infrared (ATR-FTIR) spectra of PVDF and BaTiO3/PVDF
composite films were detected by TENSOR II spectrometer
(BRUKER, German).

The dielectric constant was measured by Keysight (E4980A)
at frequencies ranging from 10° Hz to 10° Hz at room temper-
ature. Prior to the experiment, all the films were cut into a round
with a diameter of 20 mm and their thickness was measured,
then copper was plated on each side of the films by magnetron
sputtering.

2.4 Fabrication of the contact-separation TENGs

The TENG device was fabricated into a vertical contact-
separation structure with a simple two-electrode system and
the effective area was 2 x 2 cm?. The positive friction layer of the
nanogenerator is made of nylon; the copper tape was pasted on
nylon to act as one electrode. The tribo-negative BaTiO;/PVDF
nanocomposite films were first sputtering-coated with Cu (100
nm) for using as another electrode. Then, the Cu side was
attached on a 3 M foam tape and stacked to an acrylic substrate.
The 3 M foam tape is used to fix the electrodes and to buffer the
impact. Lastly, conducting wires were connected to the two Cu
electrodes through external circuit for measurement.

The two electrification layers are subjected to contact-
separation motions provided by a linear motor, and the output
voltage signals and output current signals of the as-fabricated
TENG were measured by a Keithley 6514 electrometer.

Peeling off

(a) Scheme of the fabrication process of the BaTiOz/PVDF nhanocomposite films. (b) The XRD patterns of BaTiOz nanoparticles compared

to BaTiOs standard data (JPCDS: 75-2119). (c) The SEM image of BaTiOs particles. (d) The photo shows the bendability of the BaTiOs/PVDF

nanocomposite films. (e) The thickness of the films.
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3. Results and discussion

The schematic diagram of the fabrication process for the
BaTiO;/PVDF nanocomposite films is shown in Fig. 1a. BaTiO;
nanoparticles were mixed with PVDF in the DMF solvent, fol-
lowed by preparing the composite film with a doctor-blade
casting method. The XRD patterns of BaTiO; nanoparticles
were shown in Fig. 1b. The XRD peaks suggested that BaTiO;
has a tetragonal phase,* indicating appreciable ferroelec-
tricity.* It can be seen from Fig. 1c that the diameter of BaTiO;
nanoparticles is uniformly about 100 nanometers. After
removing the nanocomposite films from the substrate, it can be
seen that it is white and quite flexibility (Fig. 1d). The thickness
of BaTiO;/PVDF nanocomposite films was controlled to be
about 40 um, as seen from Fig. 1e. The volume fraction of the
BaTiO; was varied (3.18-16.47 vol%) and a bare PVDF film was
also prepared for comparison.

The XRD patterns of BaTiO;/PVDF nanocomposite films with
BaTiO; content of 0 vol%-16.47 vol% are shown in Fig. Sla.f
With the increase of BaTiO; fillers, the peaks of PVDF become
weaker, but the intensity of BaTiO; peaks increases. The FTIR
spectra of bare PVDF and BaTiO3/PVDF nanocomposite with
different concentrations of BaTiO; have been carried out
(Fig. S1b¥). The data implied that there is no significant phase
change in crystalline phases when changing the BaTiO; volume
fraction. The results suggest that the adding of BaTiO; nano-
particles had negligible effect on the crystalline structure of
polymer matrix.

The thickness of PVDF and all BaTiO;/PVDF films were
measured by the cross-sectional scanning electron

3.18 vol%

3.18 vol%
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microscopy (SEM) images, as shown in Fig. 2a and S2.7 It is
clear that the thickness of all films was approximately about
40 um. From the surface morphologies of the bare PVDF and
nanocomposite films in Fig. 2b and S3,7 it can be seen that
BaTiO; nanoparticles were dispersed uniformly in the
matrix, indicating good compatibility between BaTiO;
nanoparticles and the PVDF. The energy dispersive spec-
troscopy (EDS) mapping (Fig. S47) also showed that all the
elements are evenly distributed throughout the nano-
composite films. We used the atomic force microscope
(AFM) to evaluate the surface topography of the BaTiO;/
PVDF films, as shown in Fig. 2c. It can be observed that the
surface roughness increases with increasing in BaTiO;
content.

The dielectric properties for the PVDF and BaTiO3/PVDF
nanocomposite films were further measured at room tempera-
ture, as shown in Fig. 3a. The PVDF displayed a dielectric
constant of 7.96 at 1000 Hz, which is basically consistent with
previous reports.®>*** It is clear that the dielectric constant
increased with the increase of the BaTiO; volume fraction,
owing to the higher dielectric constant of BaTiO; compared to
bare PVDF. The dielectric constant of the 11.25 vol% and
16.47 vol% BaTiOs/PVDF films is as high as 25 and 29,
respectively.

To better understand the dielectric behavior of the BaTiO;/
PVDF composite films, several theoretical models have been
employed and comparisons have been done between the
experimental and theoretical values (Fig. 3b). The following
equations are used of calculate the values of dielectric constant
of the nanocomposites:

11.25vol% 1647 Vo1% 20 pm-

11.25 vol%

11.25 vol%
200 nm =

Fig. 2 SEM and AFM images of the BaTiOs/PVDF films. (a) Cross-sectional and (b) surface morphology SEM images for composite films with
different BaTiOs volume fractions. (c) 3-dimensional AFM images of the composite films.
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(a) Frequency dependence of dielectric constant values for composite films with different BaTiOz volume fractions from 0 to 16.47 vol%.

(b) Comparison of experimental and theoretical dielectric constant at 1000 Hz of BaTiOs/PVDF films.

(i) Series mixing equation:**

1 v v
i _B_|__p (1)
e e &

(ii) Maxwell-Wagner equation:*®

26, + en + 2v (e —
f— ¢ &p T €8 "B<SB ep) )

o 2ep + &g — VB(EB fsp)

(iii) Bruggeman equation:*’

&p— & &g — &

v Vv = 3
p£p+23+ BsB+2€ ()

(iv) Lichtnecker logarithmic equation:**3*
Ine=vglneg +v,Ine, (4)

where ¢, eg and ¢, are the dielectric constant of the BaTiO;/PVDF
composite films, BaTiO; and PVDF, respectively; vg, v, are the
volume fraction of BaTiO; and PVDF, respectively. It can be
observed that Lichtnecker logarithmic equation has smallest
discrepancy with the experimental among these models. With
the increase of the amount of BaTiOj;, the filling phase is
impossible to achieve an ideally uniform dispersion and
a certain degree of aggregate is inevitable, leading to deviation
of the experimental values from the theoretical values. Aggre-
gate white dots of BaTiO; can be seen from Fig. 2b and S3t at
high volume fraction. From Fig. S5(a) and (b),T it is noted that
the dielectric loss of all samples was less than 0.5, which means
that the dielectric constant values are quite reliable.

A two-electrode TENG was fabricated for evaluating the
electrification properties of the composite films, as shown in
Fig. 4a. The composite film was employed as a triboelectric
negative layer and a nylon film was used as the tribo-positive
layer. The contact effective area is fixed to be 2 x 2 cm? An
as-fabricated TENG device is shown in Fig. S6.1 The working
mechanism of the contact-separation mode TENG is schemat-
ically illustrated in Fig. 4b.>**** When the nylon film contacts
with the BaTiO3/PVDF film (Fig. 4b-i), tribo-electrification

This journal is © The Royal Society of Chemistry 2020

occurs with static charges generated at two tribo-materials
surfaces with opposite signs because of their differences in
work function. According to the triboelectric series table,*?
PVDF will be negatively charged and the nylon will be positively
charged. When the two layers begin to separate from each other
(Fig. 4b-ii), the electron will flow from the top Cu electrode to
the bottom electrode through the external circuit, so as to
achieve local charge equilibrium, ie. the process of static
induction. If at open-circuit state, the unscreened charges will
induce a potential difference between the two Cu electrodes.
Once the two triboelectric layers are far away enough (the
maximum transferred charges can be achieved at a separation
distance about ~ 1 mm***), charge equilibrium will be ach-
ieved and the charge transfer through the external circuit will be
finished (Fig. 4b-iii). As the top layer begins to be compressed
again (Fig. 4b-iv), electrons are driven to flow from the bottom
electrode to the top electrode, yielding an electrical output
signal with an opposite sign. Finally, when the device is fully
compressed (Fig. 4b-i), the balance in electric charge is retained,
completing one cycle of electricity generation. Repeating the
compress-release motions, mechanical motions are converted
into pulsed AC currents. The built-up potential difference
between the two electrodes at open-circuit condition can be
confirmed by the finite-element simulation using the COMSOL
Multiphysics software, as shown in Fig. S7.1 We performed the
surface potential distribution at the contact state to the
maximum release state. At contact state (5 um gap distance
between the Nylon and PVDF film), the top and bottom surface
has no potential difference. When the distance is 1 mm, a large
potential difference between the two surfaces can be observed
and a surface charge density of 15 uC m™? is obtained.

As shown in Fig. 4b-iii, ¢; and ¢, are the dielectric constant of
the BaTiO3/PVDF film and the nylon, respectively; d, and d, are
the thicknesses of the BaTiO;/PVDF film and the nylon,
respectively. The gap z can be varied under mechanical motions.
After several cycles of contacting, the surface static charge areal
density o. reaches saturation. When the z is increased,
a potential difference (V) induced by the triboelectric charges

RSC Adv, 2020, 10, 17752-17759 | 17755
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Fig. 4 Triboelectric performances of the TENG. (a) Schematic structural components of the TENG device. (b) Working mechanism of the
contact-separation mode TENG. The harvested (c) output voltage, (d) current and (e) transferred charge density signals of TENG based the

BaTiO3z/PVDF films.

drives electrons to flow through the external load, leading to the
accumulation of free electrons in the electrode® (i.e. transferred
charge density, d(z)). The electric fields in the two tribo-material
layers and in the gap are given by:*®

E= ©)

= ©

Epp = o(z) — o 7)
€o

where &, is vacuum permittivity (8.854 x 10~ "> F m'). The
potential drop between the two electrodes is then described as

(8)

Under open-circuit condition, the transferred charge density
o(z) = 0, the open-circuit voltage can be described as:

V =o0(2)[di/e; + doles] + z[a(2) — ac)leo

Voo = —zadey 9)
Under short-circuit condition, the voltage between the two

electrodes is zero. Then, the ¢(z) can be derived as

Z0o,

a(z) = A

d](:‘()/(:‘l +d280/82 +z

(10)

17756 | RSC Adv, 2020, 10, 17752-17759

The o(2) saturates at a maximum separation distance of about
1 mm.* According to eqn (10), o(z) is proportional to the
dielectric constant of the tribo-material layers and inversely
proportional to the thickness of tribo-material layers. So, to get
larger ¢(z), we should enlarge dielectric constant but decrease
the thickness of the electrification layer.

The open-circuit voltage (V,), short-circuit current (I.) and
transferred charge density (o(z)) of the TENGs were recorded. To
evaluate the effects of BaTiO; fillers, the thickness of BaTiO;/
PVDF film and nylon film, contact force (12 N), and speed
(1 m s7') are all fixed to be the same. The electrical output Ve,
Is. and o(z) of TENGSs based on the bare PVDF film and BaTiO;/
PVDF nanocomposites films were shown in Fig. 4c-e, respec-
tively. The V,. of TENG was increased from 20 V to nearly 132 V
as the filler concentration of BaTiO; was varied from 0 to
11.25 vol%. At the same time, the I, and ¢(z) of the TENG were
enhanced from =0.9 to 4.1 pA and =15 to 88 uC m™?, respec-
tively. When the filler concentration of BaTiO; was further
increased, the V., I, and o(z) values of TENG showed an
obvious decrease. The V,. values of TENG dropped to nearly
76 V, by increasing the filler concentration of BaTiO; to
16.47 vol%. The I, and o(z) values were decreased to =2.3 pA
and =~55.2 uC m 2, respectively. Results reveal that output
performance tends to increase with the BaTiO; volume fraction
below 11.25 vol%; further increasing the BaTiO; concentration,
the output performances began to decline.

This journal is © The Royal Society of Chemistry 2020
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As shown in Fig. 2a and S2,7 the thickness of the PVDF and
all BaTiO;/PVDF nanocomposite films are about the same,
which implies that the effect of the thickness on the output
performances is negligible. The improvement of the output
performances can be largely attributed to the increase in the
dielectric constant of the composite films, in accordance with
eqn (10). However, it is still needed to explain the decrease of
the output performances when the BaTiO; volume fraction is
larger than 11.25 vol%. According to the previous works,*”*®
increasing the film's roughness is an important way to enhance
the output signals of TENG, due to the more generated static
charge densities (o.) by increasing the effective contact areas for
electrification. However, there are trade-off effects of the BaTiO;
fillers on the static charge densities. As shown by the surface
SEM images in Fig. 2b and S3,1 the areal fraction of exposed
BaTiO; nanoparticles on the surface will also increase with their
volume fraction. As PVDF (high tribo-negativity in tribo-series
table) is a much better tribo-electrification material than inor-
ganic BaTiOj;, the decrease of the PVDF matrix surface area can
also lead to the decrease in generated static charge o.. There-
fore, there is an optimum volume fraction of BaTiO;, above
which the static charge o. and the output performances of the
TENG will decrease. This is accordant with the variation trend

View Article Online
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of the measured performances, and the optimized BaTiO;
volume fraction is 11.25 vol%.

Since the BaTiO; volume fraction is optimized to be
11.25 vol%, the output performances can be further enhanced
by decreasing the thickness of the composite film. Therefore, we
fixed the concentration of BaTiO; to be 11.25 vol%, and
prepared composite films of different thicknesses. Four films of
different thickness were prepared (5 pm, 26 pm, 31 pm, 45 um),
as shown in Fig. 5a, and the thickness of Nylon is fixed at 10 um
(Fig. s8t). It was clearly observed that the output transferred
charge densities dramatically increase with the decrease of the
thickness (Fig. 5d). When a 5 um BaTiOs;/PVDF nanocomposite
film was used as the negative electrification layer, the output
performance reaches the maximum. The V., I;. and o(z) are
160 V, 6.2 pA and 114 uC m™ > (Fig. 5b-d), respectively, corre-
spondent to 180%, 270%, and 200% improvement comparing
with that using 45 um thick electrification layer. Besides, the
instantaneous power density and current density of 5 um thick-
based TENG was obtained (Fig. 5e). As the resistance increases,
the current density decreases and the output power density
increases first and then decreases. The maximum power density
reaches 225.6 mW m > at a load resistance of 100 MQ.
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(a) Cross-sectional SEM images of different thicknesses with 11.25 vol% BaTiOz/PVDF composite films. (b) The open-circuit voltage, (c)

short-circuit current and (d) transferred charge density of different thickness 11.25 vol% BaTiOz/PVDF-based TENGs. (e) The output current
density and power density of TENG based on the 5 pm BaTiO3/PVDF nanocomposite films with 11.25 vol% of BaTiOs. (f) Lightening LEDs and
charging commercial capacitors by the TENG. (g) The stability test of the TENG.
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To show that capability of TENG as a power source,
commercial capacitors have been charged by the TENG. Recti-
fying circuit is used to convert the generated AC current into DC
current to charge commercial capacitors. The 2 puF and 10 pF
capacitors can be charged to about 4 V and 2 V in 6 min,
respectively. 16 LEDs connected in series can also be lightened
by the TENG (Fig. 5f). Lastly, the 5 pm composite film-based
TENG shows stable output performances for over 4000 cycles
of repeated testes, suggesting the good stability and durability
(Fig. 5g). It is noted that rigid the acrylic is used as the substrate
for the convenience of the measurement. However, the device
can certainly be more flexible if flexible substrate is used for
substrate.

4. Conclusion

In summary, we report an effective approach to improve the
performances of a TENG through increasing the dielectric
constant and decreasing the thickness of the electrification
layer. BaTiO; nanoparticles were added into the PVDF matrix.
The dielectric constant of the BaTiO;/PVDF composite increases
with the BaTiOj; content. As the BaTiO; concentration increased
to 11.25 vol%, the dielectric constant values raised from 7.96 to
25 at 1000 Hz. Though the output performances of the TENG are
positively proportional to the dielectric constant of the
composite, the generated static charges could decrease at
higher filler content. Therefore, the optimized BaTiO; content is
determined to be 11.25 vol%, which shows a five-fold
enhancement in transferred charge density compared to bare
PVDF-based TENG. By further decreasing the thickness of
composite films to 5 pum, the Q. increases to 114 pC m™ 2,
corresponding to 200% improvement compared to the TENG
with 45 pm thick composite electrification layer. The enhanced
output performance of the 5 pm composite film-based TENG
shows good stability and durability.
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