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Abstract: This paper introduces a fiber generator using PVDF with a high-performance lead-free
piezoelectric ceramic as filler. The piezoelectric ceramic filler was Bag gsCag 16 Tig.99Zrg.1003 + CuO
0.25 wt% (BCTZCO0.25) sintered at 1550 °C. The BCTZC0.25 has an improved high-energy conversion
constant (ds3 % g33). The fiber generator made of PVDF/BCTZC0.25 composite fiber showed 1.6 times
better piezoelectric power generation performance compared to a pure PVDF fiber generator. The
PVDF/BCTZCO0.25 fiber generator produced an output voltage of 1.9 V at 4 Hz. Hence, we successfully
demonstrated that a composite fiber generator that uses piezoelectric ceramics which are harmless to
the human body can outperform a pure PVDF fiber generator.
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data, humanoid robots, and artificial intelligence (Al) are developing [1-3]. Today’s rapid
advances in electronic devices have transformed the way people communicate with their
surroundings, integrating them into intelligent information networks that fit people. With
Academic Editor: Abdessattar the advent of the information age, numerous objects must be connected with sensors for
Abdelkefi various instances of measurement, recognition, control, and data transmission [4-6]. These
mobile, human-centric, large-scale distributed sensing networks each require their own
power supply system [7,8]. Widespread adoption of next-generation wearable electronics
and artificial intelligence systems will proceed very rapidly.

A piezoelectric generator converts mechanical stress into electrical voltage. Although
Publisher’s Note: MDPIstays neutral - there are some excellent piezoelectric ceramic materials, they are not suitable for flexible
with regard to jurisdictional claims in - e]ectronics because they are rigid and fragile. On the other hand, a flexible piezoelectric
published maps and institutional affil-  gonerator can impart a multifunctional self-sensing function through energy harvesting to
smart textiles [9,10]. One of the widely used materials for flexible piezoelectric generator is

poly(vinylidene fluoride) (PVDF), whose piezoelectric coefficient is 10 times larger than
those of other polymers [11]. However, compared to inorganic piezoelectric materials, the
piezoelectric properties of pure PVDF are poor. A common approach to overcome the
limitation is to add a proper concentration of fillers to PVDE. There are various mechanisms
by which fillers positively influence the piezoelectric performance of the composite. A
typical case is to use piezoelectric fillers because they can improve the piezoelectric effect.
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creativecommons.org/licenses /by / Hence, it is necessary to develop a lead-free piezoelectric filler material whose piezoelectric
40/). properties can compete with PZT [16]. With this demand in mind, various types of lead-free
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piezoelectric ceramics have been developed. Among these materials, BCTZ has gained
attention due to its high piezoelectric coefficient of d33~620 pC/N [17]. Recently, the
piezoelectric properties of BCTZ were improved by adding small amount of CuO, with the
resulting material being named BCTZC [8].

In this paper, we propose a fiber generator made of PVDF/BCTZC composite fiber.
The PVDF/BCTZC composite fiber was spun by the melt-spinning process. The piezo-
electric properties of BCTZC were further improved via optimization of its composition
and sintering temperature. The fiber generator develops an open-circuit voltage of ap-
proximately 19 V during periodic kinetic movements of bending and stretching. These
results have not been studied in relation to lead-free piezoceramic-based fiber harvesters
using dry fiber manufacturing methods, and they represent an initial approach for use in
general garments.

2. Experimental

Manufacture of BCTZC: In this work, we manufactured BCTZC by adding 0.25 wt%
of CuO to BaggsCag15Tig99Zrg 1005 (hereafter referred to as BCTZC0.25). BCTZC0.25
ceramics were produced using conventional solid-state reaction methods. BaCO3 (99.0%,
CAS No.513-77-9, Seoul, Korea), CaCO3 (99.0%, Lot No. 2018A1662, JUNSEI, Japan), TiO,
(99.0%, Lot No. 2018B1266, JUNSEI, Totyo, Japan), ZrO (99.0%, CAS No.1314-23-4, Daejung,
Korea), and CuO (99.9%) were mixed via ball milling for 24 h. After drying for 12 h, the
powder was calcined at 1150 °C. for 2 h. The. calcined powder was high-speed milled
for 12 h, and then the dried powder was bulked using a press machine. The green disk
was sintered in air at 1400-1600 °C for 2 h, and the sintered sample was prepared to be a
powder of about 10 um using a high-speed milling machine.

Spinning PVDF/BCTZC0.25 composite fiber: The PVDF/BCTZCO0.25 fiber, which was
longer than 5 m, was produced by melting PVDF using a melting-type fiber manufacturing
device. The produced BCTZC0.25 powder was milled to produce a powder of 10 um or
less and then mixed with PVDF through a mixer. The concentration of BCTZC0.25 powder
was 5 wt%. After loading the mixed material into a melt-spinning machine and melting it
at 90 °C, it was possible to spin the composite fiber by applying the proper pressure.

Characterization: Using FE-SEM (Verios 460L SEM), micro-surface images of BCTZC
were obtained by sintering temperature. The crystal phase and orientation of BCT.ZC at
sintering temperature were analyzed by high-resolution X-ray diffraction (XRD) (HR-XRD;
ATX-G, Rigaku Co., Totyo, Japan) measurement. The piezoelectric and dielectric properties
were measured using a d33 m (PM100, Piezotest) and an impedance analyzer (HP4194A
Hewlett Packard). Measurements were made in the frequency range of 4 Hz using an
oscilloscope (Tektronix, DPO4054B) with a shaker (Brtiel & Kjeer, 4809) and a function
generator (Agilent, 33220A).

3. Results and Discussion

The BCTZCO0.25 sample was sintered at various temperatures ranging from 1400 to
1600 °C. The effect of sintering temperature on the crystalline structure of BCTZC0.25 was
analyzed by XRD analysis (Figure 1a). In the case of BCTZCO0.25, rhombohedral crystals
without a secondary phase were observed depending on the sintering temperature. When
the sintering temperature was increased from 1400 to 1550 °C, the (002) and (200) peaks also
increased relatively in the rhombohedral to tetragonal direction and decreased at 1600 °C
(see Figure 1b).

Figure 2 shows the surface image of the BCTZCO0.25 sample sintered at various tem-
peratures. Samples of BCTZC0.25 sintered at 1400 °C were of various grains, ranging in
size from 7 to 15 pm. These particles grew to over 20-30 pm at 1450 °C. When the sintering
temperature was increased to 1500 °C, the grain size increased significantly to 45 um, and
it was confirmed that it increased to 50 um at 1550 °C. At a temperature of 1600 °C, it was
observed that the grain size was reduced to about 40 pm. The increase in particle size with
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sintering temperature is consistent with the phase transition from the rhombohedral to the
tetragonal phase.
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Figure 1. (a) XRD graphs of BCTZC0.25 ceramics sintered at various temperatures. (b) XRD graphs
of BCTZCO0.25 ceramics from 44.6 to 46 degrees.

Figure 2. Surface FE-SEM images of the BCTZC0.25 ceramics sintered at different temperatures.

Table 1 shows the piezoelectric properties of BCTZC0.25 according to the change in
sintering temperature. As the sintering temperature increased from 1400 °C to 1550 °C, the
energy conversion constant (ds3 X g33) properties increased. As the sintering temperature
increased, the energy conversion constant (kp) increased and then decreased, and the
quality factor (Qm) decreased steadily. The piezoelectric voltage constant (g33) increased
rapidly at 1550 °C due to the increase of the piezoelectric charge constant (ds3) and the
relative dielectric constant. The piezoelectric voltage constant gs3 was calculated from the
equation (g33 = ds3/dielectric constant). The dielectric constant tends to decrease sharply
when the sintering temperature reaches 1550 °C, so the piezoelectric voltage constant (g33)
tends to improve. Because of these property values improving, the BCTZC0.25 sample
sintered at 1550 °C had a high energy conversion constant. This phenomenon is related to
the grain growth and increased strength of (002)(200) oriented crystals and rapidly grown
grain size (see Figures 1 and 2). The BCTZCO0.25 specimen sintered at 1550 °C has a high
piezoelectric charge constant (d33) of 1200 pC/N, a conversion constant (k) of 28.1%, and a
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high energy conversion constant (ds3 X g33) of 115,476 x 1071 m?/N. Therefore, a sample
of BCTZC0.25 sintered at 1550 °C was used as the active material for the PVDF fibers.

Table 1. Piezoelectric and dielectric properties of BCTZCO0.25 samples and PVDE.

Sintering Sintering Time dss3 Capacitance X 0 833 ds3-g33
Temperature (°C) (h) (10-12 m/V) (pF) P m (103 mV/N)  (10-15 m2/N)
1600 2 750 1769 0.225 51 57.2 42,900
1550 2 1200 2870 0.281 78 96.23 115,476
BCTZ0.25 1500 2 1400 3233 0.436 87 30 89,381
1450 2 1300 3544 0.369 739 27 70,294
1400 2 1150 3254 0.327 130 27 59,911
PVDF - - 30 - - - 340 10,200

[18]

As illustrated in Figure 3a,b, the diameter of the PVDF fiber is 379 pm, and the
diameter of the PVDF/BCTZCO0.25 composite fiber is 418 um. Figure 3c shows that two
types of fibers were manufactured, and in the case of carbon electrodes, they were woven
with sewing machines on both sides for polarization.
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Figure 3. Surface field emission-scanning electron microscope (FE-SEM) images of the (a) PVDF fiber,
(b) PVDF fiber with BCTZC0.25 (5.0 wt%), and (c) fiber generator (size: 10 x 10 cm?).

We measured the open-circuit voltage value before and after poling of the PVDF fiber
generator (Figure 4). In the case of the PVDF fiber before poling, a proper open-circuit
voltage peak could not be found, and in the case of the PVDF fiber after poling, an output
voltage of about 1.2 V was measured. It was confirmed that polarization, a phenomenon



Energies 2022, 15, 6787

50f6

in which the £ poles were separated, was generated in the prepared PVDF fiber sample
through the poling process.
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Figure 4. Open-circuit voltage of PVDF fiber generator (a) before poling and (b) after 2 kV poling.

To compare the piezoelectric performance of the fiber generators, the output voltage
of PVDF/BCTZC0.25 fiber generator was also measured before and after poling. Figure 5
shows the measured output voltage values before and after poling of the PVDF/BCTZC0.25
fiber. Output voltages of 1.25 V for PVDF/BCTZC0.25 fiber before poling and about 1.9 V
after poling were measured, indicating good piezoelectric properties. We can also observe
that the output voltage of PVDF/BCTZC0.25 is 1.6 times higher than that of pure PVDE.
This demonstrates that the low output voltage of pure PVDF can be improved by adding a
lead-free BCTZCO.25 filler. The results show that the technology of flexible fiber generators
using lead-free ceramics as additives has great potential.
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Figure 5. Open-circuit voltage of with PVDF/BCTZCO0.25 (5.0 wt%) fiber generator (a) non-poling
and (b) 2 kV poling.

4. Conclusions

We developed a fiber generator using PVDF/BCTZCO0.25 composite fibers. The optimal
piezoelectric properties and energy-harvesting properties were obtained using BCTZC0.25
sintered at 1550 °C. The optimized BCTZC0.25 exhibited a high energy conversion constant
(115,476 x 101> m?/N). Using this as filler, a PVDF/BCTZC0.25 fiber was spun by melt
spinning. The fiber generator made of the PVDF/BCTZC0.25 composite fiber produced
a maximum output voltage of 1.9 V, which is 1.6 times higher than that produced by the
pure PVDF fiber generator. We have successfully overcome the initial limitation on the
output voltage when using BCTZC0.25-based lead-free piezoelectric energy. Hence, we
successfully demonstrated that a high-performance composite fiber generator that uses
piezoelectric ceramics which are harmless to human body can be produced.
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