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ABSTRACT

We investigated the effects of poling conditions on the piezoelectric performance of potassium sodium niobate [(K,Na)NbO3, KNN]/polymer
composites, to obtain their unsteady energy harvesting potential. KNN nanoparticle/polymer composites were designed and fabricated and
the poling condition test was performed. The composites were polarized using the corona poling method for various poling conditions and
then the piezoelectric coefficient d33 was measured. It was found that piezoelectricity does not decrease over days. Scanning electron
microscopic observations were conducted to study the distribution of the nanoparticles in the matrix. Meanwhile, the microstructure of
the composites was studied by X-ray diffraction. Unsteady wind energy harvesting tests were accomplished to investigate the output
voltage characteristics in the KNN nanoparticle/polymer composites in unsteady winds. The study represents an important step in developing
flexible energy harvesters with stable performance.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127937

I. INTRODUCTION

Lead-free piezoelectric materials have received a lot of atten-
tion due to their high electrical properties1 and (K,Na)NbO3

(KNN) material has extensively been studied in particular.2 To
induce piezoelectricity in ferroelectric ceramics, an electrical field
has to be applied to align the poling axes of the crystallites to the
symmetry nearest to that of the applied electric field. This process
is called polarization and the degree of which can be characterized
by the longitudinal piezoelectric coefficient d33. It is well-known that
poling conditions affect the performance of lead-based or lead-free
piezoelectric materials.3–5 Recently, attention has been paid to study
the influence of poling conditions on the piezoelectric coefficient of
KNN or (KNN)-based materials.4,6,7

A particular class of piezoelectric composites consists of a
polymer matrix in which ceramic particles are randomly distribu-
ted without being connected to each other.6 Recently, research in
composite piezoelectric nanogenerators has gained traction in
recent years owing to their advantages, such as reduced leakage

current, increased flexibility, ecofriendly nature, cost-effectiveness,
biodegradability, and the ease of fabrication of piezoelectric nano-
generators.8 Although there has been some research into the poling
condition of the KNN or KNN-based ceramics, the effects of
poling condition on the KNN/epoxy composites have been little
studied. To improve the piezoelectric performance of KNN/epoxy
composites, suitable poling conditions are very important and the
piezoelectric characteristic of KNN/epoxy composites polarized
under different conditions needs to be understood.

Banerjee et al.3 found that the piezoelectric constant of the
corona polarized composites is larger than that of the common
contact polarized composites. In the contact poling method,
the samples are discharged by a high direct current in a con-
trolled oil bath. Before the polarization, the electrode is needed
so the size of the samples is limited to the small size. Besides,
short will happen in the weak spot of the samples and damage
the sample. However, in the corona poling method, the samples
were heated by the hot plate and the electrical charge from a
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corona needle was then sprayed onto the sample’s surface.
Because the bottom surface of the sample is connected to the
ground, the electric field between the sample surfaces is created.
In the corona poling method, the electrodes are not needed
before poling, so there is no shorting and it can be used for
large samples.

With an increasing interest in the Internet of Things (IoT),
energy harvesting has gained attention, and the research direction
has moved away from just looking at sensors and actuators to an
interest in collecting energy from the environment (e.g., vibration,
wind, water drop) by using piezoelectric materials.9 In recent years,
piezoelectric carbon fiber reinforced polymer (CFRP) laminated
composites have been fabricated by embedding KNN nanoparticles
with epoxy interlayers and successfully polarizing the CFRP com-
posites.10 Also, the output voltage and power were measured for a
unimorph cantilever made of stainless steel with a commercial
macrofiber composite (MFC) sheet under uniform wind speed.11 In
addition, the barium titanate/epoxy composites were developed by
corona poling to discuss the wind energy harvesting characteris-
tics.12 It was found that the piezoelectric performance decreases
within seven days after poling.

In this paper, the KNN nanoparticle/epoxy composites were
fabricated and the relationship among poling conditions, piezo-
electric performance, piezoelectric stability after poling, and
phase structures were investigated. Meanwhile, the output voltage
of KNN nanoparticle/epoxy composites due to unsteady winds
was measured. This research presented an opportunity for the
application of KNN nanoparticle/epoxy composites in natural
wind energy harvesters.

II. EXPERIMENT PROCEDURE

A. Material preparation

The lead-free piezoelectric composites were fabricated using
KNN nanoparticles and epoxy resin. The raw materials KO0.5,
NaO0.5, NbO2.5 were mixed with a final molar ratio of 0.25 K:0.25
Na:0.5 Nb, and a solid-state reaction method was used to obtain
the K0.5Na0.5NbO3 particle. The diameter of the KNN nanoparticle

was about 880 nm, the volume fraction of the KNN nanoparticles
was held steady at 32 vol. %. Although the increase of the volume
fraction in the KNN nanoparticles will cause an increase of piezo-
electricity, the higher volume fraction makes the piezoelectric com-
posite brittle and high porosity. We found that if the volume
fraction of the particle becomes higher than 32 vol. %, the quality
of samples will decline rapidly.

Figure 1(a) displays the fabrication method. First, the KNN
nanoparticles were mixed with epoxy, the volume fraction of
the particles being 32 vol. %. Then, a Thinky conditioning mixer
AR-100 (Thinky Co., Japan) was used to mix the particles with
the epoxy. The mixture was stirred for 30 min and defoamed
for 10 min. The mixture was then poured into a mold and put
into a vacuum oven DP200 (Yamato Scientific Co. Ltd., Japan)
at 60 °C for 20 min. This process helped to reduce air bubbles
inside the composite. The mold consists of three parts, the
upper and bottom parts are aluminum plane, and the center
part is a Teflon sheet with a thickness of 0.2 mm. There is a
hole of size 40 × 50 mm in the center of the sheet. The mixture
was poured into the hole, and during the solidification, high
pressure was applied on the mold to ensure the thickness of the
samples. Finally, the composite solidified at a temperature of
135 °C for 45 min and was cut to the required size. The size of
the samples is shown in Figs. 1(b) and 1(c). The geometric size of
the samples for the poling condition tests was 12.0 × 3.0 × 0.2mm3,
while that of unsteady wind energy harvesting testing was
25.0 × 10.0 × 0.2 mm3.

B. Poling treatment

The samples were polarized using a corona poling machine
(ELC—01 N, ELEMENT Co. Ltd., Japan) along the thickness direc-
tion. Besides, only output voltage from the corona needle is used
and it is assumed that the voltage on the sample’s upper surface
equals the voltage of the corona needle.

Below conditions were employed to discuss the effect of poling
condition on the piezoelectric coefficient d33 of the KNN/epoxy
composites.

FIG. 1. Schematic of (a) KNN/epoxy
composite manufacturing procedure,
(b) poling condition test sample (left)
and energy harvesting test sample
(right).
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1. 25–100 °C, 30 kV/mm, 10 min, 15 mm away from the corona
needle,

2. 100 °C, 0–45 kV/mm, 10 min, 15 mm away from the corona
needle,

3. 75 °C, 30 kV/mm, 0–40 min, 15 mm away from the corona
needle, and

4. 75 °C, 15 kV/mm, 10min, 6–15mm away from the corona needle.

For each condition, three samples were used.
After poling treatment, the electrodes were attached to the

upper and bottom surface of the samples. The electrical properties
of the composites were evaluated on 24 h after poling.

Moreover, in order to investigate the changes in the piezoelec-
tric performance of the KNN/epoxy composites after poling over
time, three samples were polarized by the condition: 75 °C, 35 kV/mm,
30 min, and 15 mm away from the corona needle. d33 of the
samples was then measured by a piezo-d33 meter within one week
after poling.

Before the unsteady wind energy harvesting test, three samples
were polarized at 75 °C, 30 kV/mm, for 30 min and 15mm away
from the corona needle.

C. Characterization

SEM observation (JSM-7800F, JEOL Ltd., Japan) was imple-
mented to assess the cross-sectional morphology of the KNN/epoxy
composites. The piezoelectric coefficient d33 was evaluated by a
piezo-d33 meter (YE2730A, Sinocera Piezotronics Inc., China).
Besides, Rigaku SmartLab (Rigaku Co., Japan) was used to obtain
the crystalline structure and phase of the KNN/epoxy composite
which was operated at 45 kV and 200mA, using a CuKα wavelength
of 0.154 nm. The recorded 2θ range of the peaks was 20°–60°. The
XRD patterns were obtained in the surface of the composite film
samples with the scanning area of 10 × 10mm.

D. Unsteady wind energy harvesting test

The equipment for the unsteady wind energy harvesting test
is given in Fig. 2. The wind speed was measured by a thermos-
anemometer (FUSO 8908, FUSO Co. Ltd., Japan). As we all know,
the natural wind is a chaotic fluctuation, rather than a continuous,
steady fluctuation.13 The 3 and 5-leaf fans [Figs. 2(a) and 2(b)] were
designed to convert continuous wind into discontinuous wind, which
is more similar to wind in nature. The fans were made by the poly-
ethylene terephthalate (PET) film and a 3D printed plastic core.

FIG. 2. Wind energy harvesting test
setup: (a) 3-leaf fan, (b) 5-leaf fan, and
(c) instrument of the test.
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Figure 2(c) illustrates the wind energy harvesting test. The
sample was fixed 10 mm away from the fan and connected to the
computer and data logger (Keyence NR-500, Keyence Co., Japan).
Continuous wind with a speed of vo ¼ 2m=s from the duct was
then changed using the fan fixed in front of the duct. After that,
the discontinuous wind vf acted on the samples and the data
logger and computer recorded the real-time output voltage of the
samples. 3 different samples were tested on 3 occasions in each
group to ensure authenticity and universality.

III. RESULTS AND DISCUSSION

A. Scanning electron microscopy

The microstructure of the composite and the dispersion of
KNN particles within the epoxy matrix was observed by SEM. The
cross-sectional SEM image of the KNN/epoxy composite is shown
in Fig. 3.

The SEM image shows that the dispersion of KNN particles on
the upper, central, and bottom parts of the sample’s cross sections is
similar. From Fig. 3(d), we can see that there is no particle precipita-
tion on the bottom of the sample, which indicates that the KNN par-
ticles are uniformly distributed within the matrix. It proves that the
piezoelectric particles and the epoxy have been well mixed. However,
bubbles were not avoided completely and some voids still exist in the
composite. The voids are approximately 1–10 μm2 in diameter.

In general, the interface between ceramics and epoxy resin is
weak. In order to improve the interface properties, silane, titanate,
aluminate and zirconate coupling agents are effective for the
surface treatment on our KNN nanoparticles. Moreover, surface
treatment agents such as fatty acids, fatty acid esters, higher alco-
hols, and hardened oils can be used. Further study is needed to
clarify the interface strengthening mechanism.

B. The effect of poling condition

The effects of poling condition and time after poling on
the piezoelectric coefficient d33 of the KNN/epoxy composite are
depicted in Fig. 4. d33 of the polarized KNN/epoxy changes in the
range of 0.5–7.9 pC/N.

During poling, the electric domain of the piezoelectric mate-
rial is easier to rotate or move under a suitable poling tempera-
ture, so a suitable poling temperature is helpful for increasing the
polarization of materials. Figure 4(a) shows d33 vs temperature
for the KNN/epoxy composites. As the poling temperature
increases, d33 of KNN/epoxy composites increases and then
decreases after reaching the critical temperature (75 °C). The
average value of d33 at 75 °C is 6.6 pC/N, which is 11 times that at
25 °C (average value 0.6 pC/N). The optimized poling tempera-
ture is very important in improving the polarization of the KNN/
epoxy composite. d33 of the KNN/epoxy composites can be
greatly improved by poling temperature changes. The KNN/
epoxy composite has high piezoelectric property when the poling
temperature is 75 °C.

The poling voltage dependence of the piezoelectric coefficient
d33 in KNN/epoxy composites is shown in Fig. 4(b). After the elec-
tric field (referred to as voltage in this paper) reaches 20 kV/mm,
d33 of the composite increases as the poling voltage increases, then
d33 becomes saturated and keeps close to the value of approxi-
mately 6.0 pC/N. The saturation poling voltage of the KNN/epoxy
composite is approximately 30 kV/mm.

On the one hand, when poling voltage is equal to 15 kV/mm,
d33 of the KNN/epoxy composite remains at zero. It has been
shown that 15 kV/mm is not high enough to enable poling of the
KNN/epoxy composite. We evaluated the samples which were
polarized under different distances (6 mm–15 mm) between the
corona needle and the samples. Table I lists the results and which

FIG. 3. The cross-sectional SEM
image of the KNN/epoxy composite:
(a) overall, (b) upper, (c) center, and
(d) bottom view.
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indicates that d33 stays at zero, although the distance between the
corona needle and sample was shortened. We have assumed that
this is because 15 kV/mm is not high enough to make the electric
domain of the KNN/epoxy composite rotate or move.

Figure 4(c) shows the influence of poling time on d33 of KNN/
epoxy composite. It is shown that d33 reaches an average value of
7.9 pC/N within the poling duration of 30 min, which is 2.3 times
d33 obtained after poling for 3 min (average value 3.4 pC/N).
Besides this, d33 of KNN/epoxy composite increases sharply with
an increase in the poling time, and d33 reaches a relatively high
value (6.1 pC/N, average value) after 5 min. However, the rate of
increase in d33 between the poling times of 5 to 30 min is much
smaller than that between 0 and 5 min. This is important and
clearly differentiates KNN from lead zirconate titanate (PZT).
The domain switching of PZT needs more than an hour to take
place.8 The small distortion from the cubic perovskite phase inside
the KNN makes the potential barrier substantially lower and
non-180° domain switching is easier than that in PZT. Hence, the
KNN/epoxy composite is easier to polarize, compared with PZT
and it can reach saturation in a shorter time period.14

Figure 5 displays the variation of d33 with time after poling.
This indicates that d33 of KNN/epoxy composite shows great
stability after poling. There is almost no change in d33 for 7 days
after poling.

FIG. 4. d33 of the KNN/epoxy composite polarized using the corona poling
method: d33 vs poling (a) temperature (30 kV/mm, 10 min), (b) voltage (100 °C,
10 min), and (c) time (75 °C, 30 kV/mm).

TABLE I. Effect of the interval to corona needle on the piezoelectric coefficient.

Interval to corona
needle (mm)

Voltage
(kV/mm)

Temperature
(°C)

Time
(min)

d33
(pC/N)

6 15 75 10 0
10 15 75 10 0
15 15 75 10 0

FIG. 5. d33 as a function of time (75 °C, 35 kV/mm, 30 min).
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C. X-ray diffraction

The KNN/epoxy composites were polarized under different
temperatures and the conditions are as below:

(1) K-0: unpolarized,
(2) K-75: 75 °C, 35 kV/mm, 30 min,
(3) K-100: 100 °C, 35 kV/mm, 30 min.

The corona needle is 15 mm away from the samples.
Figure 6 shows the XRD patterns. From Fig. 6, the unpoled

KNN/epoxy is characterized by (110)/(001) peak splitting about
2θ ¼ 22� and (220)/(020) peak splitting about 2θ ¼ 45� , which
shows that it is in the orthorhombic phase.15 When poling tempera-
ture increases to 75 °C, the X-ray pattern shows (220)/(020) peak split-
ting about 2θ ¼ 45� and peak splitting at about 2θ ¼ 32�. Hence,
according to these peaks, we concluded that the phase structure of the
composite transforms from an orthorhombic phase to a mixed phase
of orthorhombic and tetragonal phases. On the other hand, the
sample polarized at 100 °C only has a (200) peak at about 2θ ¼ 45�

and slight peak splitting at about 2θ ¼ 32� which should be a char-
acteristic of a cubic phase, slightly mixed with a tetragonal phase.

Although the (200) and (002) peaks of K-75 are not clear
enough to prove the tetragonal structure of the material, we assume
that the structure of K-75 is a mixed phase of orthorhombic and
tetragonal by the following reasons: First, as mentioned above, evident
splitting is found from Fig. 6 when 2θ ¼ 32� in K-75, which
matches to the feature of tetragonal.15 Second, when 2θ ¼ 45�, the
peak shows similar features with the orthorhombic phase. Third, the
phase transition of KNN is orthorhombic-tetragonal-cubic. The K-0
and K-100 show the obvious feature of orthorhombic and cubic, so
the tetragonal phase should appear between them. In summary, we
assume that K-75 consists of the orthorhombic phase and the tetrago-
nal phase. On the other hand, even though the tetragonal phase is not
necessary for the KNN to show the piezoelectric response, the material
with a mixed phase of orthorhombic and tetragonal phases always
shows better piezoelectricity. The domain volume fractions were easier
to switch during poling for the coexistence of orthorhombic and
tetragonal domains.2,16

Overall, the appearance of the tetragonal phase makes the
composite has improved piezoelectricity after 75 °C poling.
We believe that this orthorhombic and tetragonal mixed phase
structure has better piezoelectricity than a purely orthorhombic
structure, after poling. It is well-known that the cubic structure
does not exhibit piezoelectric effects. The tetragonal phase trans-
forms into the cubic phase with an increase in the poling tempera-
ture, so the piezoelectricity of the composite decreases with
increasing poling temperature.

Even though the orthorhombic-tetragonal phase transition
temperature is about 200 °C for the pure KNN, there are some
research studies proving that the electric field can also induce phase
transition in the ferroelectric material.17 So we assume that the
combined action of electric field and temperature leads to the
phase transition of the composites. Based on Fig. 6, the phase tran-
sition happened indeed. The electric field and temperature com-
bined induced phase transition of the piezoelectric composites
should be a complex subject and warrants further study.

D. Unsteady wind energy harvesting

First, the samples were polarized and the average d33 of the
samples was 12.1 pC/N. Table II gives the details of the condition
of poling and d33.

Figure 7 displays the unsteady wind energy harvesting results of
the KNN/epoxy composite. It is found in Fig. 7(a) that the average
output voltage changes ΔV for the 3-leaf fan group is 3.41mV, while

FIG. 6. XRD pattern of the KNN/epoxy
composite with different poling
temperatures.

TABLE II. Poling conditions of wind energy harvesting samples.

Name
Temperature

(°C)
Voltage
(kV/mm)

Time
(min)

d33
(pC/N)

K-W-1 75 30 30 11.4
K-W-2 75 30 30 12.7
K-W-3 75 30 30 12.3
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for the 5-leaf fan group, it is 5.83 mV (average value). The 5-leaf fan
group has 71% higher ΔV than the 3-leaf fan group.

Figures 7(b) and 7(c) indicate the real-time output voltage of
the 3 and 5-leaf fan groups. Evidently, the variation frequency of
the 3-leaf fan group is higher than that of the 5-leaf fan group. The
number of leaves and the weight of the fan cause the renewed wind
frequency different. The speed of the renewed wind changed by the
3-leaf fan is much quicker, approximately 1.5 m/s, while the wind
changed by the 5-leaf fan is approximately 0.8 m/s. Besides, the
wind frequency of the 3-leaf fan is 15 Hz, while for the 5-leaf fan,
the wind frequency is 5.5 Hz.

This proves that the smaller wind speed produces larger elec-
trical energy gain. This seems to be due to the frequency. The
3-leaf fan is easier to move, so the frequency of the 5-leaf fan is
much smaller than the 3-leaf fan under the same original wind.

For piezoelectric materials, the variability of the stress causes
the change in charge, which is the principle for energy harvesting.
When the wind frequency becomes large, the stress changes within
the composites will also become rapid. When a new air pulse
arrived at the composites, the stress within the composite has not
yet been released totally, so the variability of the stress became
smaller. Finally, the output voltage also becomes lower. In general,
the KNN/epoxy composite can induce more electrical energy at
lower frequency wind.

IV. CONCLUSIONS

The KNN/epoxy composites with piezoelectric stability were
successfully fabricated and the corona poling method was utilized

to enhance the piezoelectric coefficient of the composite. The
influences of phase transition and poling condition on piezoelectric
performance were discussed.

A large d33 (approximately 7.9 pC/N) of a KNN/epoxy com-
posite can be achieved by the corona poling method at a poling
temperature of 75 °C, a poling voltage of 30 kV/mm, and a poling
time of 30 min.

The phase transitions were found under different poling
temperatures. The orthorhombic and tetragonal mixed-phase
KNN/epoxy was seen under a poling temperature of 75 °C. The d33
of a KNN/epoxy composite shows great stability after poling.

Voltage can be induced in the polarized KNN/epoxy compos-
ite due to very small unsteady winds, and the amount of the
collected voltage is related to the frequency and speed of the wind.
The KNN/epoxy composite can induce a voltage of 5.83 mV in low
frequency, low speed winds (0.8 m/s).

Compared to the barium titanate/epoxy composites,12 the
KNN/epoxy composites show higher and more stable piezoelectric-
ity and better unsteady wind energy harvesting performance. We
believe that the KNN/epoxy composite is more suitable for energy
harvesting devices.
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FIG. 7. Wind energy harvesting test
results: (a) the output voltage of different
fans, (b) the real-time output voltage
with the 3-leaf fan, and (c) the real-time
output voltage with the 5-leaf fan.
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