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ABSTRACT: A lead-free (K,Na)NbOj;-based piezoelectric ceramic is textured
along the (001) direction using the NaNbO; (NN) seeds. The composition
0.96(Ky ¢Nay s) (Nbg 665Sbg 035) O3—0.01CaZr0;—0.03(Biy Ky ) HfO; (KNN) is
found to provide an excellent combination of electromechanical coefficients at
room temperature. The textured composition with S wt % NN template (KNN-
SNN) exhibits considerably improved electromechanical coefficients, d;; ~ 590
pC/N, k;; ~ 0.46, and d3; ~ 215 %1072 C/N, at room temperature. A flexible
piezoelectric energy harvester (F-PEH) is fabricated using the textured KNN-
SNN ceramic and tested under cyclic force. F-PEH exhibits enhanced output
voltage (V,. ~ 25 V), current (I ~ 0.4 uA), and power density (Pp ~ 5.5 mW/
m?) (R, of 10 MQ) in the off-resonance frequency regime. In comparison to the
random ceramic KNN-ONN-based F-PEH (V.. ~ 8 V and I ~ 0.1 uA), the
textured F-PEH significantly outperformed energy harvesting capability due to
the large figure-of-merit value (dy; X g3;) ~ 3354 X107 m?/]. This work

SKNN-5NN (texture)

10 pm “Temperature ()

8 100 120 140 160

Force - LED ON

UL AT )

~LED OFF

(F-PEII)

Flexible Piezoelectric Energy Harvester

provides a methodology for texturing lead-free materials and further implementing them in flexible energy harvesting devices and

Sensors.
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B INTRODUCTION

Energy harvesting (EH) approaches using piezoelectric,
triboelectric, photovoltaic, and thermoelectric/pyroelectric
effects have emerged as a promising solution for low-power
consumer electronic devices.' ™ Piezoelectric energy harvesters
(PEHs) have gained importance for capturing naturally
available vibrations, sound waves, human body movements,
and various types of fluid flows.””® The performance of the
PEH primarily relies on the properties of the piezoelectric
materials.” Among the various choices for piezoelectric
materials, lead-rich perovskites near the morphotropic phase
boundary (MPB) such as PZT, PZN-PT, PMN-PT, and PIN-
PMN-PT have been pursued for enhancing the figure of
merit.'” Recently, in some countries, there are regulations
under discussion on restricting the use of lead in the consumer
devices."" Thus, it is imperative that any future developments
of energy harvesting devices should consider the use of lead-
free materials. Based on the environmental considerations, the
focus in the area of lead-free materials has been primarily on
four systems: (Bi,Na)TiO;, BaTiO;, BiFeO; and (KNa)-
NbO,, 1213

Perovskite-structured K.Na;_NbO; (KNN) ceramics are
considered as a promising lead-free material owing to their
high Curie temperature (T, > 400 °C) and excellent dielectric
and piezoelectric properties.'* However, challenges related to
poor densification and volatilization of alkali metals at high
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temperatures limit the piezoelectric performance of
Ky sNaysNbO; ceramics and, in most of the studies, the
piezoelectric coefficient (ds;) has been reported to be ~110
pC/N."*"* Generally, K, sNay ;NbO; is modified through solid
solutions and dopants to obtain a larger magnitude of product
d; X g, which is necessary to achieve the higher figure of merit
(FOM) in PEHs. Approaches such as chemical modifications
with dopants, tuning of the phase boundaries, the addition of
sintering aids, texture engineering, and processing techniques
are widely adopted to enhance the dielectric and piezoelectric
properties of KNN ceramics.' !’

Doping of LINbO; or LiTaO; in the KNN composition has
been shown to provide an improved ds; of up to 200—280 pC/
N while maintaining a high T. ~ 452—510 °C.'® By
compositionally designing new rhombohedral (R)—ortho-
rhombic (O)—tetragonal (T) phase boundaries, the ds; has
been shown to increase to 344—425 pC/N with reduced T, <
200 °C.'*101? Using the reactive grain growth method (RGG),
a large dy; of ~416 pC/N has been achieved in Li*-, Ta>*-, and
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Sb**-modified KNN ceramics having T. of <220 °C.*°
Recently, the KNN composition has been shown to achieve
an ultrahigh dy; of ~700 pC/N and T, of ~242 °C through the
template %rain growth (TGG) technique using (001) NaNbO,
platelets.”’ All the existing KNN-based studies indicate the
crucial balance of having high thermal stability (T.) along with
large electromechanical constants (kii’ d,-j, and g,.j), ie.,
improving dj; lowers temperature stability and vice versa.
Due to the presence of polymorphic phase transition (PPT) in
the KNN system, there is a narrow window for optimization of
the thermal stability and electromechanical constants in KNN
compositions.'* Textured KNN piezoceramics, like any other
ceramics, have brittle nature, which further imposes challenges
in their implementation for PEH.”> Thus, in addition to
material innovation, a new architectural design is also needed
to ensure their reliability in PEH.

In this study, a flexible piezoelectric energy harvester (F-
PEH) is demonstrated using a high-performance textured lead-
free KNN piezoceramic. The formulation 0.96(K,sNays)-
(Nby.65Sbg 035) O3—0.01CaZrO;—0.03(Biy Ko s ) HFO, is tex-
tured using plate-like NaNbO; (NN) templates. Dielectric
and piezoelectric properties of the KNN-xNN (x = 0, 3, S, and
7 wt %) materials are investigated as a function of sintering
temperature and texturing degree. The textured KNN-SNN
ceramic is found to exhibit high dj; of ~590 pC/N with T,
above 240 °C, enhanced electromechanical coupling factor
(k3;) ~ 0.46, and piezoelectric charge constant (dy;) ~ 215 X
107" C/N. In comparison, the random KNN-ONN ceramic
exhibited d;; ~ 270 pC/N. To understand the thermal stability
of this composition, electromechanical measurements are
conducted over the temperature range of 25 to 150 °C. The
F-PEH is fabricated using an 18 wt % KINN-xNN ceramic in a
PDMS polymeric matrix to harness environmentally available
biomechanical energy. The F-PEH developed using textured
KNN-5NN generates higher voltage, V. ~ 25V, and current, I
~ 0.4 uA, compared to the random KNN-ONN-based F-PEH
(Voe~8Vand I~ 0.1 uA at 10 MQ). The results demonstrate
that the textured KINN-based piezoceramics can be employed
as a potential candidate for developing high-power flexible
energy harvesters and sensors near room temperature.

B EXPERIMENTAL PROCEDURE

Synthesis of Random KNN (KNN-ONN). The matrix powder
with the formulation of 0.96(K,3Nags)(NbgossSbgg3s)O3—
0.01CaZrO;—0.03(Biy Ky s)HfO; (designated as KNN here) was
synthesized using a conventional solid-state reaction approach.
Precursor reagents including Na,CO; (Alfa Aesar, 99.5%), K,CO,
(Sigma-Aldrich, 99%), Nb,Os (Sigma-Aldrich, 99.9%), Sb,0; (Alfa
Aesar, 99.6%), Bi,O; (Alfa Aesar, 99%), ZrO, (Alfa Aesar, 99.7%),
CaCO; (Sigma-Aldrich, 99%), and HfO, (Alfa Aesar, 99%) were
accurately weighed in the stoichiometric ratio. All the raw materials
were ball-milled with an appropriate amount of zirconia balls and
ethanol for 24 h. The dried mixture was calcined at 850 °C for 6 h and
then ball-milled again for 24 h in an ethanol medium. After drying at
100 °C for 4 h, the matrix powders were pressed into pellets and
subjected to cold isostatic pressing at 200 MPa (CIP). Later, the
pellets were sintered by a two-step sintering approach: heating up to
1190 °C (ramp rate of S °C/min), then cooling to 1090 °C (ramp
rate of 10 °C/min), and holding for a 10 h dwell time. The optimized
sintering conditions were determined in the temperature range
between 1090 and 1130 °C with +10 °C variations.

Synthesis of Textured KNN (KNN-xNN, x = 3, 5, and 7 wt %).
The texturing of KNN occurs through the template grain growth
(TGG) method. A platelet like NaNbO; (NN) is used as a template,
which is synthesized using the topochemical crystal conversion

6585

method (as reported in detail elsewhere).”® To develop textured
KNN, the calcined matrix powder was ball-milled for 24 h with
polyvinyl butyral (PVB) as a binder and ethanol as a solvent. Next,
the slurry was mixed with an appropriate amount of NN template (3,
S, and 7 wt %) and magnetically stirred for 2 h. The seeded slurry was
tape-cast using a 230 um doctor blade. The dried tape was cut,
stacked, and laminated at 85 °C with 20 MPa pressure for 20 min.
Later, the green compacts were heated at 400 °C (ramp rate of 0.5
°C/min) for 1 h to burn out the PVB binder. After the CIP, the
samples were treated using a two-step sintering condition (as referred
to the KNN-ONN synthesis section). Finally, the sintered samples
(random and texture) were polished, diced to standard shapes, and
coated with silver electrodes (using silver paste heated to 550 °C for
30 min). Before the electrical measurements, all the samples were
electrically poled at room temperature under a DC field of 3 kV/mm
for 10 min and aged for 24 h before measurements.

Fabrication of the Flexible Piezoelectric Energy Harvester
(F-PEH). A planar F-PEH module was designed to investigate the
performance of random and textured KNN-xNN ceramics. The active
composite layer in the F-PEH was processed through the solution
casting approach. A transparent homogeneous mixer of polydime-
thylsiloxane (PDMS) was prepared using the hardener in the ratio of
10:1. The textured KNN-SNN sample in the amount of 18 wt % was
used as a filler material. Each KNN-SNN ceramic was diced to 3 mm
(1) X 3 mm (w) X 0.5 mm (t) plates and then dispersed in the PDMS
matrix. The final solution of KNN-SNN/PDMS was poured into a
smooth glass dish (with the prescribed arrangement of the diced
ceramics) and dried in the hot-air oven at 75 °C for 1 h. The solidified
film was peeled off and cut into the required dimension of the F-PEH
device (2 cm X 2 cm). The processed flexible KNN-SNN/PDMS film
was sandwiched between the thin aluminum (Al) foil electrodes using
the hot-press technique for 1 h. For electrical measurements, two
copper (Cu) wires were attached to the top and bottom Al electrodes
using silver paste. Later, the F-PEH was packed using a Kapton film to
protect the device from extrinsic physical damage. Prior to the Kapton
encapsulation, the antistatic film was attached to both the Al
electrodes to circumvent the electrostatic potential generation
between Al—Kapton interfaces. Last, the device was electrically
poled at 6 kV for 12 h at room temperature. Similarly, 18 wt % KNN-
ONN-based F-PEH was fabricated and poled to compare the
performance of random and textured piezoceramics-based devices.

Characterizations. The crystal phase structure and orientation
degree were determined through a PANalytical Empyrean X-ray
powder diffraction system at 40 kV/40 mA using Cu Ko radiation at
1.5406 A (XRD, Philips, Almelo, Netherlands). The in situ
temperature-dependent X-ray diffraction patterns were collected
using a Co Ka,_, (1.789010/1.792900 A) diffractometer equipped
with an Anton Paar HTK 1200N non-ambient chamber. The
microstructural analysis was carried out using field emission scanning
electron microscopy equipped with electron backscatter diffraction
(FESEM/EBSD, FEI Quanta 600 FEG, FEI). The piezoelectric
coefficient (d;;) was measured using a quasi-static piezometer, YE
2730 A (APC Products, Inc, PA). The temperature-dependent
dielectric permittivity (¢,) and dissipation factor (tan §) were tested
by an LCR meter at 1 kHz (HP4274A, Hewlett-Packard, Palo Alto,
CA). The electromechanical coupling factor (k;;) and piezoelectric
constants (d;;) were determined using the resonance (f,/f,,) and
anti-resonance frequencies (f,/f,) obtained through an impedance
analyzer (HP4194A, Hewlett-Packard, Palo Alto, CA). The polar-
ization hysteresis loops (P—E) and strain curves (S—E) of the KNN-
«NN ceramics were tested by a ferroelectric test system (Precision
Premier II, Radiant Technology, Inc., Albuquerque, NM) enabled by
a high-voltage power supply (Trek 609B, Lockport, NY). The output
electrical signals from the fabricated F-PEH devices were measured
using a digital oscilloscope (DSOX4024A, Keysight) by applying
constant mechanical force.
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Figure 1. (a) Density of KNN-xNN as a function of sintering temperature and NN template ratio. (b) XRD patterns of KNN-xNN (x = 0, 3, S, and
7 wt %) piezoceramics. (c) Texture degree relative to NN template concentration. (d) d;; values as a function NN wt %. (e) FESEM image of
KNN-ONN showing random grain alignment. (f) FESEM image of KNN-SNN showing (001) NN template-oriented grain growth.

B RESULTS AND DISCUSSION Fo = Pooy = B

Figure S1 schematically illustrates the synthesis procedures of (©on 1 —F (1)
KNN-xNN ceramics (x = 0, 3, 5, and 7 wt % NN template).

Figure S2a shows the XRD pattern of the NN template 21(001)

synthesized through the topochemical conversion method, p(ool):%

indicating a perovskite phase with strong orientation along the @)
(001) and (110) planes.”” The microstructural image in Figure I

S2b reveals the plate-like NN particles with an average length p = DI

of ~15 pm and a thickness of ~1 ym. Figure la compares the 0 Zlthkl) ()

density of textured KNN samples as a function of sintering

condition (1090—1130 °C) and NN wt %. To evaluate the where Y@ and Y09 are the summation of XRD peak
sintering effect, KNN-3NN compositions are used, for which intensities of (001) ?nd (hkl) II)lanes of the textured KNN
densification and grain growths are found to be optimum at pie‘zocera.n}ic, and >0 and 70 represent the sumn}ation
1100 °C. As the sintering temperature increases (>1100 °C), of intensities for Peaks (001). and (hkl) of randoml?l oriented
the density declines due to the formation of pores as an effect KNN piezoceramics, respectively. The LF calculation shows

of volatilization.* The density (p) considerably improves as ;?IiltNthei\IEaxjmum t;xtu;e dggl;ee% FIZNI%IAI-%I,\I II\SI obc;a;'ned ?fc(;r
the template content is increased to S wt % (KNN-SNN ~ ~SNN compared to F ~ 85% for -3NNand F ~ 92%

4297 g/em®) with a relative density of 94.5% as shown in for KNN-7NN (Figure 1c). The template volume affected the
Ficure S3a percentage of mixed phase symmetry, which is evident from
ggure l'b shows the room-temperature XRD patterns of the Lo/ Lgo intensity ratios of 1.75, 1.5, and 1.6 for KNN-

. o , 3NN, KNN-5NN, and KNN-7NN, respectively.””*” With a
(I)(NN—xNN'samples . C Tmth various NN wt high LF factor, KNN-SNN exhibits a 2-fold increase in dj; ~
%. As seen in the figure, all samples exhibit a perovskite phase 590 pC/N compared to that of random ~270 pC/N (Figure

with no secondary phases.. The peak splitting.at 45° indiFates 1d). Figure lef displays the FESEM images of thermally
that the samples have mixed O—T phases with predominant etched surfaces of the random KNN-ONN and textured KNN-
orthorhombic symmetry as the calculated Iop/I5 intensity SNN samples. The microstructures of KNN-3NN and KNN-

ratios are <1.75.”" In comparison to the random samples, the 7NN samples are supplemented in Figure $4. The aligned NN
textured KNN samples show a higher intensity peak platelets in the KNN matrix (by the doctor blade tape casting
corresponding to (001) planes. This indicates the crystallo- process) Zpromote the grain development along the (001)
graphic orientation along the (001) axial plane. The direction.”* The TGG process facilitates the KNN epitaxial

corresponding texture degree is calculated from the Lotgering grain growth around the NN template interfaces. This results
factor (LF) given as™>*° in the formation of a highly oriented polycrystalline structure
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Figure 2. (a) Ferroelectric hysteresis (P—E) loops of KNN-xNN (x = 0 and S wt %) ceramics. (b) Unipolar strain—electric field (S—E) loops of
KNN-ONN and KNN-SNN samples. (c) Temperature-dependent dielectric loops of random and S wt % textured ceramics measured at 25—300
°C. Inset: dielectric loss (tan &) curves. (d) Electric fatigue behavior of KNN-SNN at 30 kV/cm. Inset: P—E loop for 1 and 10° cycles. FESEM
images of the KNN-SNN ceramic (e) before and (f) after fatigue analysis.

with brick-like larger grains compared to the nontextured random and textured ceramics in the temperature range of
ceramic.”® Further, Figure S5 confirms the strong (001) 25—300 °C; herein, the 1 kHz data is shown. For both KNN-
orientation of grains in the textured KNN-SNN ceramic ONN and KNN-SNN samples, two dielectric peaks are
through the EBSD mapping analysis. observed around ~70 and ~240 °C corresponding to two

Figure 2a displays the room-temperature polarization— phase transitions, i.e., orthorhombic to tetragonal (To_1) and
electric field hysteresis loops (P—E) for the KNN-xNN tetragonal to cubic (T.). The slight shift in both peaks can be
ceramics (x = 0 and 5 wt %) measured at 40 kV/cm electric related to the lattice distortion due to the texturing effects
field (1 Hz). It should be noted that textured materials have using S5 wt % NN templates.”® In addition, it can be observed
phase transition closer to room temperature as compared to that KNN-5NN exhibits an improved dielectric permittivity
random ceramics; thus, the measurement captures the (Emax ~ 7965) and low room-temperature dielectric loss (tan &
influence of shift in transition state on the loss behavior. The < 2.5%) in comparison to KNN-ONN (tan § ~ 3.2%). The
remnant polarization tends to increase in the textured ceramics intrinsic piezoelectric properties of the ceramic can be
as a function of increased NN template content (Figure S3b). expressed according to the equation
This can be ascribed to the fact that the crystallographic grain doi=2

. . . . 33 = 2QEpE3P 4)
orientation promoted through texturing enables improved
piezoelectric properties.”” Specifically, the KNN-SNN ceramic where Q is the electrostrictive constant, &, is the vacuum
maintains a high degree of remnant order with the P, and E_ permittivity, €55 is the permittivity of the material, P is the
values of ~19.34 uC/cm’ and ~13.72 kV/cm, respectively. remanent polarization, and ds; is the piezoelectric coefficient.*’
The P, gradually decreases with a further increase in the Based on eq 4, the improved dielectric and polarization
template content to 7 wt %, indicating the weakening of parameters exhibited by the textured KNN-SNN sample result
piezoelectricity due to the composition change contributed by in its enhanced piezoelectric performance compared to the
the antiferroelectric NN seeds.”* The P—E loops with the field- random counterpart. Table S1 summarizes the detailed
dependent stability of KNN-SNN are presented in Figure S6a properties of KNN-ONN and KNN-SNN ceramics.
in the range of 30—70 kV/cm. As seen in Figure 2d, the electrical fatigue characteristics

The unipolar strain—electric field (S—E) loops of the reveal a significant degradation of polarization after several
random and texture ceramics are shown in Figure 2b. The cycles measured at room temperature. After exposing the
maximum strains achieved at 40 kV/cm are 0.28 and 0.15% for material to 10° cycles at 30 kV and 10 Hz, the remnant
KNN-SNN and KNN-ONN samples, respectively. The polarization decays by ~44% (from ~18.42 to 10.19 C/cm?).
corresponding high-field piezoelectric strain coefficient (ds;*) The P—E loops at the first cycle and 10° cycles are compared
is calculated as the maximum strain/maximum field (S,,./ in the inset of Figure 2d. The textured KNN-SNN shows a
E,.) and is found to be 725 and 375 pm/V for KNN-SNN better fatigue behavior compared to the random KNN-ONN
and KNN-ONN ceramics, respectively. Figure 2c shows the ceramic with a polarization decay rate of ~56% (Figure S7).
temperature-dependent dielectric permittivity (&,—T) of The microstructures of samples before and after fatigue cycles
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Figure 3. Temperature-dependent fatigue characteristics of the textured KNN-SNN ceramic over the range of 30—150 °C. (a) Temperature-based
fatigue P—E loops at 30 kV/cm. (b) Comparative P, plot from the three fatigue cycles 1, 2, and 3. Frequency dependence of impedance |Zl and
phase angle 8° measured at (c) 30 °C and (d) 150 °C. (e) Electromechanical coupling factor (k;;) and (f) piezoelectric constant (d;;) of three

heating—cooling cycles 1, 2, and 3.

are shown in Figure 2e,f. After the 10° cycles, the microcracks
are observed, which indicates that mechanical deterioration is
the cause for the drop in polarization. Such degradation
behavior is illustrated through fatigue models based upon
domain wall pinning, dead layer deposition, and crack
formations (Figure S8).”'

To evaluate the operating temperature range of the KNN
material, the thermal stability of KNN-SNN composition in
the temperature range of 30 to 150 °C is investigated as shown
in Figure 3. The P—E loops at different temperatures are
measured with increasing temperature (heating cycle 1) as
shown in Figure 3a, and its relative cooling cycle is shown in
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Figure S6c. The corresponding P, values at varying temper-
atures with 10 °C increments are plotted in Figure 3b. Initially,
the P, remains high with a slight improvement as the
temperature rises and then starts to decline as the temperature
increases beyond 50 °C. The monotonous reductions in P, and
E. suggest the significant fading of the piezoelectric properties
in the KNN-SNN ceramic as it crosses over the T phase
boundary region. KNN-5NN shows degradation much before
the actual transition occurring at ~70 °C."” Successive thermal
analysis is repeated (cycles 2 and 3) with the sequence of
heating and then cooling back to room temperature. The
repeated heating and cooling cycle analysis exhibits the
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intervals.

irreversible properties in KNN-SNN as a function of
temperature. Figure 3c,d represents the temperature depend-
ence of impedance (IZl) and polarization phase angle (6°)
measured at 30 and 150 °C for the KNN-SNN piezoceramic.
The resonance (f,) and anti-resonance (f,) values show a
reasonable bandwidth with a phase angle of ~73° at 30 °C. At
a high temperature of 150 °C, the impedance spectrum
narrows significantly, and the phase angle is reduced to ~51°.
Using the resonance technique and dielectric parameters, the
electromechanical coupling factor (k;;) and piezoelectric
charge constant (ds;) are calculated using the following
equations32

-f)
k31 = A , where A = f.é.tan f(fnifm
14+ A 2 f. 2 f
(%)
1
dyy = kqy/8.85 X 107K - sE, where st = ———
31 31 3 °11 11 4,0f;12
(6)

where f, and f, are the frequencies of minimum impedance/
resonance and maximum impedance/anti-resonance fre-
quency, Kj is the free relative dielectric constant, si; is the
elastic compliance, p is the density of the ceramic, and ! is the
length of the sample. The k;; (Figure 3e) and d;, (Figure 3f)
plots show similar temperature-dependent nature as observed
for polarization variation. The KNN-SNN sample exhibits high
ky; ~ 0.46 and dy; ~ 215 X107'> C/N at room temperature,
which decrease gradually as a function of temperature. The
initial room-temperature properties are not recovered after the
thermal heating and cooling in cycle 1. The respective inset
graph shows the stabilized performance after cycles 2 and 3
with loss of nearly 50% of polarization in the KNN-SNN
ceramic. To understand this degradation mechanism, temper-
ature-dependent XRD is performed to reveal the details of the
phase transition process. Figure 4a presents the in situ
temperature-dependent XRD spectra of the KNN-5NN
ceramic in the temperature range of 40 to 350 °C. Figure
4b,c shows the enlarged 3D graph of the (100)/(001) and
(200)/(002) peaks at every 10 °C interval. As shown here, the
O—T phase coexists in the KNN-SNN ceramic in the
temperature range of 40—100 °C. In this range, the (200)
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peak intensity keeps increasing, implying the transition of the
O-to-T phase. With a further increase in the temperature range
to 240 °C, the T phase becomes dominant as evident from the
intensity value of I(o0;)/I00) ~ 0.78 (Figure S9) given by***’

Ao = [(To11/Tigo) + (Top2/Tr00)1/2 (O symmetry ~ 1.85)
(7)

Rpetra = [(1001/1010) + (1002/1020)]/2 (T symmetry ~ 0.53)
(8)

Above 240 °C, the pseudocubic phase is observed by
converging into a single peak. This illustrates the anomaly of
the intensity peaks and the dielectric permittivity. Due to the
phase transition behavior, depolarization occurs as the
temperature exceeds the To_p range and the tetragonal
phase becomes more pronounced with a further increase in
temperature.”” > A partial depoling is observed on the order
of ~27% decrease in the piezoelectric constants during the first
heating cycle (Figure 3), which is attributed to the changes in
the domain configuration due to changes in crystallographic
symmetry.36_38 After cooling to room temperature, no
significant increase or restoration in k3, and dj; is noticed
due to restricted domain switching. Hence, to reorient the
switched domains, electric repoling is performed, which
restores the high degree of domain alignment, thereby
resulting in the restoration of the enhanced piezoelectric
properties (Figure S10).”~*' The temperature-dependent
unipolar S—E loops of random and textured ceramics are
shown in Figure S11 at 40 kV/cm. It is noted that the strain
variation of KNN-SNN (~20%) is less compared to that of
KNN-ONN (~30%) over the temperature range of 30—150
°C. These results demonstrate the phase transition-dependent
fatigue mechanisms affecting the operating range of KNN
ceramics. Based on these results, it is clear that KNN materials
synthesized in this study have a relevant performance below 50
°C. Applications such as energy harvesters and sensors are
mostly operated below this temperature, and thus, the KNN-
SNN ceramic provides an advantage in those scenarios.

A flexible piezoelectric energy harvester (F-PEH) is designed
to harvest ambient biomechanical energy using the developed
KNN material. The device is fabricated by integrating KNN-
xNN as an active material embedded in the PDMS polymer
matrix. The detailed fabrication procedure is discussed in
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Figure S. Development of the flexible piezoelectric energy harvester (F-PEH) using KNN-xNN ceramics. (a) Schematic of F-PEH design with the
LbL arrangements and the digital photographs of the fabricated F-PEH. (b) Generated piezoelectric voltage response (V,.) comparing the KNN-
ONN- and KNN-SNN-based F-PEH and corresponding (c) switching polarity analysis. (d) Comparison of the piezoelectric current responses of
KNN-ONN and KNN-SNN devices at 10 MQ. (e) Power density of the KNN-SNN device as a function of load resistance (R;). (f) Demonstration
of the real-time application using KNN-SNN-based F-PEH to drive white LEDs.

Experimental Procedure, and the corresponding optical image
of the process is shown in Figure 5a. The as-fabricated F-PEH
has a thickness of ~0.98 mm, comprising of the layer-by-layer
(LbL) arrangements of Kapton/antistatic tape/Al/KNN-
«NN—PDMS/Al/antistatic tape/Kapton (Figure S12). An
insulating polymer PDMS is preferred to provide flexibility
to the F-PEH devices by acting as a supporting cross-linking
stage to hold the KNN-xNN ceramic in place. Further, the
dielectric property of PDMS helps to ensure that the electrical
response of F-PEH is from the cumulative effects of KNN-
xNN piezoelectric distributed inside the PDMS matrix. An
antistatic layer is used to suppress the generation of
electrostatic potentials due to the Al—Kapton interfacial
effects. The Kapton/antistatic film/Al layering contributes
zero electrical charges to the overall performance of F-
PEHL#>%

The energy harvesting ability of F-PEH devices with an 18
wt % KNN-xNN composite film is assessed under
biomechanical force through constant hand pressure. Before
electrical measurements, the F-PEH devices are poled at a 6 kV
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DC electric field for 12 h at room temperature. Figure Sb
compares the open-circuit voltage (V,.) of random (18 wt %
KNN-ONN) and textured (18 wt % KNN-SNN) sample-based
F-PEH devices. Under constant force, the textured F-PEH
device generates a higher peak-to-peak voltage (V. ~ 25 V)
than the random F-PEH (V,. ~ 8 V). The perpendicular force
acting on the device modulates the orientation of the electrical
dipoles, creating a potential difference across the top and
bottom electrodes. Thus, when the device is pressed, the flow
of the generated piezoelectric charge between the two
electrodes results in a positive cycle. When released, the
backflow of the electrical charges between the electrodes
results in a negative cycle. The enlarged image of Figure Sb
clearly shows the cyclic pattern of the measured signals. The
results are validated by performing a switching polarity test as
shown in Figure Sc. A complete phase shift in peaks is
observed in terms of the positive and negative cycles during the
force conditions (press and release). This reversible nature
authenticates that the electrical output of F-PEH is from the
intrinsic piezoelectric effect of KNN-xNN ceramics and is not
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influenced by any extrinsic parameters. Figure Sd shows the
current responses of random (I ~ 0.1 yA) and textured (I ~
0.4 pA) F-PEH devices at 10 MQ determined by the load
resistance (R, ) analysis. Figure Se presents the load resistance-
dependent voltage (V,,,) and power density (Pp) to identify
the impedance matching for practical applications. The
textured F-PEH device output voltage increases as the
resistance increases from 50 Q to 200 MQ. The areal power
density of F-PEH under constant force is represented as*’

V2
T RXA )

Py

where V is the generated voltage, R is the load resistance, and
A is the active device area (2 cm X 2 cm). From eq 9, the
maximum power density of 5.5 mW/m? is obtained at 10 MQ
matching impedance. The F-PEH device constructed using the
textured KNN-SNN ceramic exhibits a higher performance
compared to the random counterpart depending on the piezo-
potential generation, which can be related to**

Voo = (dyo-Y-t)/(€,K) (10)

where d;; is the piezoelectric coefficient, t is the thickness of the
F-PEH device, Y is Young’s modulus, o is the perpendicular
strain acting on the device, K is the dielectric constant, and &,
is the relative permittivity of the ceramic. Correlating to the
above equation, the enhanced performance of textured F-PEH
can be attributed to the higher d;; of ~590 pC/N exhibited by
the KNN-SNN ceramic. Comparatively, KNN-ONN produces
a lower dy; of ~270 pC/N and, hence, the performance of F-
PEH developed using the random ceramic shows a lower
electrical voltage.

The performance of the textured device is evaluated based
on the dimensionless figure of merit (DFOM).*~* For an
energy harvester operating at an off-resonance frequency, the
DFOM is given by

DFOM g5 = dj; X &1 (11)

The textured F-PEH with large d;; ~ 215 %1072 C/N and
g1 ~ 15.602 X107° Vm/N exhibits a high figure-of-merit value
of ~3354 x107%° m3/_]. With relatively low tan § ~ 0.0245, the
textured KNN-SNN-based F-PEH shows higher energy
harvesting capability than the device developed using the
random KNN-ONN ceramic having a high loss factor of
~0.0325. The generated electrical output from textured F-PEH
is sufficient to drive commercially available low-power
electronics. A real-time operation is demonstrated as shown
in Figure 5f by powering white LEDs using the KNN-SNN
ceramic-based F-PEH device. The ON/OFF behavior of the
LEDs corresponds to the applied force conditions. Under no
force, the LEDs are OFF as there is a zero net dipole moment
in the F-PEH device. Upon applying force, the LEDs glow due
to the stress-induced piezoelectric potentials, which are
collected across the electrodes. The systematic analysis reveals
that textured piezoceramics are potential candidates for energy
harvesting applications. The KNN-SNN sample-based F-PEH
shows the flexible characteristics of an energy harvester
developed using textured (Table S2) and nontextured (Table
S3) piezoceramics. This demonstration will provide new
opportunities to design energy harvesters with higher power
output by benefiting from the high-performing lead-free
textured ceramics.

B CONCLUSIONS

In summary, the textured KNN-xNN ceramics with high
piezoelectric constants ky, ~ 0.46 and dy; ~ 215 X107'* C/N
are synthesized through the template grain growth method
with the addition of 5 wt % NaNbO; template. Compared to
the random counterpart KNN-ONN, the textured KNN-SNN
exhibits 94% orientation degree (F), improved room-temper-
ature dielectric constant by 29.4% (1 kHz), ds; by 54.2% (270
to 590 pC/N), remanent polarization by 41.5% (11.32 to
19.34 uC/cm? at 40 kV/cm), coercive field by 15.4% (11.61 to
13.72 kV/cm?), and unipolar strain by 46% (0.15 to 0.28%).
The flexible PEH fabricated using the 18 wt % textured KNN-
SNN/PDMS composite film shows a high mechanical energy
harvesting capability by generating V. ~ 25V, I ~ 0.4 uA, and
Pp ~ 5.5 mW/m? than the 18 wt % random KNN-ONN-based
F-PEH (V,. ~ 8 Vand I ~ 0.1 uA). The produced energy is
utilized to successfully drive the white LEDs. The constructed
F-PEH has the better figure-of-merit d;; X g3, values by
utilizing high-performance textured ceramics. The approach
provides a new route to take advantage of textured ceramics to
develop high-output power energy harvesters for wireless
sensor nodes.
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