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The development of high-performance lead-free Ky sNag sNbOs-based piezo-
ceramics for replacing commercial lead-containing counterparts is crucial for
achieving environmentally sustainable society. Although the proposed new
phase boundaries (NPB) can effectively improve the piezoelectricity of KNN-
based ceramics, the difficulty of achieving saturated poling and the underlying
multiscale structures resolution of their complex microstructures are urgent
issues. Here, we employ a medium entropy strategy to design NPB and utilize
texture engineering to induce crystal orientation. The developed

Ko.sNag sNbOs-based ceramics enjoys both prominent piezoelectric perfor-
mance and satisfactory Curie temperature, thus exhibiting an ultrahigh energy
harvesting performance as well as excellent transducer performance, which is
highly competitive in both lead-free and lead-based piezoceramics. Compre-

hensive structural analysis have ascertained that the field-induced efficient
multiscale polarization configurations irreversible transitions greatly
encourages high saturated poling. This study demonstrates a strategy for
designing high-performance piezoceramics and establishes a close correlation
between the piezoelectricty and the underlying multiscale structures.

Developing an efficient energy conversion material (e.g., electro-
mechanical, acoustic-electrical) is a long-term pursuit for many
cutting-edge applications, such as medical diagnosis and microelec-
tromechanical systems (MEMS)* Benefiting the unique piezoelectric
effects, piezoceramics are widely used in transducers and energy
harvesters in the aforementioned fields®**. Unfortunately, in the cur-
rent global market for piezoelectric devices, the lead-containing pie-
zoelectric material segment holds a major share, especially the Pb(Zr,
Ti)O; (PZT) series. Considering the hazards of lead, the compound
annual growth rate of lead-free piezoelectric devices from 2019 to
2024 is expected to be 20.8%, but seldom sufficient™. The root cause

of their large gap in the market should be attributable to the inferior
performance of lead-free piezoelectric materials. Under the joint
blessing of Curie temperature and piezoelectricity, sodium potassium
niobate (Ko sNagsNbO3;, KNN) based piezoceramics have become the
most favored alternative component of lead ones in several well-
known lead-free materials. Hence, substantial efforts have been
undertaken to synergistically boost the comprehensive electro-
mechanical characteristics of KNN-based piezoceramics to fulfill the
pressing demands for lead-free electronic devices®.

It is of utmost importance to gain a deeper insight into the
structure-property relationship for the design of high-performance
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materials. Coexisting heterogeneous states of comparable energy
within ferroic materials typically exhibit extraordinary responses to
external field stimuli, such as giant electrocaloric effect and magne-
tostriction, which can be exploited in the design of advanced ferro/
piezoelectrics®’. For instance, the rhombohedral and tetragonal (R-T)
phase coexisting at the morphotropic phase boundary (MPB) of PZT
and Ba(TipgZro,)03-(Bag7Cap3)TiO; (BCTZ) ceramics brings up
excellent piezoelectricity'®". Although the origin of significant piezo-
electric activity at the phase boundary is still controversial, almost all
studies indicate the key to its existence due to the fact that the evo-
lution of the internal macro/microstructure is sensitive to external
electric field stimuli at the phase boundaries®">. Pure KNN is known to
have an orthorhombic perovskite-type structure with moderate pie-
zoelectricity (d3;;~120 pC/N) at room temperature. Actually, with
cooling down from Curie temperature (7. - 420 °C), it also undergoes
the following polymorphisms: low-temperature rhombohedral phase
(R) and high-temperature tetragonal phase (T)".

Incipiently, inspired by MPB phase boundaries in PZT ceramics,
the researchers mainly shifted To.1 or Tr.o to near room temperature
for constructing the O-T or R-O polymorphic phase boundary (PPB)
via chemical modification, which significantly improved d33 values of
KNN-based ceramics to 400 pC/N°5™ Subsequently, both To.1 and
Tro were further tactfully moved to room temperature, resulting in
the emergence of new phase boundaries (NPB) where R-O-T or R-T
phases coexist and pushing the ds; value of non-textured KNN-based
ceramics to a new all-time high (-650 pC/N)"**. Coincidentally, entropy
increase strategies with multiple elements occupying equivalent lattice
positions have also recently provided crucial clues for the component
design of KNN-based ceramic with multiphase coexistence at the
microscale®, However, the construction of phase boundaries also
brings some new issues. On the one hand, achieving higher piezo-
electricity inevitably requires sacrificing the Curie temperature. Fur-
thermore, the presence of short-range polar nanoregions (PNRs)
within the NPB is not entirely favorable to the piezoelectricity of KNN-
based ceramics. Although PNRs facilitate domain switching, it is diffi-
cult to achieve saturated poling due to the large energy difference
between PNRs and the ferroelectric matrix as well as the high content
of non collinear PNRs, thus, a satisfactory mechanical coupling factor
(k, < 0.6) cannot be achieved®. On the contrary, crystal anisotropy of
piezoceramics based on texture engineering can not only improve the
ds; lead-free piezoceramics without sacrificing the Curie temperature
but also greatly improve their mechanical coupling properties, which
precisely compensates for the shortcomings brought by phase
boundary engineering'”'®,

Inspired by the aforementioned considerations, we focus on the
preparation of high-performance lead-free KNN-based piezo-
ceramics by virtue of multiscale reconfiguration and try to reveal the
structural/physical origin of high piezoelectric response. In this work
(Fig. 1), the recently emerging entropy-dominated phase transition
strategy is proposed to design NPB with local polymorphic distor-
tion. Several classical phase boundaries moving additives (Ca*, Bi*",
Hf*, Zr*, Ti**, Sb%) are introduced into the A/B site of Ko sNag sNbO;
lattices to enhance the entropy value of the system. Meanwhile, the
templated grain growth (TGG) technology was applied to induce the
crystal orientation. As a result, the developed mesentropic textured
KNN-based ceramics enjoys both prominent piezoelectric coefficient
and mechanical coupling factor (d33~ 680 %35 pC/N, k, ~72.5%), as
well as high T.~260°C, thus exhibiting great potential in energy
conversion. For example, the prepared vibration energy harvester
can yield ultrahigh energy harvesting performance (Wy, ~ 4.00 mW,
Pp~57.90 pW/mm?), and the prepared ultrasonic transducer
achieved a broad —6 dB bandwidth (=55.6%) and low insertion loss
(IL=-37.0dB) with a center frequency of 215MHz (f,), out-
performing most lead-free piezoceramics and even some commer-
cial lead-based piezoceramics.

Results

Multiscale reconfiguration

Starting from the orthorhombic perovskite-type Ko sNag sNbO3z matrix
(Fig. Sla), the mesentropic piezoelectrics were designed by introdu-
cing Sb, Zr, Hf and Ti elements into the B-sites, and Ca and Bi into the A-
sites, respectively, with the nominal composition of (Ko s05sNao 50.99-x%)
Cag,01Bio.5.x%)(ND0.965(0.99-x%5D0.035(0.99-x%Zr 0.01Hf0.98x% Ti0.02.x%) O3
(x=0 - 7, abbreviated as xBHT). The atomic configuration entropy
Sconfig is defined as™'¢

N M
-R (Zx,-lnx,-) + ( -len-xj> @
i=1 cation-site  \j=1 anion-site

where R, N/M and x;/x; denote the ideal gas constant, atomic species
and contents at the cation/anion sites, respectively. When 1R
<Sconfig<1.5R, it is defined as medium entropy, while Sconag>1.5R is
defined as high entropy, otherwise it is low entropy. As displayed in
Fig. Slb, the entropy of pure KNN ceramics increases from 0.7R to
nearly 1R when the Ca, Zr and Sb elements are introduced, and then
successfully enter the medium-entropy region with the help of Bi, Hf,
and Ti elements, such as 1.2R at x=4, and even increases to 1.37R
when x=7.

As expected, the increase of entropy induces the occurrence of
phase transitions. Due to the low entropy value, X-ray diffraction
patterns (XRD, Fig. 2a;) demonstrate that the random R-OBHT cera-
mics doped only with Zr and Ca exhibit the same orthorhombic
perovskite-type structure as pure KNN. When Bi*'/Hf*/Ti*" were fur-
ther introduced, due to the increase in entropy, the splitting diffrac-
tion peak around 45° began to aberrance, i.e., the (200) peak gradually
strengthening while (002) one gradually weakens, resulting in the
coexistence of R-O-T multiphase (NPB) near the R-4BHT ceramic®'*",
As the entropy gradually approaches the higher entropy region (e.g.,
Sconfig=1.37, R-7BHT, Fig. S1b), the splitting characteristic of the dif-
fraction peak disappears, indicating a highly symmetric phase struc-
ture (Fig. 2a;). The local structural evolution can also be reflected by
the Raman spectroscopy’*”. These Raman scattering peaks are mainly
caused by different vibration modes of NbOg octahedra, including
stretching modes (v; and v,) and bending modes (vs). For example,
both v; and vs degenerate symmetric vibrational modes are very sen-
sitive to the phase structure of KNN-based piezoceramics. Two
important phenomena can be observed with increasing entropy: 1. The
relative intensity of the v;+wvs scattering peaks <I,,1+U5 decreases
gradually and the half-peak width increases, indicating that the
increase in entropy leads to an increase in local disorder, i.e., an
increase in local relaxor feature (Fig. S2a). 2. The ratios of 1,1, as well
as /,:, turn around at x>3, indicating the occurrence of phase
transitions, i.e., NPB (Fig. S2c). To dynamically demonstrate the for-
mation of NPB, the curves of temperature-dependent dielectric con-
stants (¢,-T) are presented in Fig. S3a. As Bi**/Hf*'/Ti*" increases, the
two separated dielectric anomaly peaks in low entropy R-OBHT
(=60 °C for Tr.o and 145°C for To.1) gradually approach and merge
together near room temperature to form Tg.o.1 in R-4BHT. At the same
time, the originally prominent dielectric peaks (e.g., To-1, and T¢) also
gradually diffuse, and the Curie temperature moves toward room
temperature, while & at room temperature first increases and then
decreases, indicating that the long-range ordered domains are
destroyed. When approaching the higher entropy region, the Tr.o.1 of
R-7BHT disappears, leaving almost only the Curie peak near room
temperature, suggesting that the phase structure deviates from NPB
and approaches the paraelectric phase, namely, pseudocubic struc-
ture. Hence, the phase stability effect of entropy increase plays an
essential role in the phase evolution induced in xBHT ceramics by Bi*/
HFf*/Ti** doping. Based on these analyzes of XRD patterns, £-T curves
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Fig. 2 | The textured mesentropic xBHT ceramics. XRD patterns of the random
(ay) and textured (a,) xBHT ceramics. Composition-temperature phase diagrams of
the random (by) and textured (b,) XBHT ceramics. Inverse pole figure maps of

<00I> c textured T-3.5BHT ceramics along (¢y) Z, (¢;) Y and (c3) X-axis. d; Pole and

(dy) inverse pole figure set of the T-3.5BHT ceramics. e; Atomic-resolution scanning
transmission electron microscopy high-angle annular dark-field (STEM-HAADF)
polarization vector image along [100] zone axis for the unpoled T-3.5BHT, and (e,)
corresponding overlaid colorized displacement (polarization) vector map.
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and the PZT-5H ceramics. d The comprehensive performance comparison of the
T-3.5BHT ceramics with other lead-free/lead-based piezoelectric ceramics, includ-
ing the d33, k, and T.

and Raman spectra, the corresponding phase diagrams of the R-xBHT
ceramics was established, as depicted in Fig. 2b;.

Noticeably, previous experiments have shown that the increase in
the content of Bi, Hf and Ti elements not only increases the sintering
temperature but severely suppresses the temperature range of grain
growth, which greatly hinders the texture progress in higher entropy
components (e.g., T-3.5BHT, Fig. S4c)°’. After extensive experiments, it
was found that lowering the calcination temperature of the ceramic
powders favored higher activity, and thus higher entropy xBHT tex-
tured ceramics were successfully prepared. The textured xBHT cera-
mics are not only homogeneous with no deviation in content
(Fig. S5-S7) but also exhibit uniformly larger sized and brick-wall
grains aligned along <00/>c (Fig. S4e, f). Hence, the intensity of
<00![> ¢ peaks in the T-xBHT ceramics increases comprehensively,
while the intensity of <110 > c peaks significantly weakens, resulting in
a calculated texture degree of over 95% (Fig. 2a,). Subsequently, the
electron back scatter diffraction (EBSD) technology was used to fur-
ther evaluate the quality of texture (Fig. 2¢c, d). From the inverse pole
figure (IPF) maps and inverse pole/pole figure (IPF/PF) set, it can be
seen that the orientation distribution of polycrystals for the T-3.5BHT
deviates from random distribution and shows some regularity. For
example, almost all grains’ <00[> ¢ directions are parallel to the Z-axis
of the sample (perpendicular to the casting direction) instead of X
and Y-axis (Fig. 2¢), and the M. values in the both IPF/PF set are also
greater than 25 (Fig. 2d), indicating a strong <00 [ > ¢ texture degree
for the T-3.5BHT'®*, According to the comprehensive analysis of &-T
curves, room temperature XRD patterns, and Raman spectroscopy
(Figs. 2a,, S2b, d and S3b), the phase structure evolution of the T-xBHT
ceramics is similar to that of R-xBHT with the increase of x (Fig. 2c).
However, due to the addition of extra NN and differences in grain size,
the NPB composition of the T-xBHT ceramics is advanced to T-3.5BHT.
Because not only can we see from XRD that the ratio of (200) peak to

(200) of T-3.5BHT is similar to that of R-4BHT (Fig. 2a), but also T.o at
low temperature in the &-T curves also disappeared in advance in
T-3.5BHT, while there is still evident in R-3.5BHT (Fig. S3). We also
observed the dynamic changes in the phase structures of T-xBHT with
respect to composition and temperature via in situ XRD and Raman
spectroscopy (Fig. S8). As a result of the phase transitions, the peaks of
Raman spectroscopy and XRD show significant abrupt changes with
temperature, corresponding to Tr.o, To.t, and T.. In agreement with
the &-T curves, it can be seen that the Tr.o and To.1 in T-OBHT are
merged at room temperature to ~70 °C to form NPB at T-3.5BHT, and
the T. is also reduced from ~350 °C to ~260 °C (Figs. S8b, e, f). The
formation of NPB tends to induce local polymorphic distortion’*'°,
Fig. 2e, gives one representative STEM high-angle annular dark-field
(HAADF) image of the unpoled T-3.5BHT along the [100] zone axis. The
polarization vectors are determined by the atom displacement from
B-site cations (weaker intensity contrast) to the center of the four
nearest neighboring A-site cations (stronger intensity contrast) based
on 2D Gaussian peak fitting. Fig. 2e, is atomically resolved STEM
HAADF images along [100], superimposed with a map of atom polar-
ization vectors (indicated by yellow arrows). As expected, R, O, and T
phases correlated polarization vectors can be clearly resolved. The
coexistence of such multiphase correlated polarization vectors with
nearly isotropic free energies significantly reduces the polarization
anisotropy and predicts an efficient polarization response in response
to an external stimulus (i.e., electric fields).

Structure-dependent ferro/piezoelectric properties

We measured P-E hysteresis loops and strain-electric field (S-E) curves
for the xBHT ceramics. As entropy increases, the random fields
brought by doped ions gradually break the long-range order of fer-
roelectric macrodomains®*°, which not only improves the dielectric
response (Fig. S3) but also promotes the flattening of free energy,
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resulting in a continuous decrease in the coercive field (£.) of the xBHT
ceramics (Fig. S9a, b). The enhanced dielectric response (Fig. S3) and
domain switching capability greatly improve the ferro/piezoelectricity
of the xBHT ceramics, especially at the NPB (e.g., R-4BHT and
T-3.5BHT). However, the high crystal symmetry and the disappearance
of ferroelectric macrodomains increase the relaxor characteristics of
higher entropy components (i.e., x>5), leading to a deterioration of
ferro-/piezoelectricity. As a result, the ds; values and corresponding
electric field-induced positive/negative strain of the xBHT ceramics
first increase and then decrease with the increase of x, and the opti-
mum is reached at NPB (Fig. 3a and S9). Notably, compared to random
ceramics, the ferroelectricity and electrostrain of textured ceramics

are significantly improved (Figs. S9a, b and S10a, b). The positive and
negative electrostrain of T-3.5BHT can reach nearly ~ 0.2% and~-0.19%
under 30 kV/cm, respectively, while that of R-4BHT are only ~ 0.15%
and--0.07%, indicating high piezoelectric activity of T-3.5BHT
(Fig. S10b). Hence, from Fig. 3a, it can be seen that on the basis of
existing phase boundary, the d3; of T-3.5BHT has been further
improved from - 450 + 30 pC/N to an ultra-high value of - 680 + 35 pC/
N. Meanwhile, the planar mechanical coupling factor (k) was also
successfully increased from ~ 40.0% to -72.5% (Fig. 3b, c), well in line
with our original intention. More importantly, the improvement of
piezoelectric performance did not sacrifice the T. of T-3.5BHT
(-260 °C), allowing its d33 to remain above -600 pC/N before 200 °C,
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which is beneficial for practical applications (Fig. S11). The phase angle
usually reflects the polarization state of piezoceramics. After texturing,
the phase angle has been significantly increased, with up to 80 in the
components of T-xBHT ceramics with x <5, indicating a highly satu-
rated polarization state (Fig. S12). This is because the crystal orienta-
tion makes the arrangement of polarity vectors more effective under
the applied electric field, thereby improving both d3; and kp
simultaneously”. However, in the higher entropy components (i.e.,
Xx>5), due to the increase in crystal symmetry and relaxor character-
istics, saturated polarization cannot be achieved in either the texture
or random ceramics. By comparing ds3, kp, and T, it can be seen that
the comprehensive performance of the prepared T-3.5BHT ceramic is
highly competitive in both lead-free piezoelectric ceramics and com-
mercial lead-based ceramics (Fig. 3d)*"*?**"32, More importantly, due
to the elastoelectric composite effect and the discrepancy in electrical
properties between the NN templates and KNN matrix®, it can be
found that the piezoelectricity of the T-xBHT ceramics are effectively
increased without increasing its dielectric constant (Fig. S3), which is
favorable for the high piezoelectric voltage coefficient g3; (a key factor
for piezoelectric receiving transducers) and the high piezoelectric
activity quality factors (ds;3xgs;, FOMs for piezoelectric energy
harvesters)®.

For better elucidate the deeper factors of piezoelectric property
enhancement, including d3; and kp, we further tested the P-£ loops and
unipolar S-£ curves under different electric fields, as well the in situ bias
voltage dielectric curves. Figure S10c, d display the unipolar S-E curves
under different electric fields and corresponding piezoelectric strain
coefficient d;, (S/E). Compared with the R-4BHT ceramics, the
T-3.5BHT ceramics obtained a maximum value of d3, in advance under
a lower electric field (i.e., 914 pm/V at 10 kV/cm), which further indi-
cates that the crystal orientation effectively promotes the alignment of
polarity vectors, resulting in large lattice distortion under the low
electric field. Furthermore, although the ¢, of textured ceramics is low,
there is a significant hysteresis for the in situ bias voltage dielectric
curves, especially in the positive electric field part (Fig. S10f), indicat-
ing that the electric field-induced phase/domain structure evolution in
textured ceramics is more pronounced compared to their random
counterparts, and thus intrinsic/extrinsic contribution of domain
switching and phase transition under the action of the electric field is
the key point of the high piezoelectric activity for the textured cera-
mics. Generally, Rayleigh analysis method is highly effective for ana-
lyzing the intrinsic or extrinsic contributions of piezoelectric and
dielectric properties, which is obtained by calculations based on the
P-E loops of different electric fields below the coercive field
(Fig. S13)°*. The calculation results revealed that the construction of
NPB greatly enhances the intrinsic contribution (lattice distortion) of
the dielectric response for the xBHT ceramics, while the crystal
orientation effectively increases its non-intrinsic contribution
(Fig. S10e). Therefore, it is precisely due to the synergistic optimization
effect between the free energy flattening brought by phase boundary
construction and high-density domain walls generated by crystal
orientation that the mesentropic T-3.5BHT achieves prominent pie-
zoelectric comprehensive performance (ds;-680+35 pC/N,
kp -~ 72.5%), and thus has potential for electromechanical applications.

Decipher of electric field-induced multiscale local structure
evolution

The piezoelectricity is closely related to the electric field-induced local
structural phase transition. Figure 4a shows the detailed evolution of
XRD patterns of T-3.5BHT when applying electric field. With the increase
of the external electric field, the T-3.5BHT ceramics produces a large
distortion, and the intensity of its (200) peak is rapidly exceeded by the
(002) peak or even disappears, and tends to stabilize after 500V
(thickness ~0.3 mm), indicating a sequential phase transition process
from T phase to O phase, and then to R phase. Thus, the construction of

NPB promotes the flattening of free energy and provides a convenient
platform for the electric field-induced phase transition between R-O-T.
Moreover, when the electric field is removed, its distortion only
rebounds slightly. Compared to R-4BHT (Fig. S14), the phase transition
of T-3.5BHT is more agile and complete with respect to the electric field,
which is well consistent to its high saturated poling state. Although the
significant macroscopic T-O-R sequential phase transition induced by
electric field did not improve the intrinsic contribution of dielectric
response in T-3.5BHT ceramics (Fig. S10 e), it is crucial in the intrinsic
contribution of piezoelectric response. Besides the macroscopic fer-
roelectric phase, there are abundant ferroelectric domains related to
the phase structure in the microscopic size of piezoelectric materials®**.
Apparently, with the increase of entropy, the large-sized block ferro-
electric macrodomains associated with the orthorhombic phase of the
OBHT are initially destroyed into smaller sized watermark or stripe
macrodomains. Eventually, a large number of weakly polarity polar
nanoregions (PNRs) appear in the components close to the high-
entropy region (i.e.,, x=7, Fig. S15a-f). Hence, the domain switching
becomes more pronounced under the applied -10 V tip bias at x> 2 due
to the lower domain wall energy (Fig. S15d;-f}), which corresponds to
the E.. It is precisely because a large number of smaller sized stripe
macrodomains undergo irreversible switching under the applied elec-
tric field that the components at NPB achieve excellent piezoelectricity.
However, although PNRs facilitates the domain switching, the presence
of a large number of weakly polarity PNRs enhances the relaxor feature
and deteriorates the polarizability, worsening the piezoelectricity
instead (i.e., x=7, Fig. Sl5c, f)*%7

Notably, further comparison reveals that the textured T-3.5BHT
has thinner striped domains with higher domain wall density than
R-4BHT (Fig. S15b, e). To reveal the microstructure of the domains,
representative SEM images of acid-etched domain patterns and TEM
images are shown in Fig. 4b, ¢, S16 and S17. Intuitively, high density of
thin stripe macrodomains do exist in the large grains of the T-3.5BHT
ceramics (Fig. 4b,, ¢;, S16¢;-c3 and S17a), whereas larger sized poly-
morphic macrodomains (including watermark and hierarchical
domains) are exhibited in the small grains of the R-4BHT ceramics
(Fig. S16a;-as). Thus, under the auspices of high domain wall density,
high crystal orientation, as well as less grain boundary hindrance, the
polarized growth of domains becomes more significant and the phase
of the domain for the poled T-3.5BHT is more unified, indicating a
more saturated polarization state (Fig. 4b,, ¢,, S16d;-d3, S17b and
S18d). Note here that we also observe evidence of a transformation
from the O/T-phase polarization vectors to R phase in the poled
T-3.5BHT at the atomic level. This is because there is a microregion
structure dominated by R-phase polarization vectors in the poled
T-3.5BHT, with only trace amounts of O/T-phase polarization vectors
are embedded in the R-phase matrix (Fig. 4d;, d,), which contrasts with
the initial one that have a higher proportion of T-phase polarization
vectors (Fig. 2e), thus further validating the electric-field-induced
phase transition behavior of T-3.5BHT. To deeply track the growth of
domains, interdigital electrodes were designed on the surface of the
T-3.5BHT for in situ electric field PFM testing (Fig. 4e). On the one
hand, it can be seen that the domains respond as sensitively as XRD at
lower electric fields (Fig. 4a), e.g., the phase of the domains in T-3.5BHT
is significantly pulled to O degrees (in the same direction as the electric
field) before the applied electric field reaches E. (Fig. 4f and S19). The
difference is that the phase of the domains is almost saturated by
12 kV/cm, while the distortion of XRD diffraction peaks is delayed after
12kV/cm, which is similar to previous experimental results’. The
incomplete consistency between electric field induced irreversible
domain switching and lattice distortion precisely corresponds to the
two contributions of dielectric/piezoelectric responses (i.e., ex/intrin-
sic contributions)’?. Thus, the much smaller domain-switching elec-
tric field of the T-3.5BHT than that of R-4BHT intuitively reveals that the
large number of macroscopic domains irreversibly switched facilitated
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Fig. 5 | Phase-field simulations. Grain structures of random ceramics (a) and
textured ceramics (b) with the same grain size, respectively. The domain structures
for (c) pure KNN ceramics with single O phase, and (d) random ceramics and (e)

texture ceramics with R-O-T three phase coexistence. The projection of polar-
ization on the vertical (100) plan for (f) random ceramics and (g) textured ceramics
with R-O-T three phase coexistence before and after appling eletric field (e).

by the high domain wall density, high crystal orientation, as well as less
grain boundary hindrance effectively enhances the non-intrinsic con-
tributions, thus greatly improving the saturated poling and piezo-
electric response of the T-3.5BHT.

In order to enrich the relevant theories, we further elucidate the
piezoelectric response through phase-field simulation. Several effects
were considered in our model. Firstly, a ferroelectric polycrystal
structure (KNN system) was generated, resulting in textured or ran-
dom orientations at different grains. Figure 5a, b show the grain
structures of random ceramics and texture ceramics with the same
grain size but different orientation distributions, respectively. Sec-
ondly, considering the influence of multi-element doping on domain
morphology involved in entropy modulation, a defect-related random
electric field is also introduced***. In agreement with the experimental
results, initially there are abundant large-sized domains of O phase
(12 states) in pure KNN ceramics, and then are decomposed into high

density small-sized macroscopic domains with R, O, and T phases (8 R,
6T, and 12 O states) coexist in both random ceramics and texture
ceramics, which greatly increases the possible states of the sponta-
neous polarization (Ps) (Fig. 5c-e)™. In this case, the energy barrier of
polarization rotation could be significantly reduced, benefiting the
macrodomain switching and piezoelectric response. After the domain
structure evolution is stable, an electric field up to 30 kV/cm was
applied to investigate the polarization response along the Z direction
(Fig. 5f, g). Due to the different ferroelectric anisotropy of different
grains in random ceramics, the polarization direction exhibits strong
non-uniformity. Therefore, after the electric field applied, there are still
some domain structures that have not been completely switched.
While the textured ceramics exhibit a more saturated polarization
state than the random one. Hence, the simulation results further reveal
that the multiscale reconfiguration based on phase boundary and
crystal orientation plays a crucial role in electric field-induced domain
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Fig. 6 | Applications for energy conversion. a Preparation process for the PCD
piezoelectric energy harvester, including tape casting, slicing, sintering and sil-
vering. b Simulation results of the stress/strain distribution of the PCD piezoelectric
energy harvester (PCD PEH). The output power under different frequencies and
different load resistances for the (c) T-3.5BHT and d PZT-5H ceramics. e The output
voltage under different frequencies and different load resistances for the T-3.5BHT

ceramics. f The output power with a load resistance of 42 kQ measured 10 times.
g The output power comparison of the T-3.5BHT PCD PEH with other lead-free/
lead-based piezoelectric harvesters. h The real-time lighting photo of LEDs driven
by the T-3.5BHT PCD PEH. i Pulse-echo waveform and frequency spectra of the
T-3.5BHT ceramic transducer. j Structure schematic of transducer.

response and piezoelectric performance. Overall, the electric field-
induced efficient sequential phase transition brings about an
improvement in the intrinsic contribution to the piezoelectric
response, whereas the electric field-induced efficient polarization
switching of high-density domain walls leads to an increase in non-
intrinsic contribution to the dielectric/piezoelectric response.

Energy conversion of the T-3.5BHT ceramics

To demonstrate the application feasibility of the designed high-
performance mesentropic T-3.5BHT ceramics, piezoelectric energy
harvesting and ultrasonic transducers are used as examples for
electro-mechanical conversion. For piezoelectric energy harvesters
(PEH), the generating output power (P,,) is directly proportional to
d3,/er, which is defined as the figure of merit (FOM)*. From the above
clarifying, the &, of the xBHT ceramics do not increase after texturing,
while the d33 has been significantly improved (especially for T-3.5BHT),
which greatly benefits P,,.. The well-sintered large-sized xBHT circular
ceramics were manufactured into a piezoelectric circular diaphragm

(PCD) energy harvester to generate electricity, and the corresponding
partial preparation process and schematic diagram are shown in
Fig. 6a and S20a, b. From the cross-sectional SEM images, it can be
seen that except for the silver electrodes on both sides, the thickness
of the T-3.5BHT in the prepared energy harvester is ~0.22 mm
(Fig. S20c). The simulation results of stress/strain distribution during
the vibration process of the PCD energy harvester reflect the presence
of high stress/strain in the central region of the sample, which is
responsible for the main energy output (Fig. 6b). The V, and Pq, of
the T-3.5BHT PEH under different frequencies/load resistances are
shown in Fig. 6c, e. It can be seen that under the optimal load resis-
tance and frequency conditions, the T-3.5BHT PEH can produce the
maximum instantaneous Vy, and Py, of ~13.37V and ~4.00 mW,
respectively, with good repeatability (Fig. 6f). More importantly, the
calculated high power density Pp-57.90 pW/mm® represents an
advanced level in lead-free KNN based ceramics and even better than
the commercial PZT-5H/PZT-5B and most other lead-free ones’'5%7#-53,
As a result, more than 100 light-emitting diodes (LEDs) can be easily lit
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with its excellent electro-mechanical conversion performance, and the
switches of these LEDs can also be sensitively controlled by vibration
conversation (Supplementary Movie 1). As for the application of
ultrasonic transducers, the T-3.5BHT with both high coupling factor
and piezoelectric coefficient is favorable for the wide bandwidth and
high sensitivity. Similarly, the well-sintered large-sized xBHT square
ceramics were manufactured into an ultrasonic transducers, and the
corresponding preparation process and schematic diagram are shown
in Fig. 6j and S21a, b. Like other lead-free piezoelectric materials*, due
to the difficulty of fabricating large enough uniform dense T-3.5BHT
ceramics, the piezoelectric properties are greatly discounted (e.g., d33:
500-580 pC/N, kp: 0.5-0.55). Even so, the T-3.5BHT-based transducer
achieves a broad -6 dB bandwidth (=55.6%) and low insertion loss
(IL=-37.0 dB) with a center frequency of 2.15 MHz (f,), which is com-
parable to that reported for lead-based single element phased array
ultrasonic transducers (Fig. 6i)>. Thus, the designed high-performance
mesentropic T-3.5BHT ceramics shows great potential for application
in the field of electro-mechanical conversion.

In summary, giant piezoelectric properties with d33 ~ 680 + 35 pC/N
and k;, - 72.5% as well as high T - 260 °C were obtained in the developed
mesentropic T-3.5BHT ceramics. Benefiting from the formation of NPB
and coarse grains with <0O0![> ¢ orientation, atomic-scale polymorphic
distortion and micrometer-scale high-density thin striped domains were
discovered. A further comprehensive analysis of electric field depen-
dent multiscale structure reveals that such microstructures dramati-
cally reduce the free energy and efficiently promote the irreversible
transformation of the multiscale polarization configurations, resulting
in a high saturated poling. As a consequence, the T-3.5BHT ceramic
shows prominent device ratings, e.g., ultrahigh energy harvesting per-
formance as well as excellent transducer performance. This work
addresses the difficulty of saturated poling of NPB-type KNN-based
ceramics and facilitates the development of lead-free piezoceramic
materials in energy conversion applications. Furthermore, the multi-
scale structural measurements carried out in this study also provide a
feasible route for analyzing complex phase boundaries in other similar
materials.

Methods
The specific experimental details are provided in supporting
information.

Data availability

All data supporting this study and its findings are available within the
article and its Supplementary Information. Any data deemed relevant
are available from the corresponding author upon request. Source
data are provided with this paper.

References

1.  Geng, H.F. et al. Giant electric field-induced strain in lead-free
piezoceramics. Science 378, 1125-1130 (2022).

2. Zhang, M. H. et al. Deciphering the phase transition-induced ultra-
high piezoresponse in (K, Na)NbO3-based piezoceramics. Nat.
Commun. 13, 3434 (2022).

3. Li,J.L.etal. Lead zirconate titanate ceramics with aligned crystallite
grains. Science 380, 87-93 (2023).

4. Qiu, C. R. et al. Transparent ferroelectric crystals with ultrahigh
piezoelectricity. Nature 577, 350-354 (2020).

5. Liu, X. et al. Ferroelectric crystals with giant e-optic property
enabling ultracompact Q-switches. Science 376,

0036-8075 (2022).

6. Waqar, M., Wu, H., Chen, J., Yao, K. & Wang, J. Evolution from lead-
based to lead-free piezoelectrics: engineering of lattices, domains,
boundaries, and defects leading to giant response. Adv. Mater. 34,
0935-9648 (2021).

10.

1.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

Thong, H. C. et al. Technology transfer of lead-free (K, Na)NbO;-
based piezoelectric ceramics. Mater. Today 29, 37-48 (2019).

Lv, X., Zhu, J. G., Xiao, D. Q., Zhang, X. X. & Wu, J. G. Emerging new
phase boundary in potassium sodium-niobate based ceramics.
Chem. Soc. Rev. 49, 671-707 (2020).

Lin, J. F. et al. Field-induced multiscale polarization configuration
transitions of mesentropic lead-free piezoceramics achieving giant
energy harvesting performance. Adv. Funct. Mater. 33,

2303965 (2023).

Jaffe, B., Roth, R. S. & Marzullo, S. Piezoelectric properties of lead
zirconate-lead titanate solid-solution ceramics. J. Appl. Phys. 25,
809 (1954).

Liu, W. F. & Ren, X. B. Large piezoelectric effect in pb-free ceramics.
Phys. Rev. Lett. 103, 257602 (2009).

Wu, H. J., Zhang, Y., Wu, J. G., Wang, J. & Pennycook, S. J.
Microstructural origins of high piezoelectric performance: a
pathway to practical lead-free materials. Adv. Funct. Mater. 29,
1902911 (2019).

Egerton, L. & Dillon, D. M. Piezoelectric and dielectric properties of
ceramics in the system potassium-sodium niobate. J. Am. Ceram.
Soc. 42, 438-442 (1959).

Tao, H. et al. Ultrahigh performance in lead-free piezoceramics
utilizing a relaxor slush polar state with multiphase coexistence. J.
Am. Chem. Soc. 141, 0002-7863 (2019).

Yang, B. B. et al. High-entropy enhanced capacitive energy storage.
Nat. Mater. 21, 1074 (2022).

Chen, L. et al. Giant energy-storage density with ultrahigh efficiency
in lead-free relaxors via high-entropy design. Nat. Commun. 13,
3089 (2022).

Saito, Y. et al. Lead-free piezoceramics. Nature 432, 84 (2004).
Lin, J. F. et al. Ultrahigh energy harvesting properties in
temperature-insensitive eco-friendly high-performance KNN-based
textured ceramics. J. Mater. Chem. A 10, 7978 (2022).

Wang, X. P. et al. Giant piezoelectricity in potassium-sodium nio-
bate lead-free ceramics. J. Am. Chem. Soc. 136, 2905-2910
(2014).

Wu, B. et al. Superior electrostrictive effect in relaxor potassium
sodium niobate based ferroelectrics. ACS Appl. Mater. Interfaces 12,
25050-25057 (2020).

Li, P. et al. High-performance potassium-sodium niobate lead-free
piezoelectric ceramics based on polymorphic phase boundary and
crystallographic texture. Acta Mater. 165, 486-495 (2019).

Yan, Y. K. et al. Near-ideal electromechanical coupling in textured
piezoelectric ceramics. Nat. Commun. 13, 1-9 (2022).

Li, P. et al. Ultrahigh piezoelectric properties in textured (K,Na)
NbO3-based lead-free ceramics. Adv. Mater. 30, 1705171 (2018).
Li, J. F., Wang, K., Zhu, F. Y., Cheng, L. Q. & Yao, F. Z. (K, Na)NbOs-
based lead-free piezoceramics: fundamental aspects, processing
technologies, and remaining challenges. J. Am. Ceram. Soc. 96,
3677-3696 (2013).

. Lv, X., Wu, J. G. & Zhang, X. X. Tuning the covalency of A-O

bonds to improve the performance of KNN-based ceramics
with multiphase coexistence. ACS Appl. Mater. Interfaces 12,
49795-49804 (2020).

Zhang, N. et al. Symmetry of the underlying lattice in (K, Na)
NbOs-based relaxor ferroelectrics with large electro-
mechanical response. ACS Appl. Mater. Interfaces 13,
7461-7469 (2021).

Huan, Y. et al. Optimizing energy harvesting performance by tai-
loring ferroelectric/relaxor behavior in KNN-based piezoceramics.
J. Adv. Ceram. 11, 935-944 (2022).

Lin, J. F. et al. Tailoring micro-structure of eco-friendly temperature-
insensitive transparent ceramics achieving superior piezo-
electricity. Acta Mater. 235, 118061 (2022).

Nature Communications | (2024)15:2560



Article

https://doi.org/10.1038/s41467-024-46894-5

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Li, P. et al. High piezoelectricity and stable output in BaHfO3 and
(Bio_5Nao_5)ZrO3 modified (Ko_sNao_s)(Nb0_968b0_04)03 textured
ceramics. Acta Mater. 199, 1359-6454 (2020).

Li, P. et al. Mechanism of significantly enhanced piezoelectric
performance and stability in textured potassium-sodium nio-
bate piezoelectric ceramics. J. Eur. Ceram. Soc. 38,

75-83 (2018).

Go, S. H. et al. [001]-Texturing of (K, Na)NbO3 -based piezoceramics
with a pseudocubic structure and their application to piezoelectric
devices. J. Materiomics 2352-8478 https://doi.org/10.1016/j.jmat.
2023.08.014 (2023).

Zhang, M. H. et al. High and temperature-insensitive piezoelectric
strain in alkali niobate lead-free perovskite. J. Am. Chem. Soc. 139,
3889-3895 (2017).

Bian, L. et al. High-performance [001]c-textured PNN-PZT relaxor
ferroelectric ceramics for electromechanical coupling devices.
Adv. Funct. Mater. 30, 2001846 (2020).

Lv, X., Zhang, X. X. & Wu, J. G. Nano-domains in lead-free piezo-
ceramics: a review. J. Mater. Chem. A 8, 10026 (2020).

Xie, A. W. et al. Supercritical relaxor nanograined ferroelectrics for
ultrahigh energy-storage capacitors. Adv. Mater. 34,

2204356 (2022).

Yan, F. et al. Ultrahigh energy storage density and efficiency of lead-
free dielectrics with sandwich structure. Small 20,

2306803 (2023).

Qian, J. et al. Topological vortex domain engineering for high
dielectric energy storage performance. Adv. Energy Mater. 14,
2303409 (2024).

Gao, R., Shi, X., Wang, J., Zhang, G. & Huang, H. Designed giant
room-temperature electrocaloric effects in metal-free organic
perovskite [MDABCO](NH,)l5 by phase-field simulations. Ad\v.
Funct. Mater. 31, 2104393 (2021).

Pohlmann, H., Wang, J. J., Wang, B. & Chen, L. Q. A thermodynamic
potential and the temperature-composition phase diagram for
single-crystalline Ki.,Na,NbO3 (O =< x < 0.5). Appl. Phys. Lett. 110,
102906 (2017).

Yu, X., Hou, Y. D., Zheng, M. P. & Zhu, M. K. High and thermally
stable piezoelectricity in relaxor-based ferroelectrics for
mechanical energy harvesting. J. Mater. Chem. A 9,

26741 (2021).

Ye, G. Y. et al. Microstructures, piezoelectric properties and energy
harvesting performance of undoped (Kg sNag 5)NbO3 lead-free
ceramics fabricated via two-step sintering. J. Eur. Ceram. Soc. 40,
2977 (2020).

Oh, Y. K. W. et al. Dielectric and piezoelectric properties of CeO,-
added nonstoichiometric (Nag 5Ko.5)0.97(Nbo 965b0.04)O3 ceramics
for piezoelectric energy harvesting device applications. IEEE Trans.
Sonics Ultrason. 58, 1860 (2011).

Zheng, M. P., Hou, Y. D., Yan, X. D., Zhang, L. N. & Zhu, M. K. A highly
dense structure boosts energy harvesting and cycling reliabilities of
a aigh-performance lead-free energy harvester. J. Mater. Chem. C.
5, 7862 (2017).

Yue, Y. et al. High power density in a piezoelectric energy har-
vesting ceramic by optimizing the sintering temperature of nano-
crystalline powders. J. Eur. Ceram. Soc. 37, 4625 (2017).

Yang, Z. & Zu, J. Comparison of PZN-PT, PMN-PT single crystals and
PZT ceramic for vibration energy harvesting. Energy Convers.
Manag. 122, 321 (2016).

Wu, J., Shi, H., Zhao, T., Yu, Y. & Dong, S. High-temperature BiScOz-
PbTiO3 piezoelectric vibration energy harvester. Adv. Funct. Mater.
26, 7186 (2016).

Yan, X. D., Zheng, M. P., Hou, Y. D. & Zhu, M. K. Composition-driven
phase boundary and its energy harvesting performance of BCZT
lead-free piezoelectric ceramic. J. Eur. Ceram. Soc. 37, 2583 (2017).

48. Liu, Y. C. et al. Significantly enhanced energy-harvesting perfor-
mance and superior fatigue-resistant behavior in [001]c-textured
BaTiOs-based lead-free piezoceramics. ACS Appl. Mater. Interfaces
10, 31488 (2018).

49. Zhou, Z. et al. Lead-free high-current output piezoelectric nano-
generators using three-dimensional interdigitated electrodes.
Chem. Eng. J. 442, 136241 (2022).

50. Yan, X., Zheng, M., Sun, S., Zhu, M. & Hou, Y. Boosting energy
harvesting performance in (Ba,Ca)(Ti,Zr)O3 lead-free perovskites
through artificial Control of Intermediate grain Size. Dalton Trans.
47, 9257 (2018).

51. Yan, X. D. et al. Ultrahigh energy harvesting performance in lead-
free piezocomposites with intragranular structure. Acta Mater. 222,
117450 (2022).

52. Sun, Y. et al. Ultrahigh energy harvesting properties in textured lead-
free piezoelectric composites. J. Mater. Chem. A 7, 3603 (2019).

53. Shi, C. et al. Design and manufacture of lead-free eco-friendly
cement-based piezoelectric composites achieving superior piezo-
electric properties for concrete structure applications. Compos.
Part B-Eng. 259, 110750 (2023).

54. Ma, X. W. et al. Lead-free ultrasonic phased array transducer
for human heart ifmaging. IEEE Ultrason. Ferr. 69,

751-760 (2022).

55. Han, S. P. et al. High piezoelectricity performance in PSBZT ceramic

for ultrasonic transducer. J Adv. Dielectr. 13, 2350012 (2023).

Acknowledgements

This work was supported by the National Natural Science Foundation of
China under Grant Nos. 52032007, 52172128 and 51772211, as well as the
National Key R&D Program of China (2021YFB3201100).

Author contributions

J.W.Z. and H.J.W. supervised this work. J.F.L. conceived the original idea
and designed all aspects of the experiments. G.L.G. and G.H.L. per-
formed the ex/in situ XRD experiments. J.Q., G.L.G. and S.M.W. per-
formed the ex/in situ PFM characterizations. J.F.L. and J.L.Z. performed
the acid-etched domain experiments. H.J.W. and Y.X.Y. performed the
TEM and STEM experiment and quantitative analysis. X.M.S. performed
phase-field simulations. Y.C.L. performed ultrasonic transducers
experiments. J.F.L.,, XW., HJ.W. and J.W.Z. revised the manuscript. All
authors discussed the results. Additionally, we would like to thank Mrs.
Yang Zhang from Instrument Analysis Center of Xi‘an Jiaotong University
for the assistance with electron microscopy characterization.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-46894-5.

Correspondence and requests for materials should be addressed to
Jiwei Zhai, Xiaoming Shi or Haijun Wu.

Peer review information Nature Communications thanks Zijian Hong,
Fangping Zhuo and the other anonymous reviewer(s) for their con-
tribution to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2024)15:2560

10


https://doi.org/10.1016/j.jmat.2023.08.014
https://doi.org/10.1016/j.jmat.2023.08.014
https://doi.org/10.1038/s41467-024-46894-5
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41467-024-46894-5

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:2560


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Multiscale reconfiguration induced highly saturated poling in lead-free piezoceramics for giant energy conversion
	Results
	Multiscale reconfiguration
	Structure-dependent ferro/piezoelectric properties
	Decipher of electric field-induced multiscale local structure evolution
	Energy conversion of the T-3.5BHT ceramics

	Methods
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




