
Feasible Way to Achieve Multifunctional (K, Na)NbO3-Based
Ceramics: Controlling Long-Range Ferroelectric Ordering

Item Type Article

Authors Zhang, Nan; Lv, Xiang; Zhang, Xixiang; Cui, Anyang; Hu, Zhigao;
Wu, Jiagang

Citation Zhang, N., Lv, X., Zhang, X., Cui, A., Hu, Z., & Wu, J. (2021).
Feasible Way to Achieve Multifunctional (K, Na)NbO3-Based
Ceramics: Controlling Long-Range Ferroelectric Ordering. ACS
Applied Materials & Interfaces. doi:10.1021/acsami.1c19383

Eprint version Post-print

DOI 10.1021/acsami.1c19383

Publisher American Chemical Society (ACS)

Journal ACS Applied Materials & Interfaces

Rights This document is the Accepted Manuscript version of a Published
Work that appeared in final form in ACS Applied Materials &
Interfaces, copyright © American Chemical Society after peer
review and technical editing by the publisher. To access the final
edited and published work see https://pubs.acs.org/doi/10.1021/
acsami.1c19383.

Download date 23/05/2023 20:28:02

Link to Item http://hdl.handle.net/10754/674049

http://dx.doi.org/10.1021/acsami.1c19383
http://hdl.handle.net/10754/674049


Feasible Way to Achieve Multifunctional (K, Na)NbO3‑Based
Ceramics: Controlling Long-Range Ferroelectric Ordering
Nan Zhang, Xiang Lv,* Xi-xiang Zhang, Anyang Cui, Zhigao Hu, and Jiagang Wu*

Cite This: https://doi.org/10.1021/acsami.1c19383 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: It is challenging to achieve highly tunable multi-
functional properties in one piezoelectric ceramic system through a
simple method due to the complicated relationship between the
microscopic structure and macroscopic property. Here, multifunc-
tional potassium sodium niobate [(K, Na)NbO3 (KNN)]-based
lead-free piezoceramics with tunable piezoelectric and electro-
strictive properties are achieved by controlling the long-range
ferroelectric ordering (LRFO) through antimony (Sb) doping. At
a low Sb doping, the slightly distorted NbO6 octahedron and the
softened B−O repulsion well maintain the LRFO and induce
plenty of nanoscale domains coexisting with a few polar
nanoregions (PNRs). Thereby, the diffused rhombohedral−
orthorhombic−tetragonal (R−O−T) multiphase coexistence with distinct dielectric jumping is constructed near room temperature,
by which the nearly 2-fold increase in the piezoelectric coefficient (d33 ∼ 539 pC/N) and the temperature-insensitive strain (the
unipolar strain varies less than 8% at 27−120 °C) are obtained. At a high Sb doping, the LRFO is significantly destroyed, leading to
predominant PNRs. Thus, a typical relaxor is obtained at the ferroelectric−paraelectric phase transition near room temperature, in
which a large electrostrictive coefficient (Q33 = 0.035 m4/C2), independent of the electric field and temperature, is obtained and
comparable to that of lead-based materials. Therefore, our results prove that controlling the LRFO is a feasible way to achieve high-
performance multifunctional KNN-based ceramics and is beneficial to the future composition design for KNN-based ceramics.

KEYWORDS: multifunctional lead-free piezoceramics, long-range ferroelectric ordering, piezoelectricity, electrostrictive effect,
temperature stability

1. INTRODUCTION

With increasing environmental concerns, developing lead-free
piezoelectric materials with comparable performance to that of
lead-based ones has attracted worldwide attention.1 Various
lead-free ferroelectric materials with unique properties, for
example, flexoelectric effect, piezoelectric effect, electrostrictive
effect, and so forth, have been investigated for multifarious
practical applications.2 Nevertheless, achieving two or more
splendid properties in one material system remains challenging
due to the complex relationship between the property and
structure, which has seldom been reported before. Therefore,
since KNN-based ceramic is one of the most promising lead-
free materials because of its excellent overall performance,
achieving multifunctional KNN-based ceramics with an easy
transformation between different functions via a simple
approach shows enormous potential for multifunctional
practical applications.3

As reported, the well-maintained long-range ferroelectric
ordering (LRFO) coexisting with a multiphase coexistence and
an appropriate local structural heterogeneity [e.g., polar
nanoregions, (PNRs)] can induce ultrahigh piezoelectricity,
while dominant PNRs guarantee a pure electrostrictive effect

that is promising for the precise displacement control.4−6

Hence, we speculate that controlling the LRFO most likely
achieves tunable multifunctional properties (e.g., piezoelec-
tricity and electrostrictive effect) in one piezoceramic system.
Thus, how can the abovementioned two situations be achieved
in one KNN-based ceramic system by controlling the LRFO?
Encouragingly, antimony (Sb) was reported to affect the NbO6
octahedron over a wide range of doping contents, resulting in
the shift of the temperature points (i.e., the rhombohedral−
orthorhombic (R−O), orthorhombic−tetragonal (O−T), and
tetragonal−cubic (T−C) phase transitions, namely, TR−O,
TO−T, and TC, respectively) and the diffused ferroelectric−
ferroelectric phase (FFP) transition (e.g., diffused R−O phase
transition).7,8 Therefore, doping Sb should be a promising way
to precisely control the LRFO of KNN-based ceramics.
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However, doping Sb solely cannot decrease the TO−T of
pristine KNN ceramics to room temperature, leading to a
limited increase in piezoelectricity.7,8

Based on the above analysis, we chose 0.96(K0.48Na0.52)-
NbO3-0.04(Bi0.5Ag0.5)ZrO3 (KNN-BAZ) as the ceramic matrix
due to its slightly higher TO−T than room temperature and the
aliovalent substitutions and further controlled the LFRO by
elaborately introducing Sb for achieving multifunctional
properties in KNN-based ceramics.9,10 First, doping Sb at
low content would slightly destroy the LRFO and simulta-
neously shift TR−O and TO−T toward room temperature,
leading to a diffused multiphase coexistence possessing
dominant nanodomains, where the piezoelectric property
could be enhanced due to the reduced energy barrier of
polarization rotation among different ferroelectric phases and
easy switching of nanodomains under an external stimulus
(Figure 1a).1,8 Meanwhile, a distinct dielectric jumping near
room temperature will be observed, which could be considered
as the cornerstone for enhancing piezoelectricity according to
the relationship of d33 = 2Q × ε0 × εr × Pr (where Q, ε0, εr, and
Pr are the electrostrictive coefficient, the permittivity of
vacuum, relative dielectric permittivity, and remanent polar-
ization, respectively).5,11 Furthermore, the first-principles
calculations show that the substitution of Sb5+ for Nb5+

would enhance the covalency of B−O bonds and directly
affect the ferroelectricity of KNN ceramics due to the higher
electronegativity of Sb5+ (2.05) than that of Nb5+ (1.59), which
has been experimentally evidenced by the enhanced ferro-
electric and piezoelectric properties in KNN ceramics with a
low content of Sb.12−14 Second, doping Sb at high content
would further destroy the LRFO and lead to the appearance of
a typical dielectric relaxation behavior at the temperature of the
maximum permittivity (Tm).

15 Encouragingly, it was reported
that such a dielectric relaxation with dominant PNRs is likely
to endow KNN-based ceramics with a pure electrostrictive
effect, showing disappeared negative strain and low hysteresis
(Figure 1b), which is promising for the applications of precise
control.16−18

In this work, the experimental results validate the practicable
strategy for achieving tunable multifunctional KNN-based
ceramics through regulating the LRFO. On the one hand,
doping Sb at low content distorts the NbO6 octahedron and
well maintains the LRFO, resulting in the diffused multiphase

coexistence containing nanoscale domains and a few PNRs.
Thereby, an almost 2-fold increase in piezoelectricity (d33 ∼
539 pC/N) and good temperature stability (unipolar strain
varies less than 8% at 27−120 °C) are observed at x = 0.05. On
the other hand, doping Sb at high content heavily destroys the
LRFO, vanishes nanoscale domains, and makes the PNRs
dominant, thus inducing an electrostrictive strain with
ignorable negative strain and a large electrostrictive coefficient
(Q33 = 0.035 m4/C2) nearly independent of the electric field
and temperature. Therefore, regulating the LRFO for achieving
multifunctional properties in one material provides an efficient
design direction for practical multifunctional applications.

2. EXPERIMENTAL PROCEDURE
0.96(K0.48Na0.52)(Nb1−xSbx)O3-0.04(Bi0.5Ag0.5)ZrO3-0.3mol%Fe2O3
(abbreviated as KNNSx-BAZ) ceramics were fabricated using the
conventional solid-state sintering method. The addition of 0.3mol%
Fe2O3 could decrease the sintering temperature and increase the
compactness of the ceramics, which has been widely used as a
sintering aid in KNN-based ceramics.19,20 Raw materials, including
K2CO3 (99%), Na2CO3 (99.8%), Nb2O5 (99.5%), Sb2O3 (99.99%),
Bi2O3 (99.999%), Ag2O (99.7%), ZrO2 (99%), and Fe2O3 (99%)
powders, were weighed according to the stoichiometric proportion
and then ball-milled with zirconia balls and alcohol in a nylon tank for
24 h. Thereafter, the homogeneous mixture was dried and calcined at
850 °C for 6 h. The calcined powders were pressed into a disc of 10
mm diameter and 1 mm thickness under 10 MPa using 8% polyvinyl
alcohol (PVA) as the binder. Then, the PVA was burned off at 850 °C
for 2 h, and then, the raw samples were sintered at 1050−1100 °C for
3 h. Subsequently, the silver paste was painted on both surfaces of the
as-sintered ceramics and burned at 600 °C for 10 min to form the
electrodes. Finally, to measure the electrical properties, the ceramics
with the electrodes were poled under a direct current electric field of
30 kV/cm for 20 min in the silicone oil bath at room temperature.

The crystal structure of the as-sintered ceramics was measured
using an X-ray diffraction (XRD) instrument (Bruker D8 Advance
XRD, BrukerAXS Inc., Madison, WI, Cu Kα). To perform the
Rietveld refinements, the as-sintered samples were manually ground
into powder using an agate mortar and then annealed at 600 °C for 2
h to eliminate the internal stress. A high-resolution XRD equipment
(X’ Pert Pro MPD, DY 120 PANalytical, Netherlands) was used to
collect the powder XRD patterns. After that, the material analysis
using diffraction (MAUD) software was used to implement the
Rietveld refinements.21 Raman spectra were measured by utilizing a
micro-Raman spectrometer (Jobin-Yvon LabRAM HR Evolution)
with a 532 nm laser for the excitation. For measuring the polarized

Figure 1. (a) Temperature-dependent permittivity in undoped and low-content Sb-doped KNN-BAZ ceramics, where the lower left is the
estimated domain configuration, while the lower right is the expected promoted piezoelectricity. (b) Temperature-dependent permittivity in
undoped and high-content Sb-doped KNN-BAZ ceramics, where the lower left is the estimated domain configuration, while the lower right is the
expected electrostrictive effect.
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scattering, the polarizers were placed in the path of the excitation and
detection to collect the cross-polarized (VH) and parallel-polarized
(VV) scattering geometries.22 To observe the surface morphology and
conduct the piezoresponse force microscopy (PFM) measurements,
the as-sintered ceramics were first polished with the diamond
polishing fluid. Then, the ferroelectric domains and the local
piezoresponse [i.e., using the switching spectroscopy PFM (SS-
PFM)] were measured via a commercial atomic force microscope
(MFP-3D, Asylum Research, Goleta, CA) equipped with a conductive
Pt−Ir-coated cantilever (Econo-SCM-PIT, Oxford Instruments, CA)
under the dual AC resonance tracking (DART) mode. The vertical-
piezoresponse force microscopy (V-PFM) images were measured
under an AC tip voltage of 2 V and a set point value of 0.3 V in an
area of 2 × 2 μm2. The local piezoresponse hysteresis loops were
obtained via the SS-PFM mode utilizing a high-voltage triangular
wave. A series of gradually raised DC pulses from a negative top
voltage (e.g., −30 V) to a positive top voltage (e.g., 30 V) with a
constant duration time of 25 ms were generated to cause domain
switching. Simultaneously, a fixed AC signal of 5 V was applied to
record the piezoresponse between the pulses. Finally, after thermally
etching the polished ceramics at 980 °C for 25 min, the surface
morphology and element distributions were collected via a field-
emission scanning electron microscopy (FE-SEM) instrument
(Merlin, Zeiss, Germany).
The quasistatic d33 meter (ZJ-3A, China) was used to measure

small-signal piezoelectric coefficient (d33) values of the poled
ceramics. The impedance (HP 4299A) was utilized to determine
the electromechanical coupling factor (kp) and phase angle (θ) values.
A broadband dielectric spectrometer (Novocontrol Concept 80,
Novocontrol, Germany) was used to measure the temperature-
dependent dielectric properties (including the real part of permittivity
ε′, the imaginary part of permittivity ε″, and the loss factor tan δ) in
the range −150 to ∼300 °C. A dielectric spectroscopy test system
(TZDM-RT-800, Harbin Julang Technology Co. Ltd., Harbin China)
was employed to collect the temperature-dependent relative dielectric
permittivity (εr) in the range 30 to ∼500 °C. An LCR analyzer (HP
4980, Agilent, U.S.A) was used to measure the room-temperature εr
and tan δ values. A ferroelectric workshop (aixACCT TF Analyzer
2000, Germany) equipped with a laser interferometer vibrometer
(SP−S120/500, SIOS Meßtechnik GmbH, Germany) was used to
detect the ferroelectric hysteresis (P−E) loops and bipolar and
unipolar electric−strain (S−E) curves with a frequency of 1 Hz.

3. RESULTS AND DISCUSSION
3.1. Phase Structure. As shown in Figure 2a, all

compositions present a pure perovskite structure without any

secondary phases. To reveal the change of the phase structure,
XRD patterns with 2θ = 31−32° and 45−46° are amplified and
shown in Figure 2b,c. The intensity ratio of (002)pc/(200)pc
peaks is around 1:1, implying that KNN-BAZ ceramics exhibit
an orthorhombic−tetragonal (O−T) coexistence phase at
room temperature.23,24 As x increases from 0 to 0.08, the

intensity of the (200)pc peak increases, while that of (002)pc
peak decreases, suggesting a more relevant T phase content.25

Moreover, the splitting peaks of (110)pc and (002)pc
diffractions gradually shift toward each other with increasing
x, indicating the increased average crystal symmetry. However,
both (001)pc and (200)pc diffractions are singlets at x = 0.10,
which was widely observed in KNN-based ceramics having a
high content of additives and was reported to be a pseudo-
cubic phase.8,26,27 Besides, the faster speed of the (002)pc peak
shifting to higher angles than that of the (200)pc peak shifting
to lower angles suggests the shrinkage of the lattice volume,
which could be attributed to the smaller ion radius of Sb5+

(0.60 Å) than that of Nb5+ (0.64 Å).17,28

Temperature-dependent dielectric properties (i.e., ε′ and ε″)
of unpoled and poled ceramics at different frequencies are
measured to further analyze the phase structure (Figures S1,
S2). TC and TO−T could be obtained from ε′−T curves (Figure
3a). TC reduces as the Sb content increases. It is noted that
only one dielectric anomaly peak is observed at x = 0.10, in
which an obvious relaxation behavior akin to that of
Pb(Mg1/3Nb2/3)O3 (PMN) is observed (Figure S1a8).29

However, it is hard to recognize TR−O through ε′−T curves
and TO−T is seriously diffused at x = 0.02−0.08 in ε′−T curves,
which are ascribed to the high-frequency dispersion (Figure
S1).7,8 Encouragingly, ε″−T curves show more expressive
TR−O and TO−T than ε′−T curves (Figure 3b).30 For unpoled
samples, only one dielectric anomaly peak is observed at x =
0−0.07 below TC, while the dielectric anomaly peak below TC
is seriously suppressed at x = 0.08 and absent at x = 0.10 (see
the colored solid lines in Figure 3b). Furthermore, the
dielectric anomaly peak of samples with x = 0.04−0.07 is
close to room temperature, while that of samples with x = 0−
0.02 is higher than room temperature. Thus, ε″−T curves of
unpoled samples are still unable to distinguish TR−O and TO−T
because of their diffuseness and/or overlap.30 Interestingly,
ε″−T curves of poled samples make TR−O and TO−T more
distinguishable (see the black dashed lines in Figure 3b),
indicating that the low-temperature dielectric anomaly peak is
strengthened after poling, which might be ascribed to the
reinforced R phase after poling and the domain reorientation
and the possible electric-induced phase transition.30−33 Note
that although TR−O is observed at x = 0−0.05, it gradually
becomes diffused with increasing x, which may be one of the
reasons why it can hardly be observed in unpoled samples.
Then, only one dielectric anomaly peak is still observed at x =
0.06−0.08 below TC, illustrating that TR−O and TO−T
completely converge into one (defined as TR−O&O−T).
Moreover, the dielectric anomaly peak below TC becomes
diffused at x = 0.06−0.08 and disappears at x = 0.10, indicating
the enhanced degree of dielectric dispersion. As a result, Sb
doping shifts the TR−O and TO−T of KNN-BAZ ceramics to
room temperature and leads to the converged and suppressed
TR−O&O−T at a certain degree of content. Besides, the
hybridization between the B-site cation and O is critical to
weaken the short-range repulsions and allow the ferroelectric
transitions.14,34 Therefore, due to the higher covalency fraction
of Sb−O bonds (61.69%) than that of Nb−O bonds (42.90%),
the substitution of Sb5+ for Nb5+ promotes the hybridization of
the B-site cation and O, directly influencing the ferroelectric
transitions and consequently simultaneously shifting TR−O and
TO−T.

13

Phase diagrams of unpoled and poled ceramics are depicted
in Figure 4a,b according to the results of Figures 3 and S3. TC

Figure 2. (a) XRD patterns with 2θ = 20−70° of the ceramics with x
= 0−0.10, measured at room temperature, and correspondingly
enlarged XRD patterns with (b) 2θ = 31−32° and (c) 2θ = 45−46°.
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changes much faster than TO−T and TR−O, illustrating that the
addition of Sb significantly affects the LRFO and also
confirming the feasibility of the design strategy aforemen-
tioned. To sum up, the room-temperature phase structure of
the unpoled ceramics could be regarded as an O−T
coexistence phase at x = 0−0.02, a diffused R−O−T
coexistence phase at x = 0.04−0.07, a suppressed R−O−T
coexistence phase at x = 0.08, and a pseudo-cubic phase at x =
0.10.
Rietveld refinement results of the powder samples further

confirm the aforementioned phase structure, as evidenced by
the reasonable goodness-of-fit indicator (Sig < 2), reliability
factor (Rw < 4.1%) values, and the small difference between the

observed and the calculated data (Figures 4c−f and S3 and
Table S1). Note that much better Sig and Rw values are
observed for x = 0.10 using an R−O−T phase model that
those observed using a pure cubic phase (Table S1),
illustrating the existing local polar symmetries inside the
macroscopic pseudo-cubic symmetry, which is further
confirmed by the well-fitted results of the phase fraction
(Figure 4g). Similar phenomena were also observed in other
lead-free piezoceramics.35−38 In addition, O and T phases
almost equally share the phase fraction at x = 0, which is
consistent with the similar intensities of (002)pc and (200)pc
peaks (Figure 4g). The fraction of the T phase increases a little
at x = 0.02 due to the slightly decreased TO−T. Besides,

Figure 3. Temperature-dependent (a) ε′ and (b) ε″ of unpoled (colored solid lines) and poled (black dashed lines) ceramics with x = 0−0.10,
measured at f = 9997 Hz.

Figure 4. Phase diagrams of (a) unpoled and (b) poled ceramics. TR−O and TO−T values are extracted from ε″−T curves, while the TC value is
extracted from ε′−T and εr−T curves. Magnified Rietveld refinement results of the ceramics with (c) x = 0 and (d) x = 0.02 by using an O−T
phase model and with (e) x = 0.05 and (f) x = 0.10 by using an R + O + T phase model. (g) Variations of the phase fraction of R, O, and T phases
as a function of x.
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although the phase fraction varies with x due to the decreased
TO−T and the increased TR−O, the phase fraction of the O
phase is always dominating.
Raman spectroscopy is an effective method to meticulously

study the molecular symmetry.22,35,38,39 The effect of polar-
ization on Raman scattering is a powerful method to evaluate
the anisotropy, symmetry, molecular orientation, and config-
uration of crystals, by which the molecular structure could be
determined by analyzing the variation of the phonon frequency
and depolarization ratio.39 Therefore, unpolarized, cross (VH)-
polarized, and parallel (VV)-polarized scattering geometries
are applied to study the effect of Sb content on the crystal
structure (Figure S4). The composition-dependent phonon
frequencies including v1, v2, v5, and v1 + v5 modes measured at

three different scattering geometries are extracted from Figure
S4 and depicted in Figure 5a1−a3, which could ascertain the
distortion of the NbO6 octahedron based on the changes of the
frequency shift. The trends of phonon frequency as a function
of the Sb content for v1, v2, v5, and v1 + v5 modes are similar for
the three scattering geometries because of the sole difference
between the unpolarized and polarized ones in the electric-field
direction of the incident and scattering light, while the
variations of phonon frequency of v1, v2, v5, and v1 + v5
modes are notably different.22 With the increasing x, the
phonon frequency of v1 and v2 modes decreases while that of
the v1 + v5 mode increases. The red shift of v1 and v2 could be
ascribed to the increased covalency of the B−O bond and the
degraded off-center displacement behavior caused by the

Figure 5. Composition-dependent phonon frequency and FWHM extracted from (a1,b1) unpolarized, (a2,b2) VH-polarized, and (a3,b3) VV-
polarized scattering geometries. Depolarization ratio (ρl) of (c1) v2, (c2) v1, and (c3) v1+v5 vibrational modes as a function of x. The error bar is
obtained by measuring three randomly selected points on the surface of the ceramics.

Figure 6. (a1−a4) Amplified ε″−T curves of unpoled ceramics with x = 0.05−0.08. (b1−b4) Corresponding Vogel−Fulcher fitting at TO−T or
TR−O&O−T by using the data in (a1−a4). Composition-dependent (c) f 0, (d) Ea, (e) TVF, and (f) ΔT (εmax′ ) and γ of unpoled ceramics.
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substitution of Sb5+ for Nb5+.13 The blue shift of v1 + v5 might
be attributed to the local possible clusters caused by the
random distribution of Sb5+ for the B-site.17 Besides, v5
fluctuates at x = 0−0.10 and is not as sensitive as other modes.
The full width at half-maximum (FWHM) of the Raman

band is also an effective parameter to evaluate the symmetry of
the BO6 octahedron, and the corresponding FWHM values
measured at different scattering geometries are presented in
Figure 5b1−b3. The composition-dependent FWHM for v1, v5,
and v1 + v5 modes exhibits a similar tendency at the three
scattering geometries, akin to the composition-dependent
phonon frequency mentioned earlier. The FWHM of v1 and
v5 modes increases rapidly at x = 0−0.08 and slightly fluctuates
at x = 0.08−0.10, demonstrating the gradually destroyed
LRFO, the increased symmetry of the local lattice (or polar),
and the promoted local heterogeneity.40,41 In particular, the
indistinguishable FWHM values between x = 0.08 and x = 0.10
indicate the similar local lattice symmetry, which further
confirms the local R−O−T coexistence polar symmetries
inside the macroscopic pseudo-cubic symmetry at x = 0.10.
The inflection point observed at x = 0.08 in the composition-
dependent FWHM of the v1 + v5 mode may be due to the local
possible clusters and the macroscopic phase transition at x =
0.08−0.10.
The depolarization ratio (

I
Il

VH

VV
ρ = , where ρl is the

depolarization ratio, IVHis the intensity of the cross-polarized
scattering result, and IVV is the intensity of parallel-polarized
scattering result) is the intensity ratio of VH-polarized to VV-
polarized scattering configurations, which is able to determine
the lattice symmetry.22,39 In theory, the ρl = 0 represents a
spherical-like symmetric structure, while the increased ρl
reflects the gradual transition process to the linear symmetric
one.22,39 The increased ρl value at x = 0−0.04 implies a
stretched molecule to the linear-oriented vibrational config-
uration and the distorted lattice structure after a certain
content of Sb (Figure 5c1−c3), which might be ascribed to the
decreased TO−T toward room temperature leading to the
increased distorted degree of the T phase. ρl decreases
suddenly and remains at a relatively small value at x = 0.06−
0.10, which may be due to the significantly destroyed LRFO
and the increased local heterogeneity facilitating the phase
transition toward the pseudo-cubic symmetry. Therefore, the
Raman spectra further confirm the effect of Sb on the phase
structure and the local structure.
3.2. Dielectric Relaxation Behavior. ε″ of the unpoled

ceramics with x = 0.05−0.08 shows strong frequency
dependence around room temperature, at which the maximum
ε″ increases and shifts to higher temperatures with increasing
frequencies (Figures 6a1−a4 and S5), suggesting the evident
dielectric relaxation behavior. However, this relaxation
behavior is weak at x = 0.04 and absent at x = 0−0.02 (Figure
S5a1−a3). That is to say, only when the density of PNRs
reaches a critical size, the interactions between PNRs and
LRFO and PNRs themselves become strong enough, endowing
the ceramics containing a certain content of Sb with a strong
dielectric relaxation behavior.29

To evaluate the dielectric relaxation characteristic of ε″
around room temperature, the Vogel−Fulcher fitting is
performed using the following formula

f f exp E k T T
0

( / ( ))a m VF= − × −

where f is the measurement frequency, f 0 is the attempt
frequency, Ea is the activation energy, k is the Boltzmann
constant, Tm is the temperature corresponding to the
maximum ε″ near TO−T or TR−O&O−T, and TVF is the freezing
temperature.42,43 Interestingly, the relaxation behavior of ε″ at
TO−T or TR−O&O−T is well-fitted via the Vogel−Fulcher law for
the ceramics with x = 0.04−0.08 (Figure 6b1−b4 and S5b).
Here, the dielectric relaxation behavior occurs far below TC,
suggesting a re-entrant-like relaxation.44,45 In particular, here,
the re-entrant-like relaxation behavior coexists with the FFP
transition (i.e., the multiphase coexistence region) where the
lattice is susceptible to the external stimuli (e.g., electric field,
temperature, and stress) due to the flexible polarization
rotation among different ferroelectric phases, differing from
the situation of typical re-entrant relaxors.46,47

With the increasing x, f 0 and Ea first decrease and then
increase, while TVF first increases and then decreases (Figure
6c,d). f 0 values for the ceramics with x = 0.04−0.08 are within
the range of 1010−1012 Hz (Figure 6c), which are analogous to
those of the Pb(Mg1/3Nb2/3)O3−PbTiO3 (PMN−PT) ferro-
electric relaxors and in accordance with the typical lattice
vibration frequency.47 Interestingly, Ea decreases from 0.04 eV
(at x = 0.04) to 0.01 eV (at x = 0.05), then increases slowly to
0.06 eV (at x = 0.07), but rapidly jumps to 0.16 eV (at x =
0.08). On one hand, the decreased TO−T (or TR−O&O−T)
reduces the activity of PNRs; on the other hand, the gradually
destroyed LRFO degrades the degree of multiphase coex-
istence and thus reduces the susceptibility of the lattice to the
external stimuli, consequently weakening the interaction of
PNRs with its surrounding lattice. Therefore, Ea reaches the
minimum value at x = 0.05 because of the optimized degree of
R−O−T multiphase coexistence, while a higher order of
magnitude of Ea at x = 0.08 hinges on the degraded R−O−T
multiphase coexistence (as evidenced by its severely sup-
pressed TR−O&O−T).

48,49 However, because of the concomitant
multiexistence coexistence (even at x = 0.08), these values are
still smaller than those (0.2−0.3 eV) of typical re-entrant
relaxors.50 Furthermore, the increased TVF at x = 0.04−0.05
might be ascribed to the increased TR−O and the varied degree
of the R−O−T multiphase coexistence, while the decreased
TVF at x = 0.05−0.08 indicates that the relaxation behavior
shifts to low temperatures, consistent with the further
decreased values of TO−T or TR−O&O−T (Figure 6e).46 Besides,
strong dielectric frequency dependence is also observed at the
maximum ε′ (εmax′ ) for the ceramics with x = 0.08−0.10
(Figure S1), which can also be fitted by the Vogel−Fulcher law
(Figure S5c,d). In particular, f 0 and Ea of samples with x = 0.10
are analogous to those of canonical dipole glasses relaxors (e.g.,
PMN), further conforming the macroscopic pseudo-cubic
phase at x = 0.10.4

Except for the re-entrant-like relaxation behavior of ε″ at
TO−T or TR−O&O−T in unpoled samples with x = 0.04−0.08, the
dielectric dispersion is also observed at εmax′ in samples with x =
0.02−0.10 (Figure S1). Here, ΔT (εmax′ ) [ΔT (εmax′ ) = T
(εmax′ @999997Hz) − T (εmax′ @997Hz)] is used to quantify the
dielectric dispersion at εmax′ . ΔT (εmax′ ) remains 0 °C at x =
0.02−0.04, slightly increases to 1 °C at x = 0.05−0.06, and
rapidly increases from 4 °C to ∼19 °C at x = 0.07−0.10,
demonstrating the increased dielectric relaxation at Tm.
Furthermore, a modified Curie−Weiss law is also used to
evaluate the diffuseness degree (γ) of the ceramics (Figure
S3b).43 γ increases monotonously from 1.35 to 1.78 at x = 0−
0.08 and reaches 2.01 at x = 0.10, further demonstrating that
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Figure 7. V-PFM and SS-PFM results of the samples with x = 0, 0.05, 0.07, and 0.10. (a1−a4) Amplitude, (b1−b4) phase, and (c1−c4) values of
amplitude and phase of SS-PFM loops. The scale bar is applicable to all images in (a1−b4). (d) Amplitude and (e) phase values of SS-PFM loops.

Figure 8. V-PFM phase images of the ceramics with (a1−a4) x = 0, (b1−b4) x = 0.05, and (c1−c4) x = 0.08 after relaxation for 0, 30, 60, and 120
min, respectively, after applying local poling of −20 V (inside the white square dashed frame) and +20 V (outside the white square dashed frame).
The scale bar is applicable to all images.
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increasing the Sb content promotes the dielectric relaxation
behavior at εmax′ (Figure 6f). Compared to the hybridization of
the O2p and Nb4d orbitals, the stronger covalency between Sb5s

and O2p could significantly decrease the length of B−O bonds,
thus inducing considerable distortion of the NbO6 octahedron
and enhancing the local heterogeneity, which contributes to
the increased dielectric relaxation with the introduction of
Sb.51,52 Besides, the γ value of 2 suggests a typical relaxor
behavior at x = 0.10, consistent with the results of the Vogel−
Fulcher fitting.
3.3. Domain Configuration. V-PFM is performed to

explore the variation of domain configurations with Sb (Figure
6a1−b4). The small roughness (<4 nm) in topographies
reveals the well polishing process (Figure S6). Besides, the
difference in the amplitude and corresponding topography
illustrates the reliability of the observed domains (Figures
7a1−b4 and S6). The domain configuration at x = 0 displays a
bimodal distribution with a size of hundreds of nanometers to
several microns, where small domains are embedded between
large domains (Figure 7a1,b1). As x increases to 0.05, many
micron-scale large domains are broken into nanoscale domains,
leading to the increased amount of nanoscale domains.
Therefore, compared to samples with x = 0, samples with x
= 0.05 show a more complicated domain configuration
composed of proper submicron-scale domains and plentiful
irregular nanoscale domains (Figure 7a2,b2), which has been
widely observed in the phase-boundary-engineered KNN-
based ceramics with high piezoelectricity.11,46,53 Upon further
increasing x to 0.07, the large domains are further
fragmentized, resulting in the dominating but low-density
nanodomains (Figure 7a3,b3). Finally, only a few nano-

domains with a smaller size and a weak phase contrast are
observed at x = 0.10 (Figure 7a4,b4).52

Subsequently, we conducted SS-PFM to evaluate the local
piezoelectric response (Figure 7c1−c4). A relatively symmetric
amplitude−voltage curve is observed at x = 0, while the
amplitude−voltage curve becomes asymmetric with increasing
Sb content. Furthermore, a low amplitude (<800 pm) but a
phase contrast of ∼180° are observed at x = 0, demonstrating
that the surface domain switching is complete but has a
moderate piezoresponse (Figure 7d,e). Interestingly, the
amplitude increases more than 3-fold (>2600 pm), and the
phase contrast remains ∼180° at x = 0.05, indicating sufficient
domain switching and a strong local piezoelectric response.
Upon further increasing x to 0.07 and 0.10, the amplitude
decreases rapidly to less than 700 pm, and the phase contrast is
slightly less than 180°, indicating the degraded local
piezoresponse.
Then, we measured the time relaxation behavior of the V-

PFM phase after poling with ±20 V to reveal the time stability
of domains after poling. A positive voltage and a negative
voltage of 20 V were applied to the tip during the scanning of a
2 × 2 μm2 area directly, resulting in V-PFM phase images with
different colors under +20 V (outside the white square dashed
frame) and −20 V (inside the white square dashed frame)
(Figure 8). The applied voltage of −20 V is sufficient to create
enough domain switching for the ceramic with x = 0.05
(Figure 8b1) but is insufficient for x = 0, especially for x = 0.08
(Figure 8a1,c1). The better domain switching behavior at x =
0.05 is correlative to the enhanced domain mobility due to the
complicated domain configuration including proper submi-
cron-scale domains and plentiful irregular nanoscale do-
mains.54 Furthermore, re-orientated domains partly switch

Figure 9. (a) d33, (b) kp, (c) εr, (d) tan δ, (e) phase angle (θ), (f) Pmax, Pr, and Ps, (g) Pbc = (Ps − Pr), (h) EC, (i) Spos and Sneg, and (j) Suni. All data
are obtained from Figures S7 and S8.
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back to their original direction with increasing aging time (as
marked by the red circle in Figure 8a4,b4,c4), which is closely
related to the macroscopic dielectric relaxation behavior.55 In
particular, the ceramics with x = 0.08 show much more
backswitching of reorientated domains compared to the
ceramics with x = 0 and 0.05, which is ascribed to their
significantly destroyed LRFO and high content of PNRs.
Therefore, the V-PFM observations reveal the ferroelectric
domains coinciding with our expectations.
3.4. Electromechanical Properties. Piezoelectric and

dielectric properties are first investigated. d33 increases from
274 pC/N at x = 0 to ∼539 pC/N at x = 0.05−0.06 and then
decreases to ∼41 pC/N at x = 0.10. Thus, d33 values at x =
0.05−0.06 are almost twice as large as those at x = 0 and are
comparable to those of the state-of-the-art KNN-based
ceramics.1,56,57 Besides, d33 maintains a relatively large value
(d33 > 430 pC/N) at x = 0.04−0.07 (Figure 9a), reflecting the
well-remained LRFO.46 kp has a similar tendency with d33 but
reaches the maximum of 0.54−0.56 at x = 0.04−0.05 (Figure
9b). The rapidly increased εr at x = 0−0.07 is attributed to the
construction of R−O−T multiphase coexistence, the nanoscale
domains, and the increased PNR content, while the slight
increase in εr at x = 0.08−0.10 is due to the further decreased
TC (Figure 9c). The value of tan δ is less than 0.08 at x = 0−
0.07 but increases rapidly to 0.12 at x = 0.10 (Figure 9d),
which is due to the increased content of PNRs. Phase angle
(θ), which indicates the degree of poling, maintains a relatively
high value of 72−78° at x = 0−0.04, decreases gradually at x =
0.04−0.07, and declines rapidly at x = 0.08−0.10 (Figure 9e).
The rapidly decreased θ is ascribed to the increased PNRs that
lead to the difficulty in achieving the full reorientation of
domains, which accounts for the rapidly decreased d33 at x =
0.08−0.10.58,59
Then, we studied the ferroelectric and strain properties of

the ceramics. Samples with x = 0−0.08 present typical
ferroelectric hysteresis (P−E) loops and butterfly-shaped
bipolar strain curves, while samples with x = 0.10 show a

very slim P−E loop and a sprout-shaped bipolar strain curve
without the negative strain, illustrating the remained LRFO at
x = 0−0.08 but the significantly destroyed one at x = 0.10
(Figure S8). The maximum polarization (Pmax) and the
spontaneous polarization (Ps) decrease slightly at x = 0−0.08
and considerably reduce at x = 0.10, while the remnant
polarization (Pr) declines monotonously at x = 0−0.10 (Figure
9f). Two reasons could be responsible for the different
variations of Ps (Pmax) and Pr. One is that the destroyed LRFO
will result in the reduction of Pmax, Ps, and Pr, but the high
electronegativity of Sb will compensate on Pmax and Ps to some
degree.13 Another reason is that the increased Sb content
would enhance the content of the local heterogeneity (e.g.,
PNRs), which readily switches back to the original state after
removing the applied electric field, thus leading to the distinct
decrease in Pr. The backswitching of reorientated domains can
be qualitatively evaluated by the difference between Ps and Pr
(Pbc = Ps-Pr).

60 Pbc slightly increases at x = 0−0.06 but rapidly
rises at x = 0.06−0.10 (Figure 9g), further reflecting the
increased content of PNRs. The coercive field (EC) decreases
gradually with the increasing x (Figure 9h), which is attributed
to the gradually destroyed LRFO and the promoted content of
the local heterogeneity.46 Besides, considering the almost
disappeared Pr but relatively high Pmax at x = 0.10, we
calculated the recoverable energy storage density to be ∼0.8 J/
cm3 at E = 100 kV/cm (Figure S9), suggesting the potential for
energy storage applications.61,62

The positive strain (Spos) first increases and then reduces
with x, reaching the maximum value of 0.15% at x = 0.07−0.08
and remaining at a relatively large value (≥0.14%) at x = 0.05−
0.08 (Figure 9i). However, the negative strain (Sneg) presents a
disparate trend, that is, remaining unchanged at x = 0−0.04,
then decreasing gradually at x = 0.05−0.08, and finally
reducing to nearly zero at x = 0.10 (Figure 9i). The unipolar
strain (Suni) shows a similar tendency with Spos but achieves the
maximum value of 0.16% at x = 0.05−0.07 and a relatively high
value (≥0.14%) at x = 0.02−0.08 (Figure 9j). In general, the

Figure 10. (a) Unipolar S−E curves and (b) bipolar S−P curves measured at different temperatures for the ceramics with x = 0.05 and x = 0.10,
respectively. (c) Suni(T)/Suni(RT) (T, E) and (d) Q33 (T, E) values obtained from (a,b). (e) Comparison of Suni(T)/Suni(RT) between this work and
other representative materials. (f) Comparison of Q33 values among this work and lead-based materials.
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converse piezoelectric effect and the domain switching
dominate Spos and Suni of the post-poled samples, while the
non-180° domain switching dictates Sneg.

1 Considering the
increased Pbc at x = 0−0.10, the decreased Sneg at x = 0.04−
0.10 originates from the reduced amount of non-180° domain
switching due to the gradually destroyed LRFO. The increased
Spos (Suni) at x = 0−0.08 is due to TO−T or TR−O&O−T shifting
closer to room temperature, which enhances the converse
piezoelectric effect and domain switching, while the decreased
Spos (Suni) at x = 0.10 stems from the macroscopic pseudo-
cubic phase where the converse piezoelectric effect is degraded
and the domain switching is absent.
3.5. Temperature Stability. Due to the diffused R−O−T

coexistence phase and the largest Suni value at x = 0.05, we
measured its Suni under different electric fields and temper-
atures to evaluate the temperature stability (Figure 10a,c). The
temperature stability of normalized strain [Suni(T)/Suni(RT),
where Suni(T) and Suni(RT) are the Suni values measured at a
specific temperature and room temperature, respectively] is
improved with increasing electric fields, coinciding with the
results of previously reported KNN-based ceramics.58,59 In
addition, Suni(T)/Suni(RT) reaches relatively high values over the
temperature range of 40−80 °C because of the diffused R−O−
T coexistence phase at x = 0.05 (Figure 3a). Note that Suni(T)/
Suni(RT) declines less than 10% in a wide temperature and
electric field span, as denoted by the dotted gray line in Figure
10c. In particular, Suni(T)/Suni(RT) decreases less than 8% over
the temperature range of 27−120 °C (Figure 10e), which is
comparable to the results of other representative KNN-based
ceramics including KNN-CZ5 and is promising for practical
applications.63−67

Since the negligible Sneg and the macroscopic pseudo-cubic
phase are observed at x = 0.10, its electric-induced strain
mainly originates from the electrostrictive effect.18 Therefore,
it is significant to evaluate its electrostrictive effect because of
the potential applications in precise displacement control.

Figure 10b shows the quadratic fitting of strain and
polarization (red cure) for samples with x = 0.10 by using
the equation S = QP2 (where Q is the electrostrictive
coefficient).17 Generally, for a pure electrostrictive effect, Q33
hinges on the type of materials and has little relation to the
electric field and temperature unless there is a change in the
cation arrangement.68 Thus, Q33 values measured at high
electric fields and temperatures above Tm are more convinced
because of the lack of domain switching.18,69 Here, the
neglectable difference in Q33 values of 0.035 and 0.032 m4/C2

at 27 and 100 °C, respectively, under 80 kV/cm indicates the
reliable Q33 observed at room temperature (Figure 10d). More
importantly, Q33 is within 0.031−0.036 m4/C2 in the whole
measurement range of electric fields (60−80 kV/cm) and
temperatures (27−100 °C), indicating the weak dependence of
Q33 on both the electric field and temperature. Besides, Q33 is
larger than several representative lead-based electrostrictive
materials (Figure 10f), indicating the good electrostrictive
effect at x = 0.10 and great potential for practical
applications.17

3.6. Physical Mechanisms. Finally, we discussed the effect
of Sb on high-performance KNN-based ceramics from the
points of view of the microscopic structure, mesoscopic
structure, and macroscopic behavior to reveal the physical
origin (Figure 11). The substitution of Sb5+ with a larger
electronegativity (2.05) for Nb5+ with a lower electronegativity
(1.6) leads to the simultaneous shift of TR−O and TO−T toward
room temperature, giving rise to the occurrence of the R−O−
T multiphase coexistence at x > 0.02 and the increased ρl at x
= 0−0.04. In addition, although a homogeneous distribution of
doped elements could be observed at a high content of Sb
(Figures S10 and S11), the size mismatch between Sb5+ and
Nb5+ will result in the contraction of the NbO6 octahedron
(Figure 11a) and enhance the local stress fields, thus leading to
the gradually destroyed LRFO and the enhanced local
heterogeneity (e.g., PNRs) (Figure 11c).12 Therefore, a re-

Figure 11. (a) Schematic diagram of the lattice distortion induced by substituting Sb for Nb. (b) Composition-dependent tetragonality of the
ceramics. (c) Domain evolution of the ceramics with x = 0, 0.06, and 0.10. Schematic diagram of Landau free energy profiles for the samples at (d)
low doping degree (x = 0−0.06) and (e) high doping degree (x = 0.10). (f) Composition dependency of d33 and εrPr. (g) Temperature-dependent
ε′ and Suni(T)/Suni(RT) of the ceramic with x = 0.05; the insets show the phase transition from R−O−T to T and domain evolution with increasing
temperature. (h) Bipolar S−P curve measured at room temperature for the ceramics with x = 0.10.
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entrant-like relaxation behavior appeared at the region of the
R−O−T multiphase coexistence at x = 0.04−0.08 due to the
difference in electronegativity and size between Sb5+ and Nb5+.
Moreover, the decreased tetragonality (c/a) with increasing x
suggests that the T phase distorts closer to the cubic phase,
reflecting the increased distorted degree of the T phase and the
compressive lattice distortion (Figure 11b).69 Thus, the
increased Sb content enhances the macroscopic symmetry,
which is also supported by the decreased phonon frequency of
the v1 mode and the increased FWHM value.12

The average grain size (g) monotonously decreases from
9.69 μm (at x = 0) to 4.00 μm (at x = 0.07), thus contributing
to the decreased domain size (d) based on the empirical
equation d ∝ √g (Figure S12).70 Furthermore, the multiphase
coexistence (i.e., O−T or R−O−T phase coexistence) would
lower domain wall energy (FDW), thus reducing the domain
size according to the classical domain theory (d FDW∝ ).53

Then, increasing the Sb content also gradually breaks the
LRFO and promotes the local heterogeneity, which also
reduces the domain size and induces the PNRs.15 Thus, all of
the three reasons collaboratively contribute to the decreased
domain size at x = 0−0.07 (Figure 11c). Upon further
increasing x from 0.07 to 0.10, the LRFO is dramatically
destroyed and g is further reduced, leading to the degraded
domain configurations at x = 0.10 (Figure 11c). For ceramics
with the distinct FFP transition observed in ε′−T curves, the
energy barriers of ferroelectric phases are enough to form
stable polar phases inside the ferroelectric lattice (Figure 11d),
thus leading to the well-maintained LRFO until x = 0.06,
which is supported by their high Pmax (Ps) and Pr values
(Figure 9f). By contrast, no distinct dielectric anomalies of the
FFP transition could be detected in ε′−T curves of the
ceramics with a high Sb content (e.g., x = 0.10) due to the
vanished energy barriers among different ferroelectric phases.
Moreover, the energy barrier between the ferroelectric phases
and paraelectric phase would be small because of the strong
dielectric relaxation at the ferroelectric−paraelectric phase
transition (Figure 11e), therefore resulting in the formation of
extremely miniaturized nanodomains and enhanced amount of
PNRs originating from the severely broken LRFO, which could
be reflected by the slim P−E loop and nearly vanished
ferroelectric polarization.
d33 and εrPr show a similar tendency, indicating that d33

depends on the phase structure and ferroelectricity of the
ceramics according to the formula d33 = 2Q × ε0 × εr × Pr
(Figure 11f).5 As reported, the multiphase coexistence with
more possible polarization directions reduces the energy
barrier of the polarization rotation and benefits the piezo-
electric response.53 Therefore, for the ceramics with x = 0−
0.06, the formed R−O−T coexistence phase and well-
maintained LRFO contribute to the increased εr and the
rarely decreased Pr, contributing to the increased d33 and εrPr
values at x = 0−0.06. In contrast, for the ceramics with a high
Sb content (e.g., x = 0.07−0.10), the further deteriorated
LRFO and the promoted content of the local heterogeneity
(e.g., PNRs) increase εr but sharply worsen Pr, thus leading to
the decreased d33 and εrPr values at x > 0.06, especially for x =
0.10. Therefore, high d33 values are based on the well-
maintained LRFO and could be further enhanced by the R−
O−T multiphase coexistence and moderate PNRs. In addition,
the smallest Ea value also confirms the best degree of the R−

O−T multiphase coexistence at x = 0.05, thus explaining the
largest d33 values obtained at x = 0.05−0.06 in this work.
Since a diffused dielectric anomaly is observed around 40−

80 °C in the enlarged ε′−T curve at x = 0.05 (Figure 11g), a
slight increase in normalized strain is detected due to the
dynamic polarization near temperatures of multiphase phase
transition. Subsequently, with increasing temperature, although
the amount of potential polarization rotation directions
decreases, the NbO6 octahedral distortion and PNRs still
contribute to the plateau-like or diffused R−O−T phase
transition, which compensates the ferroelectric polarization,
thus showing relatively good temperature stability of strain
(Figure 11g). Finally, for ceramics with a high Sb content (x =
0.10), the macroscopic pseudo-cubic phase leads to a relatively
large bipolar strain with no Sneg and low hysteresis, resulting in
a large electrostrictive coefficient and showing great potential
for practical applications (Figure 11h).

4. CONCLUSIONS
In this work, a multifunctional KNN-based ceramic system
with high d33, temperature-insensitive Suni, and large Q33 is
successfully prepared by controlling the LRFO through Sb
doping. The effects of the doping content of Sb on KNN-based
ceramics are systematically analyzed from the perspectives of
the microscopic structure (i.e., NbO6 octahedral distortion and
lattice distortion), the mesoscopic structure (i.e., domain
configurations), and the macroscopic behavior (i.e., phase
structure and electrical properties). In the ceramics with a low
Sb doping content (e.g., x = 0.05), d33 (∼539 pC/N) almost
increases 2-fold and Suni varies by less than 8% at 27−120 °C
because of the diffused R−O−T multiphase coexistence
containing the well-maintained LRFO and the distinct
dielectric jumping. In the ceramics with a high Sb doping
(e.g., x = 0.10), a large Q33 (∼0.035 m4/C2) that is nearly
independent of the electric field and temperature is obtained
due to the canonical dielectric relaxation at the ferroelectric−
paraelectric phase transition, which is comparable to that of
lead-based materials. We hope that controlling the LRFO
strategy used in this work opens a new view for multifunctional
KNN-based materials and helps further practical applications
with multiple functions.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c19383.

Brief description of dielectric and ferroelectric proper-
ties, XRD patterns, Raman spectra, Vogel−Fulcher
fitting results, PFM topography images, phase angles,
EDS patterns, element mappings, and SEM images of
the ceramics (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Xiang Lv − Department of Materials Science, Sichuan
University, Chengdu 610065, P. R. China; orcid.org/
0000-0001-6101-7568; Email: lvxiangscu@163.com

Jiagang Wu − Department of Materials Science, Sichuan
University, Chengdu 610065, P. R. China; orcid.org/
0000-0002-9960-9275; Email: wujiagang0208@163.com,
msewujg@scu.edu.cn

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c19383
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

K

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19383/suppl_file/am1c19383_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19383?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19383/suppl_file/am1c19383_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiang+Lv"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6101-7568
https://orcid.org/0000-0001-6101-7568
mailto:lvxiangscu@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiagang+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9960-9275
https://orcid.org/0000-0002-9960-9275
mailto:wujiagang0208@163.com
mailto:msewujg@scu.edu.cn
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c19383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Authors
Nan Zhang − Department of Materials Science, Sichuan
University, Chengdu 610065, P. R. China

Xi-xiang Zhang − Division of Physical Science and
Engineering, King Abdullah University of Science and
Technology, Thuwal 23955-6900, Saudi Arabia;
orcid.org/0000-0002-3478-6414

Anyang Cui − Technical Center for Multifunctional Magneto-
Optical Spectroscopy (Shanghai), Engineering Research
Center of Nanophotonics Advanced Instrument (Ministry of
Education), Department of Materials, School of Physics and
Electronic Science, East China Normal University, Shanghai
200241, P. R. China

Zhigao Hu − Technical Center for Multifunctional Magneto-
Optical Spectroscopy (Shanghai), Engineering Research
Center of Nanophotonics Advanced Instrument (Ministry of
Education), Department of Materials, School of Physics and
Electronic Science, East China Normal University, Shanghai
200241, P. R. China; orcid.org/0000-0003-0575-2191

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.1c19383

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China (grant nos. 52002252, 52032007,
52061130216, and 12104156), the Fundamental Research
Funds for the Central Universities (YJ2021154), the Sichuan
Science and Technology Program (2020YJ0070), and R & D
Projects in Key Fields of Guangdong Province, China
(2020B0109380001). Dr. Lv and Prof. Zhang appreciate the
support from the King Abdullah University of Science and
Technology (KAUST). The Royal Society is thanked for a
Newton Advanced Fellowship award (NAF\R1\201126). We
also thank Hui Wang (Analytical & Testing Center of Sichuan
University) for performing FE-SEM measurements.

■ REFERENCES
(1) Lv, X.; Zhu, J.; Xiao, D.; Zhang, X.-x.; Wu, J. Emerging New
Phase Boundary in Potassium Sodium-Niobate Based Ceramics.
Chem. Soc. Rev. 2020, 49, 671−707.
(2) Zheng, T.; Wu, J.; Xiao, D.; Zhu, J. Recent Development in
Lead-Free Perovskite Piezoelectric Bulk Materials. Prog. Mater. Sci.
2018, 98, 552−624.
(3) Wu, J.; Xiao, D.; Zhu, J. Potassium-Sodium Niobate Lead-Free
Piezoelectric Materials: Past, Present, and Future of Phase
Boundaries. Chem. Rev. 2015, 115, 2559−2595.
(4) Li, F.; Zhang, S.; Yang, T.; Xu, Z.; Zhang, N.; Liu, G.; Wang, J.;
Wang, J.; Cheng, Z.; Ye, Z.-G.; Luo, J.; Shrout, T. R.; Chen, L.-Q. The
Origin of Ultrahigh Piezoelectricity in Relaxor-Ferroelectric Solid
Solution Crystals. Nat. Commun. 2016, 7, 13807.
(5) Li, F.; Cabral, M. J.; Xu, B.; Cheng, Z.; Dickey, E. C.; LeBeau, J.
M.; Wang, J.; Luo, J.; Taylor, S.; Hackenberger, W.; Bellaiche, L.; Xu,
Z.; Chen, L.-Q.; Shrout, T. R.; Zhang, S. Giant Piezoelectricity of Sm-
Doped Pb(Mg1/3Nb2/3)O3-PbTiO3 Single Crystals. Science 2019, 364,
264−268.
(6) Zhang, L.; Wang, H.; Wang, D.; Guo, M.; Lou, X.; Wang, D. A
New Strategy for Large Dynamic Piezoelectric Responses in Lead-
Free Ferroelectrics: The Relaxor/Morphotropic Phase Boundary
Crossover. Adv. Funct. Mater. 2020, 30, 2004641.
(7) Wu, J.; Tao, H.; Yuan, Y.; Lv, X.; Wang, X.; Lou, X. Role of
Antimony in the Phase Structure and Electrical Properties of

Potassium-Sodium Niobate Lead-Free Ceramics. RSC Adv. 2015, 5,
14575−14583.
(8) Zuo, R.; Fu, J.; Lv, D.; Liu, Y. Antimony Tuned Rhombohedral-
Orthorhombic Phase Transition and Enhanced Piezoelectric Proper-
ties in Sodium Potassium Niobate. J. Am. Ceram. Soc. 2010, 93,
2783−2787.
(9) Zheng, T.; Wu, J.; Xiao, D.; Zhu, J.; Wang, X.; Lou, X.
Potassium-Sodium Niobate Lead-Free Ceramics: Modified Strain as
well as Piezoelectricity. J. Mater. Chem. A 2015, 3, 1868−1874.
(10) Wang, X.; Wu, J.; Lv, X.; Tao, H.; Cheng, X.; Zheng, T.; Zhang,
B.; Xiao, D.; Zhu, J. Phase Structure, Piezoelectric Properties, and
Stability of New K0.48Na0.52NbO3-Bi0.5Ag0.5ZrO3 Lead-Free Ceramics.
J. Mater. Sci.: Mater. Electron. 2014, 25, 3219−3225.
(11) Liu, Q.; Zhang, Y.; Gao, J.; Zhou, Z.; Yang, D.; Lee, K.-Y.;
Studer, A.; Hinterstein, M.; Wang, K.; Zhang, X.; Li, L.; Li, J.-F.
Practical High-Performance Lead-Free Piezoelectrics: Structural
Flexibility Beyond Utilizing Multiphase Coexistence. Natl. Sci. Rev.
2020, 7, 355−365.
(12) Gao, X.; Cheng, Z.; Chen, Z.; Liu, Y.; Meng, X.; Zhang, X.;
Wang, J.; Guo, Q.; Li, B.; Sun, H.; Gu, Q.; Hao, H.; Shen, Q.; Wu, J.;
Liao, X.; Ringer, S. P.; Liu, H.; Zhang, L.; Chen, W.; Li, F.; Zhang, S.
The Mechanism for the Enhanced Piezoelectricity in Multi-Elements
Doped (K,Na)NbO3 Ceramics. Nat. Commun. 2021, 12, 881.
(13) Zhang, Y.; Li, J.-F. Review of Chemical Modification on
Potassium Sodium Niobate Lead-Free Piezoelectrics. J. Mater. Chem.
C 2019, 7, 4284−4303.
(14) Miura, K.; Azuma, M.; Funakubo, H. Electronic and Structural
Properties of ABO3: Role of the B-O Coulomb Repulsions for
Ferroelectricity. Materials 2011, 4, 260−273.
(15) Zhang, N.; Zheng, T.; Li, N.; Zhao, C.; Yin, J.; Zhang, Y.; Wu,
H.; Pennycook, S. J.; Wu, J. Symmetry of the Underlying Lattice in
(K,Na)NbO3-Based Relaxor Ferroelectrics with Large Electro-
mechanical Response. ACS Appl. Mater. Interfaces 2021, 13, 7461−
7469.
(16) Bobnar, V.; Malic,̌ B.; Holc, J.; Kosec, M.; Steinhausen, R.;
Beige, H. Electrostrictive Effect in Lead-Free Relaxor K0.5Na0.5NbO3-
SrTiO3 Ceramic System. J. Appl. Phys. 2005, 98, 024113.
(17) Wu, B.; Zhao, C.; Huang, Y.; Yin, J.; Wu, W.; Wu, J. Superior
Electrostrictive Effect in Relaxor Potassium Sodium Niobate Based
Ferroelectrics. ACS Appl. Mater. Interfaces 2020, 12, 25050−25057.
(18) Li, F.; Jin, L.; Xu, Z.; Zhang, S. Electrostrictive Effect in
Ferroelectrics: An Alternative Approach to Improve Piezoelectricity.
Appl. Phys. Rev. 2014, 1, 011103.
(19) Zuo, R.; Wang, M.; Ma, B.; Fu, J.; Li, T. Sintering and Electrical
Properties of Na0.5K0.5NbO3 Ceramics Modified with Lanthanum and
Iron Oxides. J. Phys. Chem. Solids 2009, 70, 750−754.
(20) Coondoo, I.; Panwar, N.; Maiwa, H.; Kholkin, A. L. Improved
Piezoelectric and Energy Harvesting Characteristics in Lead-Free
Fe2O3 Modified KNN Ceramics. J. Electroceram. 2015, 34, 255−261.
(21) Lutterotti, L.; Matthies, S.; Wenk, H.-R.; Schultz, A. S.;
Richardson, J. W. Combined Texture and Structure Analysis of
Deformed Limestone from Time-of-Flight Neutron Diffraction
Spectra. J. Appl. Phys. 1997, 81, 594.
(22) Cui, A.; Ye, Y.; Zheng, L.; Jiang, K.; Zhu, L.; Shang, L.; Li, Y.;
Hu, Z.; Chu, J. Exploring Lattice Symmetry Evolution with
Discontinuous Phase Transition by Raman Scattering Criteria: The
Single-Crystalline (K,Na)NbO3 Model System. Phys. Rev. B 2019,
100, 024102.
(23) Wang, Z.; Xiao, D.; Wu, J.; Xiao, M.; Li, F.; Zhu, J.;
Damjanovic, D. New Lead-Free (1-x)(K0.5Na0.5)NbO3-x(Bi0.5Na0.5)-
ZrO3 Ceramics with High Piezoelectricity. J. Am. Ceram. Soc. 2014,
97, 688−690.
(24) Wang, K.; Li, J.-F. Analysis of Crystallographic Evolution in
(Na, K)NbO3-Based Lead-Free Piezoceramics by X-Ray Diffraction.
Appl. Phys. Lett. 2007, 91, 262902.
(25) Lv, X.; Wu, J.; Xiao, D.; Zhu, J.; Zhang, X. Structural Evolution
of the R-T Phase Boundary in KNN-Based Ceramics. J. Am. Ceram.
Soc. 2018, 101, 1191−1200.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c19383
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

L

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xi-xiang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3478-6414
https://orcid.org/0000-0002-3478-6414
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anyang+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhigao+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0575-2191
https://pubs.acs.org/doi/10.1021/acsami.1c19383?ref=pdf
https://doi.org/10.1039/c9cs00432g
https://doi.org/10.1039/c9cs00432g
https://doi.org/10.1016/j.pmatsci.2018.06.002
https://doi.org/10.1016/j.pmatsci.2018.06.002
https://doi.org/10.1021/cr5006809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5006809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5006809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms13807
https://doi.org/10.1038/ncomms13807
https://doi.org/10.1038/ncomms13807
https://doi.org/10.1126/science.aaw2781
https://doi.org/10.1126/science.aaw2781
https://doi.org/10.1002/adfm.202004641
https://doi.org/10.1002/adfm.202004641
https://doi.org/10.1002/adfm.202004641
https://doi.org/10.1002/adfm.202004641
https://doi.org/10.1039/c4ra14271c
https://doi.org/10.1039/c4ra14271c
https://doi.org/10.1039/c4ra14271c
https://doi.org/10.1111/j.1551-2916.2010.03804.x
https://doi.org/10.1111/j.1551-2916.2010.03804.x
https://doi.org/10.1111/j.1551-2916.2010.03804.x
https://doi.org/10.1039/c4ta05423g
https://doi.org/10.1039/c4ta05423g
https://doi.org/10.1007/s10854-014-2006-z
https://doi.org/10.1007/s10854-014-2006-z
https://doi.org/10.1093/nsr/nwz167
https://doi.org/10.1093/nsr/nwz167
https://doi.org/10.1038/s41467-021-21202-7
https://doi.org/10.1038/s41467-021-21202-7
https://doi.org/10.1039/c9tc00476a
https://doi.org/10.1039/c9tc00476a
https://doi.org/10.3390/ma4010260
https://doi.org/10.3390/ma4010260
https://doi.org/10.3390/ma4010260
https://doi.org/10.1021/acsami.0c21181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c21181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c21181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1989438
https://doi.org/10.1063/1.1989438
https://doi.org/10.1021/acsami.0c06131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c06131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c06131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4861260
https://doi.org/10.1063/1.4861260
https://doi.org/10.1016/j.jpcs.2009.03.003
https://doi.org/10.1016/j.jpcs.2009.03.003
https://doi.org/10.1016/j.jpcs.2009.03.003
https://doi.org/10.1007/s10832-015-9983-z
https://doi.org/10.1007/s10832-015-9983-z
https://doi.org/10.1007/s10832-015-9983-z
https://doi.org/10.1063/1.364220
https://doi.org/10.1063/1.364220
https://doi.org/10.1063/1.364220
https://doi.org/10.1103/physrevb.100.024102
https://doi.org/10.1103/physrevb.100.024102
https://doi.org/10.1103/physrevb.100.024102
https://doi.org/10.1111/jace.12836
https://doi.org/10.1111/jace.12836
https://doi.org/10.1063/1.2825280
https://doi.org/10.1063/1.2825280
https://doi.org/10.1111/jace.15266
https://doi.org/10.1111/jace.15266
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c19383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(26) Wang, T.; Wu, C.; Xing, J.; Wu, J.; Li-Chen, B.; Xu, X.; Wang,
K.; Zhu, J. Enhanced Piezoelectricity and Temperature Stability in
LaFeO3-Modified KNN-Based Lead-Free Ceramics. J. Am. Ceram.
Soc. 2019, 102, 6126−6136.
(27) Lin, J.; Lu, Q.; Xu, J.; Wu, X.; Lin, C.; Lin, T.; Chen, C.; Luo, L.
Outstanding Optical Temperature Sensitivity and Dual-Mode
Temperature-Dependent Photoluminescence in Ho3+-doped (K,Na)-
NbO3-SrTiO3 Transparent Ceramics. J. Am. Ceram. Soc. 2019, 102,
4710−4720.
(28) Shannon, R. D. Revised Effective Ionic Radii and Systematic
Studies of Interatomic Distances in Halides and Chalcogenides. Acta
Crystallogr. 1976, A32, 751.
(29) Bokov, A. A.; Ye, Z.-G. Recent Progress in Relaxor
Ferroelectrics with Perovskite Structure. J. Mater. Sci. 2006, 41, 31−
52.
(30) Sun, X.-x.; Zhang, J.; Lv, X.; Zhang, X.-x.; Liu, Y.; Li, F.; Wu, J.
Understanding the Piezoelectricity of High-Performance Potassium
Sodium Niobate Ceramics from Diffused Multi-Phase Coexistence
and Domain Feature. J. Mater. Chem. A 2019, 7, 16803−16811.
(31) Brajesh, K.; Tanwar, K.; Abebe, M.; Ranjan, R. Relaxor
Ferroelectricity and Electric-Field-Driven Structural Transformation
in the Giant Lead-Free Piezoelectric (Ba,Ca)(Ti,Zr)O3. Phys. Rev. B
2015, 92, 224112.
(32) Reyes-Montero, A.; Rubio-Marcos, F.; Fuentes-Cobas, L. E.;
Del Campo, A.; Castañeda-Guzmán, R.; Villafuerte-Castrejón, M. E.;
Pardo, L. Confocal Raman Microscopy, Synchrotron X-ray
Diffraction, and Photoacoustic Study of Ba0.85Ca0.15Ti0.90Zr0.10O3:
Understanding Structural and Microstructural Response to the
Electric Field. ACS Appl. Electron. Mater. 2021, 3, 2966−2976.
(33) Fu, J.; Zuo, R.; Wu, S. C.; Jiang, J. Z.; Li, L.; Yang, T. Y.; Wang,
X.; Li, L. Electric Field Induced Intermediate Phase and Polarization
Rotation Path in Alkaline Niobate Based Piezoceramics Close to the
Rhombohedral and Tetragonal Phase Boundary. Appl. Phys. Lett.
2012, 100, 122902.
(34) Cohen, R. E. Origin of Ferroelectricity in Perovskite Oxides.
Nature 1992, 358, 136−138.
(35) Yang, Y.; Ji, Y.; Fang, M.; Zhou, Z.; Zhang, L.; Ren, X.
Morphotropic Relaxor Boundary in a Relaxor System Showing
Enhancement of Electrostrain and Dielectric Permittivity. Phys. Rev.
Lett. 2019, 123, 137601.
(36) Wang, G.; Fan, Z.; Murakami, S.; Lu, Z.; Hall, D. A.; Sinclair,
D. C.; Feteira, A.; Tan, X.; Jones, J. L.; Kleppe, A. K.; Wang, D.;
Reaney, I. M. Origin of the Large Electrostrain in BiFeO3-BaTiO3

Based Lead-Free Ceramics. J. Mater. Chem. A 2019, 7, 21254−21263.
(37) Wang, Y.; Wang, D.; Xu, J.; Zhong, L.; Gao, J.; Xiao, A.; Wu,
M.; He, Z.; Yao, R.; Li, S.; Ren, X. Trirelaxor Ferroelectric Material
with Giant Dielectric Permittivity over a Wide Temperature Range.
ACS Appl. Mater. Interfaces 2021, 13, 33272−33281.
(38) Bencan, A.; Oveisi, E.; Hashemizadeh, S.; Veerapandiyan, V. K.;
Hoshina, T.; Rojac, T.; Deluca, M.; Drazic, G.; Damjanovic, D.
Atomic Scale Symmetry and Polar Nanoclusters in the Paraelectric
Phase of Ferroelectric Materials. Nat. Commun. 2021, 12, 3509.
(39) Cui, A.; Cao, X.; Ye, Y.; Jiang, K.; Zhu, L.; Jiang, M.; Rao, G.;
Li, Y.; Hu, Z.; Chu, J. Phase Transitions and Phonon Thermody-
namics in Giant Piezoelectric Mn-Doped K0.5Na0.5NbO3-LiBiO3

Crystals Studied by Raman Spectroscopy. Phys. Rev. B 2020, 102,
214102.
(40) Zhang, H.; Li, X.; Chen, X.; Zhou, H.; Li, X.; Yan, X.; Liu, G.;
Sun, J. Phase Structure, Raman Spectra, Microstructure, and
Dielectric Properties of (K0.5Na0.5)NbO3-Bi(Li1/3Zr2/3)O3 Solid
Solutions. J. Electron. Mater. 2019, 48, 4017−4024.
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