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ABSTRACT: Both giant d33 and high TC have been obtained in a lead-free
piezoelectric ternary system (0.995 − x)K0.48Na0.52NbO3-0.005BiScO3-
xBi0.5(Na0.7K0.2Li0.1)0.5ZrO3. Thanks to the rhombohedral-tetragonal phase
coexistence and the enhanced dielectric and ferroelectric properties, the
ceramic with a composition of x = 0.04 shows a giant d33 of ∼366 pC/N
together with TC of ∼335 °C, thereby paving the way for achieving both high
d33 and high TC in KNN-based materials. In addition, such a ceramic has a
good thermal stability of d33 (e.g., d33 > 319 pC/N, T ≤ 300 °C) and an
enhanced stability of ferroelectric properties against temperature. The domain-
wall energy barrier of ∼0.15 eV is derived from the temperature dependence of
the back-switching polarization.
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■ INTRODUCTION

In the last decades, there has been an increasing amount of
efforts, exemplified by many experimental and theoretical
studied in the literature, in searching for new high-performance
lead-free piezoelectrics.1−6 From those works published
previously, it is clear that it is extremely difficult to achieve
both high piezoelectric constant (d33) and high Curie
temperature (TC) in a single piezoelectric ceramic. Currently,
(K,Na)NO3 (KNN), a lead-free piezoelectric with promising
properties, is facing the same dilemma [See Figure 1].1,4,6−13

However, to replace the lead-based piezoelectric ceramics, such
as Lead Zirconate Titanate (PZT), it is an indispensible task to

achieve a good comprehensive performance of d33 and TC in
KNN. Recently, a considerable amount of effort has been made
to achieve this objective. The main attempts include new
preparation techniques,1,14 the construction of phase boun-
dary,1,4,6−9,15−24 and so forth. Unfortunately, it is difficult to
obtain a giant d33 and a high TC simultaneously in the KNN-
based system.1,4,6−9,13,14,16−23 For example, it was reported that
a giant d33 of 400−413 pC/N could be obtained in Li+, Ta5+,
and Sb5+ -modifed KNN ceramics by using the orthorhombic-
tetragonal (O-T) phase boundary. However, a low TC of ≤220
°C was unavoidably observed.7,25 More recently, the con-
struction of a new rhombohedral-tetragonal phase boundary
has been used to enhance KNN’s piezoelectricity.8,9,23

Although a high d33 of 344−425 pC/N was obtained, their
TC is very low (e.g., ≤200 °C). Therefore, the contradiction
between high d33 and high TC remains as an unsolved problem
for KNN-based materials, hindering their practical high-
temperature piezoelectric applications.
In the present work, we developed a new material system,

( 0 . 9 9 5 - x ) K 0 . 4 8 N a 0 . 5 2 N b O 3 - 0 . 0 0 5 B i S c O 3 -
xBi0.5(Na0.7K0.2Li0.1)0.5ZrO3, abbreviated as (0.995-x)KNN-
0.005BS-xBNKLZ, for solving the contradictory relationship
between high d33 and high TC. In this material system, adding
BiScO3 can concurrently increase TR‑O and decrease TO‑T of
KNN ceramics,26−28 as the BNKLZ12 and Sb5+29 do. Finally, it
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Figure 1. Comparison of d33 and TC of KNN-based ceramics derived
from the work published previously and those in this work.
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was observed that both a giant d33 of ∼366 pC/N and a high TC
of ∼335 °C could be obtained by tailoring the composition of
such a material system. It was found that the comprehensive
performance of d33 and TC achieved in this work is superior to
the reported results in other KNN-based materials, as shown in
Figure 1. The underlying mechanisms are discussed with the
aim of understanding the enhanced piezoelectric properties of
the KNN-based ceramics.

■ EXPERIMENTAL SECTION

The material system of (0.995 − x)KNN-0.005BS-xBNKLZ (x
= 0−0.07) was prepared using the conventional solid-state
method. Na2CO3 (99.8%), K2CO3 (99%), Bi2O3 (99.999%),
Nb2O5 (99.5%), Li2CO3 (98%), Sc2O3 (99.999%), and ZrO2
(99%) were used as raw materials. All disk samples were
sintered at 1080−1150 ◦C for 3 h in air after the PVA binder
was burnt out. All samples have been polarized in a silicone oil
bath at 30 °C under a dc field of 3.0−4.0 kV/mm for 20 min.
Other detailed preparation process and measurement methods
have been described elsewhere.23

■ RESULTS AND DISCUSSION

Figure 2a shows the XRD results of the (0.995 − x)KNN-
0.005BS-xBNKLZ (x = 0−0.07) ceramics in the 2θ range of
20−60°. We can see from Figure 2a that a perovskite structure
could be observed for all the ceramics. To identify the phase
structure of this material system, detailed XRD analysis was
conducted in the 2θ range of 21−23 and 43−47°, as displayed
in panels b and c in Figure 2. The composition dependence of
phase structure of the ceramics is clearly observed. It was found
that the XRD patterns in 2θ = 21−23 and 43−47° give a better
illustration on the phase evolution induced by increasing the
BNKLZ doping level. From panels b and c in Figure 2, one sees
that the ceramics with x ≤ 0.02 show an orthorhombic phase at
room temperature, similar to a pure KNN.4,21,22,30 As the
BNKLZ content increases, the orthorhombic and tetragonal
phases coexist in the ceramics with 0.02 < x ≤ 0.035. It is worth
noting that the ceramics with 0.045 ≤ x ≤ 0.07 show a
remarkably broadened permittivity band in comparison with
those with other composition, as shown in Figure 3a. It was
previously reported that the fine-grained ceramics, such as
BaTiO3,

31 PbTiO3,
32 Pb0.98(Zr0.52Ti0.48)0.92Nb0.004O3,

33 and
Pb0.98(Zr0.52Ti0.48)0.92O3,

33 show a significant broadened
permittivity peak. As a result, the decrease in grain sizes may
account for the broadening in the permittivity peak of the
ceramics with 0.045 ≤ x ≤ 0.07 (see Figures 3a and 4d).

Finally, the rhombohedral-tetragonal phase coexistence is
observed in the ceramics with the composition of 0.035 < x
< 0.045, which could be further confirmed by the temperature-
dependent dielectric results in −150−200 °C (see Figure 3a,
b).
Figure 3a shows the dielectric constant (εr) of the ceramics

against temperature measured at f = 100 kHz for different
compositions or x. The ceramics with x ≤ 0.03 demonstrate
two phase transformations above room temperature, corre-
sponding to that from an orthorhombic phase to a tetragonal
phase (TO‑T) and that from a tetragonal phase to a cubic phase
(TC),

1,3,4,10 as shown in the inset of Figure 3. Adding more
BNKLZ can shift both TO‑T and TC of KNN to lower
temperatures.12 As the BNKLZ concentration further increases
(x ≥ 0.04), the TO‑T peak at room temperature finally
disappears. A clear dielectric peak is observed in the ceramic
with x = 0.04 by measuring the temperature-dependent

Figure 2. XRD results of the ceramics in the 2θ range of (a) 20−60°, (b) 21−23°, and (c) 43−47°.

Figure 3. (a) Profile of εr versus temperatures; the inset shows the
profiles of εr as a function of temperature at −150 to 200 °C, and 50−
250 °C for the ceramic with x = 0.04. (b) Phase diagram of the
ceramics as a function of the BNKLZ content.
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dielectric behavior in −150−200 °C (see the inset of Figure
3a). In this work, the BNKLZ level could tune both TO‑T and
TR‑O of KNN,12 as BiScO3 does.

26 In other words, both TO‑T
and TR‑O are shifted close to room temperature with increasing
BNKLZ concentration. Finally, the R and T phases were found
to coexist in the ceramic with x = 0.04 (see Figure 3b). In spite
of the significant broadening of the εr vs T peak in the ceramics
with 0.045 ≤ x ≤ 0.07 (see Figure 3a), it was found that the
ferroelectric-paraelectric transition temperature could still be
defined as the point at which εr reaches the maximum.31 In the
literature, phase diagram has been widely used to describe the
phase evolution of ferroelectric materials.2,12,20,23,24,34 In this
work, the phase diagram of the (0.995 − x)KNN-0.005BS-
xBNKLZ ceramics was established, according to the temper-
ature -dependent εr in Figure 3a. One can see from Figure 3b
that the plateau in the profile of TC vs the BNKLZ level is
evident for x ≤ 0.04, and then the TC curve drops linearly for x
> 0.04, demonstrating that a high TC is well-maintained at low
BNKLZ doping concentrations. In addition, the TO‑T curve
gradually decreases and the TR‑O curve increases as the BNKLZ
content increases, and finally both TO‑T and TR‑O “converge” at
room temperature. As a result, the R-T phase coexistence could
be achieved in the ceramic with x = 0.04 around room
temperature.
To investigate the effect of the BNKLZ content on ceramic

morphologies, we carried out FE-SEM studies on the surface
morphologies of the ceramics, as shown in Figures 4a−d. We

can observe from Figure 4a−d that their surface morphologies
can be tailored by changing the BNKLZ doping level. In
addition, it is worth noting that the ceramics with x ≤ 0.04
show a bimodal grain size distribution, where small grains are
located at the gaps of large ones, resulting in a dense
microstructure. To characterize the element distribution of
the ceramic with x = 0.04, we conducted element mapping on
the ceramic surface by using EDX analysis, as displayed in
Figure 5. These results imply that all the elements in the
ceramic are homogeneously distributed.
Figure 6a shows the P−E hysteresis loops of the ceramics,

which were measured using a triangle waveform of 10 Hz at
room temperature. A squared hysteresis loop could be observed
in the ceramics with x < 0.045, while a slim P−E loop was
recorded in the fine-grained ceramics with x ≥ 0.045.33 To
further show the variation in ferroelectric properties with the
BNKLZ doping level, Pr and Ec, obtained from the P−E loops,
were shown in Figure 6b. One can see that Pr shows a plateau
for x ≤ 0.04, and then drops as the BNKLZ concentration
increases (x ≥ 0.045) because of the appearance of fine
grain.12,33 In contract, EC first increases and then drops as the
BNKLZ level increases, with the maximum value peaked at x =
0.035. Therefore, it can be concluded that adding BNKLZ
(<0.045) could enhance the ferroelectricity of the ceramics.
Figure 7a−d shows the temperature-dependent ferroelectric

properties of the ceramic with x = 0.04, which demonstrates the
best properties among all the ceramics studied in this work.
Figure 7(a) displays the P−E hysteresis loops of the ceramic
with x = 0.04 at the measurement temperature range of 30−180
°C. Clearly, one sees that there is only a slight variation in the
P−E loops as the temperature rises from 30 to 180 °C,
demonstrating a good temperature stability of its ferroelectric
properties. Panels b and c in Figure 7 plot the spontaneous
polarization (Ps), the remanent polarization (Pr), and the
coercive field (EC) as a function of temperatures, which were all
obtained from the P−E loops shown in Figure 7a. Ps, Pr, and EC
all drop as measurement temperature increases. It is well-
known that the loss of alkali metal during sintering gives rise to
the formation of K+ and Na+ vacancies as well as VO

·· in
KNN,35−37 and the VO

··−Nb4+ dipole is believed to be strongly
associated with the thermally activated process in KNN-based
materials.38,39 In addition, it was reported that more intensive
thermal fluctuation at higher temperatures can promote domain
switching and lower the activation energy for oxygen vacancy
diffusion, both of which result in a significant decrease in EC as
temperature increases.3,40,41 Furthermore, the reduction in
lattice distortion with increasing temperature can also facilitate
the reorientation of domains, giving rise to a lower EC as well as

Figure 4. SEM micrographs of the surface morphologies of the
ceramics with different BNKLZ levels: (a) x = 0, (b) x = 0.03, (c) x =
0.04, and (d) x = 0.05.

Figure 5. Element mapping of the ceramics with x = 0.04.
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a slimmer P−E loop.42 From panels b and c in Figure 7, we see
that when temperature increases from 30 to 180 °C, Pr shifts
slightly from 12.7 to 11.0 μC/cm2, Ps descends a little from
16.6 to 15.3 μC/cm2, and EC decreases from 13.29 to 11.67

kV/cm. Such a slight change in Ps and Pr with temperature
demonstrates excellent thermal stability of its ferroelectric
properties. The effect of “polarization back switching” is defined
as the switching process in which highly polarized domains

Figure 6. (a) P−E loops for different BNKLZ levels, and (b) Pr and Ec versus the BNKLZ level obtained from a.

Figure 7. (a) P−E hysteresis loops of the ceramics with x = 0.04, measured at various temperatures; (b) the profiles of Ps, and Pr; (c) that of Ec; (d)
and that of the back-switching polarization (Pbc) vs measurement temperature obtained from a; the inset in d shows the curve of ln(Pbc) vs 1000/T.

Figure 8. (a) εr and tan δ, and (b) d33 and kp of the ceramics as a function of the BNKLZ concentration, and the inset in (b) shows the profile of εrPr
and d33 of the ceramics against the BNKLZ content.
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tend to be depolarized to some extent and form configurations
of lower energy, driven by the residue depolarization field upon
the removal of the external field.43 The back-switched
polarization (Pbc) can be written as Pbc = Ps − Pr.

44 From
Figure 7d, one sees that Pbc increases from 3.97 to 4.32 μC/cm2

as temperature increases from 30 to 180 °C . From the thermal
activation point of view, Pbc could be written as44

= −P P E k Texp( / )bc 0 a B (1)

where Ea and T represent the activation energy for domain wall
movement and the absolute temperature, respectively; and kB
and P0 are the Boltzmann constant and a fitting constant,
respectively. A plot of ln(Pbc) vs 1000/T is displayed in the
inset of Figure 7d. Ea of 0.15 eV could be obtained for the
ceramic with x = 0.04, which could be tentatively attributed to
the movement of singly ionized oxygen vacancies, coming from
the loss of alkali metal during sintering35−37 and a thermally
activated process for the VO

··−Nb4+ dipole .38,39

Figure 8a plots εr and tan δ of the ceramics as a function of x,
measured at 100 kHz and room temperature. We can see from
Figure 8a that εr is strongly dependent on the BNKLZ
concentration x. εr increases almost linearly when x is lower
than 0.04, and then drops dramatically as the BNKLZ level
further increases. The largest εr can be observed in the ceramic
with its composition lying in the phase boundary region.45,46

The reason for the decrease in εr of the ceramics with 0.045≤x
≤ 0.07 is attributed to refined grain sizes31−33 (see Figure 4d).
On the other hand, all the ceramics studied in this work show a
low tan δ, and the lowest tan δ was observed in the ceramics
with x = 0.035−0.04. Figure 8b shows kp and d33 of the
ceramics as a function of the BNKLZ concentration x.
Remarkably, it was found that enhanced piezoelectric proper-

ties could be achieved in the ceramic with x = 0.04, with its d33
≈ 366 pC/N and kp ≈ 0.47. Therefore, a comprehensive
performance with both high d33 and high TC was obtained in
this work, which is superior to the reported results on other
KNN-based materials, as shown in Figure.1. Thus, we conclude
that the R-T phase coexistence plays a crucial role in enhancing
the piezoelectric properties of the (0.995 − x)KNN-0.005BS-
xBNKLZ systems.8,9,12 The reasons for the enhanced electrical
properties of piezoelectric materials by constructing the R-T
phase boundary are listed below:15,41,47−53 the coexistence of R
and T phases in lead-based materials is believed to be the origin
of their large piezoelectricity due to the existence of two
thermodynamically equivalent phases during the poling
process, and the resultant appearance of highly oriented
domains.15,41,47,48 In addition, the flattening of the free-energy
profile may also contribute to the enhanced properties in such a
phase transition region, as confirmed by Ab initio and
phenomenological calculations.49−53 The easy paths for polar-
ization change were determined by the anisotropy of the free
energy profile.52 As a result, the material system studied in this
work shows an enhanced piezoelectric behavior near its MPB
region, which is similar to that of PZT, as shown in Figure 8.
Moreover, it was also believed that the larger d33 obtained in
this work comes partly from the higher εrPr (e.g., d33 ≈
αεrPr).

3,54 To show this in a clearer manner, we show the
curves of d33 and εrPr vs the BNKLZ content in the inset of
Figure 8b. We can see that the profiles of d33 and εrPr show
similar trends as the BNKLZ doping level increases. Both d33
and εrPr become maximized in the ceramic with x = 0.04,
implying that εrPr indeed shows strong correlation with d33.
Higher d33 and better thermal stability always contradict with

each other in KNN-based ceramics due to the existence of a

Figure 9. Thermal stability of d33 in a temperature range of 30−550 °C for different BNKLZ contents: (a) x = 0, (b) x = 0.03, (c) x = 0.04, and (d) x
= 0.05.
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polymorphic phase transition near room temperature,1,3,7,10,19

which seriously affects their practical applications. In the
current work, the thermal stability of d33 is investigated, as
shown in Figure 9. We can see from Figure 9 that the thermal
stability of d33 is strongly dependent on the phase structure of
the ceramics. The ceramic containing an O phase shows a
thermally stable d33 due to the involvement of the O phase,55,56

as shown in panels a and b in Figure 9. However, the d33
thermal stability of the ceramics containing R and T phases
deteriorates slightly, and an almost linear drop is observed for
the fine-grained ceramics containing merely an R phase (Figure
9d). As a result, the change in the d33 thermal stability studied
in this work could be attributed to the involvement of different
phase structures. Figure 9c plots the thermal stability of the
ceramics with x = 0.04. One sees that d33 descends gradually
from 366 to ca. 319 pC/N as the temperature rises from room
temperature up to 300 °C. Then, d33 decreases dramatically as
the temperature is close TC. As a result, it was found that the
ceramic with x = 0.04 demonstrates a good thermal stability of
d33 in 25−300 °C. Furthermore, the R-T phase boundary
investigated in this work is similar to those of lead-containing
piezoelectric material.57−59 The peak in the εr vs T profile
corresponding to the R-T phase boundary has also been
recorded in lead-containing materials, in which a good
temperature stability of piezoelectric properties is ob-
served.57−59 As a result, the good thermal stability of d33
discovered in this work may be due to the formation of an
R-T phase boundary with a morphotropic character.

■ CONCLUSION

We have realized the objective of achieving both a giant d33 and
a high Tc in the KNN -based system, along with good
temperature stability of d33. The phase coexistence of
rhombohedral and tetragonal phases was found to lie in the
ceramic with the composition of x = 0.04, in which an
enhanced piezoelectric properties has been observed. In
addition, a low BiScO3 content was found to give rise to a
higher TC in the KNN-based material. We report that the
ceramic with x = 0.04 shows the optimum electrical behavior of
d33 ≈ 366 pC/N, kp ≈ 0.47, εr ≈ 1863, tan δ ≈ 2.86%, and TC
≈ 335 °C, together with a good thermal stability (d33 > 319
pC/N) for T ≤ 300 °C. The existence of an R-T phase
boundary and the associated enhanced dielectric and ferro-
electric properties are thought to be responsible for the
improvement in d33. We believe that the system is a promising
candidate for high-temperature lead-free piezoelectric applica-
tions in the future.
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