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ABSTRACT: Until now, lead zirconate titanate (PZT) based ceramics are the
most widely used in piezoelectric devices. However, the use of lead is being
avoided due to its toxicity and environmental risks. Indeed, the attention in
piezoelectric devices has been moved to lead-free ceramics, especially on
(K,Na)NbO3-based materials, due to growing environmental concerns. Here
we report a systematic evaluation of the effects of the compositional
modifications induced by replacement of the B-sites with Sb5+ ions in
0.96[(K0.48Na0.52)0.95Li0.05Nb1−xSbxO3]-0.04[BaZrO3] lead-free piezoceramics.
We show that this compositional design is the driving force for the
development of the high piezoelectric properties. So, we find that this
phenomenon can be explained by the stabilization of a Rhombohedral−
Tetragonal (R−T) phase boundary close to room temperature, that facilities
the polarization process of the system and exhibits a significantly high
piezoelectric response with a d33 value as high as ∼400 pC/N, which is
comparable to part soft PZTs. As a result, we believe that the general strategy and design principles described in this study open
the possibility of obtaining (K,Na)NbO3-based lead-free ceramics with enhanced properties, expanding their application range.
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1. INTRODUCTION

Lead zirconate titanate (PZT) based ceramics are the most
widely used piezoelectric until now, because of their high
piezoelectric response, large scale production capability, and the
possibility of tailoring their properties through composition.1

The European Union has published a health normative
(Restriction of Hazardous Substances, RoHS)2 avoiding the
use of lead due to its toxicity and environmental risks.
Nevertheless, PZT ceramics are temporarily tolerated because
of the lack of an adequate alternative.
Over the past few years, attention has been moved to lead-

free ceramics,3−9 in particular, to potassium−sodium niobate
(KNN)-based materials. KNN is a good candidate for the
replacement of lead zirconate-titanate,8−12 but its properties
need to be increased in order to reach the PZT ones. Recent
efforts for enhancing the properties in KNN ceramics have
been concentrated on chemical optimization through dop-
ing,5,8−15 controlling the sintering process,2,3 and domain
engineering by adjusting the poling stage.11,15,16 However,
implementations of modified KNN ceramics for commercial
use are still limited by their inferior electrical and electro-
mechanical properties as compared to their conventional PZT

counterparts. Exceptionally high piezoelectric properties were
reported in the (K,Na)NbO3−LiTaO3−LiSbO3 (KNL-NTS
hereafter), a system proposed by Saito et al. in 2004.10 This
study was based on chemical modifications, in the vicinity of
the morphotropic phase boundary, MPB, of (K,Na)NbO3
(KNN), by complex simultaneous substitutions in the A (Li)
and B (Ta and Sb) sites of the perovskite structure. Besides
these chemical modifications, materials were developed
following a novel processing route for producing textured
polycrystals of the KNN-based compositions by additional
engineering of the microstructural design. However, the
compositional inhomogeneity, particularly the inhomogeneous
distribution of Nb5+, Ta5+, and Sb5+ on the B-site of the
perovskite structure, is rather difficult to avoid due to the phase
segregation of end members over a wide temperature interval.17

In addition, apparent compositional segregation in KNN has
been evidenced in ceramics annealed for a long time.18 More
recently, new material systems based on KNN ceramics have
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been designed and developed for obtaining a new phase
boundary and a large d33.

19−24 Those ceramics possess high d33
performance, which was obtained by designing and optimiza-
tion of a Rhombohedral−Tetragonal (R−T) phase boundary.
So, these results have opened up a challenge to obtain lead-free
piezoceramics with good properties without the need of special
processing. At the present time, these compounds could be
considered as candidates for the substitution of PZT.19−24

Although this rapid progress suggests that even higher
piezoelectric properties are at hand for the KNN-based system,
the confirmation of basic piezoelectricity credentials increases
the importance of other issues in determining the technology’s
ultimate fate. Nevertheless, some of their properties and
compositional features, such as the Ta5+ presence, are not
suitable for all issues because tantalum oxide, Ta2O5, is scarce
and expensive. Thus, the addition of Ta5+ should be avoided as
far as possible or be used with a low content in terms of their
practical applications.
We have reported in the KNN-based system, that the

dielectric, piezoelectric, and elastic material responses are
fundamentally related to extrinsic effects.25 Nonetheless, the
dielectric and mechanical losses at room temperature are
similar to those of a soft PZT ceramic and are too high to be
used in power devices. Thus, these materials need to be
modified by the use of suitable dopants, like for “pure” KNN.
The effect of doping on various physical and chemical
properties of this material is considered as a classic story in
the field of piezoelectric materials, which are used to modify the
crystal structure and the piezoelectricity of these systems. Many
aliovalent compositional modifications to the KNN-based
system have been studied either with higher valence
substitutions (donors) or with lower valence ions (acceptors).
Doping KNN promotes formation of a polymorphic phase
transition (PPT) in Li+, Sb5+, and Ta5+ doped KNN ceramics
and related compositions.26−28 The enhancement in the
piezoelectric properties was evident but not high enough. In
the case of BaTiO3 doped ceramics, BT, these have higher
performance but have the drawback of low Curie temper-
ature.29,30 Nonetheless, we believe that there are still structural
and electrical aspects that remain controversial with respect to
the role of the phase coexistence induced by the compositional
modifications in the KNN-based system, and, therefore, the
enhancement of piezoelectric properties on such material
should be closely related to this phase coexistence behavior.
The aim of this work is to study the ferro-piezoelectric

properties of 0.96[(K0.48Na0.52)0.95Li0.05Nb1−xSbxO3]-0.04-
[BaZrO3] lead-free ceramics (KNLN1−xSx-BZ) and to address
effects that can give rise to d33 enhancement. To reach this
objective, we present a facile method to design high-quality
KNLN1−xSx-BZ lead-free ceramics, which is based on chemical
modifications in the vicinity of a phase coexistence on the
(K0.5Na0.5)NbO3-based system through the substitutions in the
B-sites of the perovskite lattice by Sb5+ ions. This chemical
modification resulted in the formation of a new phase boundary
consisting of Rhombohedral and Tetragonal (R−T) phases,
which greatly increase the electromechanical functionality. It
should be emphasized that this material with the optimal phase
coexistence can exhibit a significant high piezoelectric response
with the d33 value as high as ∼400 pC/N, which is comparable
to part soft PZTs and considerably higher than several
established KNN-based lead-free systems.

2. EXPERIMENTAL DETAILS
Sample Preparation. The compositional ceramics of 0.96-

[(K0.48Na0.52)0.95Li0.05Nb1−xSbxO3]-0.04[BaZrO3] (x = 0, 0.05, 0.06,
0.07, and 0.08), hereafter abbreviated as KNLN1−xSx-BZ, were
prepared by a conventional solid-state reaction from an adequate
mixture of corresponding oxides and carbonates. Na2CO3, Li2CO3
(J.T. Baker, >99.5%), K2CO3, BaCO3 (Merck, >99% and >99%),
Nb2O5, Ta2O5, and Sb2O5 (Sigma-Aldrich, >99.9%, >99%, and
>99.995%, respectively) were used as starting raw materials. The
amount of BaZrO3 (BZ) was chosen due to BZ being a paraelectric
phase with a cubic perovskite structure, which has been proven to be
an excellent stabilizer for the R phase of the KNN-based system.23,24

In all of the experiments, the raw materials were dried at 200 °C for 4
h before being used because of their hygroscopic nature.31 These raw
materials were weighed in the stoichiometric amounts and then mixed
in an agate mortar and pestle using acetone. The mixture was then
calcined at 850 °C for 4 h. The calcined powders were ball milled in a
plastic jar with zirconia grinding media for 12 h in ethanol and dried
for 4 h at 150 °C. Samples of 13 mm in diameter and 2 mm in
thickness were uniaxially pressed at 260 MPa and sintered at 1120 °C
for 4 h. Bulk densities of the samples were determined using the
Archimedes method.

X-ray Diffraction (XRD). Crystalline phases were characterized by
X-ray diffraction (XRD) (D8 Advance, Bruker, Germany), using CuKα

radiation, on powders obtained by milling the sintered ceramics. The
patterns were recorded over the angular range 15−80° (2θ) with a
step size of 0.0334° and a time per step of 100 s, using Cu Kα radiation
(λ = 0.154056 nm) with working voltage and current of 40 kV and 100
mA, respectively. Structural refinement was performed using a
tetragonal symmetry, (T, P4mm), an orthorhombic symmetry, (O,
Amm2), and a rhombohedral symmetry, (R, R3c). The relative volume
fractions can be calculated by using the integrated intensities of
degenerate reflections, such as the tetragonal (002) and (200),
orthorhombic (022) and (200), and rhombohedral (200) peak,
respectively, obtained from line profile analysis.9 Peaks positions were
fit assuming a Lorentz peak shape. (More information about the phase
volume f raction vs Sb content is shown in Supporting Information Figure
S1.)

Electrical Properties. For the electrical measurements, silver
pastes were coated on both sides of the sintered samples. After being
fired at 600 °C for 30 min, these samples were used for characterizing
electrical performance. In order to test the piezoelectric constant, the
samples were polarized under a direct current (dc) electric field of 4
kV/mm in a silicon oil bath at 25 °C for 30 min.32 Dielectric
properties were determined at different temperatures and frequencies
using an impedance analyzer HP4294A in the frequency range 100 Hz
to 1 MHz.

The piezoelectric constant d33 was measured using a piezo d33 meter
(YE2730A d33 METER, APC International, Ltd., USA) at temper-
atures between −10 and 250 °C. The transverse piezoelectric
coefficient (d31) and the planar coupling coefficient (kp) were
determined at room temperature by the resonance/antiresonance
method on the basis of IEEE standards. The planar mechanical quality,
Qm, which is related to the sharpness of the resonance frequency, was
calculated using the following equation33
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where f r is the resonance frequency (Hz), fa is the antiresonance
frequency (Hz), Zm is the minimum impedance at f r (ohm) resonance
impedance, and CT is the capacitance mechanically free at 1 kHz.
Finally, the ferroelectric nature of these ceramics was determined using
a hysteresis meter (RT 6000 HVS, RADIANT Technologies).

Raman Spectroscopy. Raman spectroscopy was carried out in the
temperature range between −150 to 300 °C on sintered and polished
pellets using a WITec Alpha-300R confocal Raman microscope with a
532 nm laser. A total of 20 measurements were done at different points
for each temperature, to study the possible presence of secondary
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impurity phases because these could potentially emerge during
sintering. Furthermore, investigation of the samples would allow
comparing Raman spectra to dielectric measurements and piezoelectric
properties on the search for potential multiphase coexistence, which
would improve the functional response of the system. Collected
spectra were analyzed by using Witec Control Plus Software, and
Raman mode positions were fit assuming a Lorentz peak shape.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization of the KNLN1−xSx-BZ

Ceramics: Identification of the Polymorphic Behavior.
Figure 1 presents the X-ray diffraction patterns of KNLN1−xSx-

BZ ceramics for different Sb5+ amounts sintered at 1120 °C for
4 h. All diffraction patterns correspond to a perovskite structure
without secondary impurity phases in this system. In particular,
the absence of secondary impurity phases, which is assigned to
K6LiNb6O17 (PDF# 36-0533) or K6Nb10.88O30 (PDF# 87-
1856) with tungsten-bronze type (TTB),12 is a remarkable
result because these TTBs phases are commonly present in
sintered alkaline niobates and form liquid phases that affect
piezoelectric response.34 Two aspects are relevant to attain such
behavior: First, Ta5+ cations are not incorporated, which
commonly induce compositional inhomogeneities,35 and,

second, the incorporation of Ba2+ cations, as mineralizer,
improves diffusion. Thus, the XRD patterns allow us to infer
that the ceramic compositions under study form a stable solid
solution.
The inserts of Figure 1 display the splitting of the (200)

pseudocubic peak into (200) and (002), which suggests a
noncubic symmetry in these samples. The inserts show a detail
of the XRD diffraction pattern in the 2θ range 44.5° to 46.5° of
the KNLN1−xSx-BZ ceramic system as a function of the Sb5+

content. Moreover, as represented in the insets, the Sb5+ doping
produces changes in the symmetry of the perovskite structure.
All samples present the polymorphic behavior, which is
associated with the room temperature coexistence between a
tetragonal symmetry, (T, P4mm), an orthorhombic symmetry,
(O, Amm2), and a rhombohedral symmetry, (R, R3c). The
coexistence of different polymorphs (tetragonal and ortho-
rhombic phases) was previously reported on KNL-NTS bulk
ceramics.8,12,16,22,32,35−38 Furthermore, the above behavior
shows a clear dependence on the Sb5+ content (see the insert
of Figure 1).
As a result, the ceramics with 0.00 ≤ x ≤ 0.06 have a

coexistence of O−T phases,39 being more relevant to the peaks
associated with T symmetry. However, we can detect that there
is a different trend for the ceramics with high Sb5+ content
(0.07 ≤ x ≤ 0.08). In the compositional range 0.07 ≤ x ≤ 0.08,
the XRD patterns could not be indexed with either T or O
structures. Structural refinement resulted in a new phase
coexistence at room temperature, consistent with a mixed (R +
T) phase structure containing both polarization directions (see
the insert of Figure 1). This fact confirms that compounds in
this region also are polar at room temperature. The
concomitant observation of the XRD diffraction pattern
characteristic of the KNN-based rhombohedral polymorph
allows thinking that this local structure is probably of
rhombohedral symmetry (although the monoclinic structure
(M, Pm, or Cm) is not disregarded), thus with polarization
along the ⟨111⟩pc direction. This agrees well with the recently
reported observation by high energy synchrotron XRD
diffraction measurements of the local structure of monoclinic
symmetry in KNN ceramics.40 In this last case, also the more
relevant phase is the T phase. As a consequence, the most
probable origin of this behavior must be related to the solubility
of Sb5+ ions into the perovskite structure. So, we suppose that
the gradual entry of Sb5+ ions into the KNLN-BZ perovskite
lattice produces an evolution in multiphase coexistence
suppressing the O phase in favor of the R phase.

3.2. Determination of the Phase Transition Temper-
atures. To verify that the polymorphic behavior is influenced
by Sb5+ doping on the KNN-based system, additional
experiments were performed from their dielectric permittivity
(ε′) vs T curves (see Figure 2). So, the ε′−T curves of each
sample were measured in the temperature range of 25−400 °C,
as shown in Figure 2a. Figure 2a shows the temperature
dependence of the dielectric permittivity ε′ (at 100 kHz) of
KNLN1−xSx-BZ ceramics as a function of x. It is well-known
that in the KNN-based system there are four polymorphic
phases, rhombohedral (R), orthorhombic (O), tetragonal (T),
and cubic (C) phases, with increasing temperature. So, the
transition temperatures are correspondingly defined as TR−O,
TO−T, and TC (or Curie temperature). The curves correspond-
ing to ceramics with 0.00 ≤ x ≤ 0.06 present two transitions
(see the curves marked as 1, 2, and 3 in Figure 2a), which are
associated with the corresponding TO−T and TC, respectively. In

Figure 1. Identification of phase coexistence on the KNLN1‑xSx-BZ
ceramics by XRD: The figure shows X-ray diffraction patterns of
KNLN1−xSx-BZ ceramics sintered at 1120 °C for 4 h. The inserts of
each figure show a detail of the XRD diffraction pattern in the 2θ range
44.5° to 46.5° of the KNLN1−xSx-BZ ceramics. The patterns with x
between 0.00 and 0.06 are fitted to the sum of four Lorentzian peaks,
which are indexed as 2 tetragonal peaks (in blue color) plus 2
orthorhombic peaks (in red color) of the perovskite phase. While the
ceramics with x between 0.07 and 0.08 were simulated to the sum of
the three Lorentzian peaks, which are indexed as 2 tetragonal peaks (in
blue color) plus the rhombohedral peak (in green color) of the
perovskite phase (T: tetragonal symmetry, O: orthorhombic
symmetry, and R: rhombohedral symmetry).
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the temperature range studied, only TC can be detected for
ceramics with high Sb5+ content (see the curves marked as 4
and 5 of Figure 2a). This means that the polymorphic phase
transition assigned to R−T coexistence detected by XRD takes
place below and/or close to room temperature.
To clearly compare the evolution of the phase structure, we

choose the ε′−T curves of KNLN1−xSx-BZ ceramics in the
temperature range −80 to 100 °C to determinate the variations

of both TO−T and TR−O, as shown in Figure 2b. We can clearly
observe from Figure 2b that the addition of Sb5+ decreases
TO−T and increases TR−O simultaneously, which results in the
formation of the R−T phase boundary for a high doping range
(x ≥ 0.07). Considering the results of both XRD patterns and
ε′−T curves [see Figures 1 and 2a], two situations can be
identified depending on the doping content: First, for a low
doping range, the ceramics belong to the O and T phase
coexistence close to room temperature; and, second, for a high
doping range, the O−T phase boundary is suppressed in favor
of a new R−T phase transition, which is below and/or close to
room temperature, depending on the x content.
On the other hand, we also focus on the variation of TC with

Sb5+ content, and this has been plotted in Figure 2c. As
compared with the KNLN1−xSx-BZ ceramics without Sb5+ we
notice that the ceramics with Sb5+ have a lower TC, which
shows a linear relationship with the Sb5+ content. This
phenomenon is consistent with previously reported results in
KNN with the addition of other B-site doping.22,39,41−44

Moreover, the dielectric constant value at the Tc increases with
the Sb5+ doping, reaching a maximum at x = 0.07. Noteworthy,
the dielectric constant at room temperature increases with the
doping amount, while the dielectric losses remain low (see
Table S1, Supporting Information). The coexistence of R−T
phases increases the charge accumulation of the system. This
behavior is similar to the one that occurs at the MPB in the
PZT system. This fact anticipates the improvement of the
piezoelectric properties.

3.3. Influence of the Phase Transition at Room
Temperature on the Functional Properties of the
KNLN1−xSx-BZ Ceramics. The high density KNLN1−xSx-BZ
ceramics are perfectly adapted to measure the ferroelectric
functionality and to try to correlate such properties to the
observed structural evolution. For a better understanding of the
relationship between physical-chemical phenomena and elec-
tromechanical properties of the ceramics, the dependence
polarization (P-E) loops as a function of Sb5+ content were
measured, as displayed in Figure 3. From Figure 3a, we can
observe that all the ceramics exhibit good square hysteresis
loops at room temperature, revealing their ferroelectric
character. As it is observed in the inset of Figure 3a the
coercive field (Ec) decreases almost linearly with the Sb5+

content evidencing that the ferroelectricity is clearly sensitive to
the Sb5+ content. To make clear the effects of Sb5+ content on

Figure 2. Influence of the Sb+5 on phase transitions of the KNLN1‑xSx-
BZ ceramics. Panel a shows real permittivity (ε′) vs temperature of
KNLN1−xSx-BZ sintered ceramics (at 100 kHz). Panel b shows a detail
of the εr−T curves of KNLN1−xSx-BZ ceramics in the temperature
range −80 to 100 °C. Panel c shows the evolution of the Tc of the
KNLN1−xSx-BZ ceramics as a function of the Sb5+ content (the
sensitivity of the phase transition temperatures, Tc, was estimated as
±5 °C). The ceramic compositions represented in panels a and b are
the following: (1) x = 0.00; (2) x = 0.05; (3) x = 0.06; (4) x = 0.07;
and (5) x = 0.08. The arrows marked in panel a correspond to the
TR−T, TO−T, and TC evolution, while the arrows marked in panel b
correspond to the TR−O, TO−T, and TR−T depending on compositions.

Figure 3. Ferroelectric behaviors of the KNLN1‑xSx-BZ ceramics: panel a P−E loops and panel b Pr and Ec values of the ceramics as a function of the
x. The insert of panel a shows a detail of the Ec evolution. The ceramic compositions represented in panel a are the following: (1) x = 0.00; (2) x =
0.05; (3) x = 0.06; (4) x = 0.07; and (5) x = 0.08.
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the ferroelectric behavior of the system, the remnant polar-
ization (Pr) and coercive field (Ec) of each sample derived from
Figure 3a are plotted in Figure 3b. In this figure is observed that
both Pr and Ec decrease as the Sb

5+ content increases, and this
behavior has been reported for similar compositions.21,39,45 The
decrease in Ec indicates that the addition of Sb5+ facilitates the
movement of ferroelectric domain and made the polarization
switching easier (softening effect).
Keeping in mind that these materials can be used in devices

operating at room temperature, an important aspect to consider
is the design of the phase transition at room temperature. Thus,
TO−T and TR−T should be controlled for a high d33 value in
KNN-based ceramics. Besides, it is well-known that dielectric
and ferroelectric properties determine the piezoelectric proper-
ties; remember that the d33 piezoelectric constant is propor-
tional to the εrPr product.

39,45 Then, even though the Pr is
relative low, the ε′ is high, and then the piezoelectric properties
increase. The high dielectric permittivity is related to the
coexistence of the R−T phases, which make the system
(sample) more polarizable due to the existence of more
directions for the polarization orientation, and more
importantly it provides the rotation path for the enhanced
piezoelectric properties near the phase boundary.46−48 This fact
is highly remarked by the appearance of large Ps (saturation
polarization) values for the compositions having rhombohe-
dral−tetragonal coexistence at room temperature. The large Ps
in spite of the lower values of the Pr indicates a high domain
mobility characteristic of donor doped piezoceramics.
To examine the piezoelectric behavior, samples were poled,

and longitudinal piezoelectric coefficients (d33) were measured
across the full range of compositions (0 ≤ x ≤ 0.08). The
behavior of the d33 piezoelectric constant versus εrPr product is
shown in Figure 4. Compositions with coexistence of the O−T
phases, 0.00 ≤ x ≤ 0.06 (blue area of Figure 4), show an
increase in d33 with increasing x, reaching a maximum of 315
pC·N−1 at x = 0.06. The most relevant result obtained from the
d33 evolution is the substantial increase near the morphotropic
phase boundary (green area of Figure 4), which reaches a
maximum d33 of ∼400 pC·N−1 for x = 0.07. This represents an

improvement of 25% regarding that found for O and T
coexistence (315 pC·N−1 at x = 0.06). The high d33 value is
similar to that of soft PZT (425 pC·N−1)33 and is considerably
higher than several established KNN-based lead-free systems
(244−360 pC·N−1)37,38,49,50 (see Table S1, Supporting
Information). The εrPr increases as the Sb

5+ content increases;
this is because of the coexistence of the rhombohedral−
tetragonal phases beginning to appear, reaching a maximum at
x = 0.07. The phase coexistence means that polarization can
adopt 14 directions (6 from the tetragonal phase and 8 from
the rhombohedral phase, respectively); these results confirm
the dielectric data discussed above. So, the higher the εrPr
product the higher the piezoelectric properties, and the
maximum value is shown for x = 0.07 of Sb5+ content, which
yield a d33 value as high as ∼400 pC·N−1 at room temperature.
On the other hand, at this stage one drawback is the low Tc of
the 0.07 composition.
Summarizing, the piezoelectric properties present a clear

relationship with the phase coexistence at room temperature
(Figure 4). Logically and as for Pr, the piezoelectric properties
are governed by the stabilization of a Rhombohedral−
Tetragonal (R−T) phase boundary close to room temperature,
which enhances the polarization process of the system.
The transverse piezoelectric coefficient (d31), the planar

coupling coefficient (kp), and the mechanical quality factor
(Qm) were calculated from radial extensional resonance mode
on poled disks as shown in Figure 5 a-b. It is seen that both
piezoelectric charge constants, d33 and d31, increase pro-
gressively with increasing the Sb5+ content and reach a
maximum at x = 0.07 Sb5+ due to the phase coexistence
discussed above. The kp has a similar trend, i.e. increases slightly
with increasing Sb5+, and reaches its top value close to x = 0.07

Figure 4. Detection of a high d33 value on the KNLN1‑xSx-BZ ceramics
at room temperature: d33 and εrPr vs Sb5+ content on the
KNLN1−xSbx-BZ system. The blue and green areas delimit the
compositional regions where is located the coexistence of the O−T
and R−T phases of the KNLN1−xSbx-BZ system, respectively. The
white dotted line limits the two phase boundaries involved in the
KNLN1−xSbx-BZ system. The standard tolerance for the electrical
properties is ±10%.

Figure 5. Dielectric and piezoelectric properties at room temperature
of the KNLN1‑xSx-BZ ceramics as a function of the Sb5+ content: panel
a d33 and kp as well as panel b d31 and Qm of the ceramics as a function
of Sb5+ content. The blue and green areas delimit the compositional
regions where is located the coexistence of the O−T and R−T phases
of the KNLN1−xSbx-BZ system, respectively. The white dotted line
limits the two phase boundaries involved in the KNLN1−xSbx-BZ
system. Data are measured at 25 °C and 24 h af ter poling. The standard
tolerances for the electrical and electromechanical properties are
±10% and ±5%, respectively.
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and then decreases again. Thus, for x = 0.07 (R−T phase
coexistence), d31, kp, and Qm are 175 pC·N−1, 0.48, and 42,
respectively (see Table S1, Supporting Information for the
other compositions under study and comparison with soft
PZT). As a relevant result, the R−T phase coexistence
improves the piezoelectric activity, while the O−T phase
boundary increases the mechanical quality factor, Qm. To better
understand the influence of multiphase coexistence on the
functional properties of the system, we performed the relative
volume fractions investigations by X-ray diffraction (XRD). The
reader can f ind more information about the relative volume
f ractions vs Sb5+ in Supporting Information Figure S1.
3.4. Temperature Dependence on the Phase Tran-

sitions: Revealing the Role of Multiphase Coexistence in
Improving the Piezoelectric Properties. Considering that
the enhanced piezoelectric property of KNLN1−xSx-BZ
ceramics is comprehensively assumed to be the existence of a
rhombohedral−tetragonal coexistence phase, and keeping in
mind that Raman spectroscopy is sensitive to phase transitions
in ceramic materials, we used confocal Raman spectroscopy to
monitor the distortion of the oxygen octahedra for the ceramic
with x = 0.07. The (R−T phase coexistence) composition x =
0.07 was selected for a detailed study of structural evolution vs
temperature, and, therefore, we try to know whether the R−T
phase coexistence could be driven further improving its

temperature stability of the system. The vibrations of the BO6
octahedron consist of 1A1g (υ1) + 1Eg (υ2) + 2F1u (υ2, υ4) + F2g
(υ5) + F2u (υ6) modes. Of these vibrations, 1A1g (υ1) + 1Eg (υ2)
+ 1F1u (υ3) are stretching modes and the rest, bending
modes.51,52 In particular, A1g (υ1) symmetrical mode and F2g
(υ5) antisymmetric mode are detected as relatively strong
scattering signals in KNN-based materials because of a near-
perfect equilateral octahedral symmetry. A series of temperature
dependent average Raman spectra of the KNLN1−xSx-BZ
ceramics with x = 0.07 is shown in Figure 6a. The spectra
are focused on the mixed Eg (υ2) and A1g (υ1) in the 450−750
cm−1 frequency range, see insert of Figure 6a. Clearly, a
continuous decrease in the Raman shift of the A1g mode occurs
when temperature increases from −150 to 250 °C of the
ceramic with x = 0.07. This behavior observed here implies a
modification of the polarization direction, at least at a local
scale. The Raman shift is also an indicator of the crystal stress
and correlates with the polarization.8,16,52 Indeed, a modifica-
tion of the chemical environment (atomic displacement, local
stress, ...) changes the force constants of chemical bonds and
thus modifies the phonon frequency of some Raman modes
(Raman shift). By analogy with the visible spectrum and
compared to reference, a frequency increase of the Raman peak
frequency is called “blueshift” (higher energy of phonon), while
a frequency decrease is called “redshift”. The redshift of the A1g

Figure 6. Temperature dependence on the phase transitions and its influence on the piezoelectric properties of the KNLN1‑xSx-BZ ceramic with
composition x = 0.07: Panel a shows the sequence of average Raman spectra showing the evolution of the phase transition in the KNLN1−xSx-BZ
ceramic with composition x = 0.07 for different temperatures between −150 °C → 250 °C. These Raman spectra are fitted to the sum of two
Lorentzian peaks, ascribed to the Eg (υ2) and A1g (υ1) corresponding to Raman modes of the perovskite phase. Moreover, the inset in the top of
panel a shows an enlargement of the A1g Raman shift taken between the temperatures at −150 and 250 °C, exhibiting a decrease Raman shift of 20.8
cm−1. Panel b shows the schematic polarization rotation process in a perovskite unit cell ABO3, from the rhombohedral (R) phase to the cubic (C)
phase, whereby the polarizations are represented by blue arrows. The Raman shift evolution of the A1g Raman mode is plotted as a function of the
temperature in the panel c. As a comparison and to evaluate the influence of the phase transitions on the functional properties, panel c also
represents the longitudinal piezoelectric coefficients (d33) and dielectric permittivity (ε′) evolution vs temperature. From panel c, high piezoelectric
activity is observed for the phase coexistence optimal between a rhombohedral (R) and a tetragonal symmetry (T) close to room temperature. The
red dotted lines limit the phase transitions involved in the KNLN1−xSbx-BZ system, which are driven by temperature.
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Raman mode (insert in the top of Figure 6a) indicates a
structural change as a consequence of the polarization rotation
produced by phase transitions of the system. Additionally, on
the right of each temperature range and associated with each
one of the structural modifications is displayed the schematic
polarization rotation process in a perovskite unit cell ABO3,
from the rhombohedral (R) phase to the cubic (C) phase
(Figure 6b).
To make clear the temperature effect on the structural

changes of the system, the Raman shift of the A1g mode of each
temperature derived from Figure 6a is plotted in Figure 6c. It is
worth noticing a characteristic aspect in the A1g Raman shift
evolution, which demonstrates two abrupt discontinuities; the
first one occurs at temperatures between 0° and 25 °C and is
due to the R−T phase transition. The second one, associated
with the T−C phase transition (Curie temperature, TC), occurs
around ∼175 °C. This last phase transition is easily detectable
since it is characterized by the annihilation of the Eg Raman
mode, as shown in the top of the inset of Figure 6a. It is well
established, that while ideally the Raman modes of a perovskite
unit cell ABO3 should completely disappear above TC, they
usually only decrease in magnitude and broaden indicating that
the symmetry of the paraelectric phase is pseudocubic instead of
the previously reported cubic phase. This behavior can be
possibly explained due to an order−disorder transition
component and local deviations from the ideal structure.
Raman spectroscopy is based on bond polarization, and, in this
case, we observe the main vibrations associated with the BO6
perovskite-octahedron. As a consequence, the presence of
active Raman modes above TC could provoke partial retention
of the polarization at a local scale.
Generally speaking, the properties of ferroelectric materials

are governed by the occurrence of electric dipole moments in
piezoelectric/ferroelectric materials, in which the application of
an electrical field creates mechanical deformation or vice
versa.53 Thus, piezoelectric lattice-deformations are inevitably
associated with polarization variations. In Figure 6b and
associated with each temperature range has been represented
a schematic process of the polarization rotation in a perovskite
unit cell ABO3, from its rhombohedral (R) state to its cubic (C)
state, which passes through a phase coexistence state between a
rhombohedral (R) and a tetragonal (T) state close to room
temperature. The most relevant result obtained from the
Raman characterization of the ceramic with x = 0.07 is the
confirmation of this new R−T phase transition, which depends
on the x content, and it has been demonstrated by XRD and
ε′−T curves. The construction of this phase coexistence
induces in the system a high degree of polarization directions
close to room temperature, associated with the spontaneous
polarization reorientation on the [111]c and [001]c direction
for the rhombohedral (R) and tetragonal (T) phases,
respectively. Thus, the R−T phase coexistence at room
temperature produces a lattice-deformation associated with
the high degree of the polarization directions that contribute to
the domain mobility and therefore to the enlargement of the
piezoelectric properties.
Figure 6c summarizes the temperature dependence on the

Raman shift evolution of the A1g Raman mode (top),
piezoelectric charge coefficient d33 (middle), and dielectric
properties (bottom) of the KNLN1−xSx-BZ ceramics with x =
0.07 in the temperature range −100 to 250 °C. From Figure 6c,
it is found that coexistence of rhombohedral and tetragonal
phases for the x = 0.07 composition exhibits an anomaly in all

of the properties close to room temperature, as previously
introduced in Figures 1, 4, and 5. Figure 6c (middle) shows the
most interesting result to be a high value of ∼400 pC·N−1 for
the piezoelectric coefficient d33. (More information about the
d33 evolution vs temperature can be found in Supporting
Information Figure S2).
Taking into account the above results, we have demonstrated

that the piezoelectric activity of KNLN1−xSx-BZ ceramics, with
x = 0.07, can be comparable to part soft PZTs. In analogy with
the PZT system, the coexistence of the rhombohedral and
tetragonal phases occurs, the resulting large dielectric constant
favors the ferroelectric domain mobility, and, as a consequence,
the macroscopic property coefficients are also maximized.
However, there are a number of critical observations associated
with our findings: first, the temperature restrictions in which
room temperature allows the maximum piezoelectric constant
and, second, the relative low Tc (∼175 °C) for the ceramic with
x = 0.07, as shown in Figure 2. In the origin of the R−T
coexistence, we make also evident that a remarkable
contribution on the system under study is the absence of
secondary impurity phases. The secondary impurity phase
appearance is commonly observed in many of the alkaline
niobate based piezoceramics.12,34,54 Considering that the role of
the secondary impurity phase is the partial retention of the
alkali elements into its crystalline structure during the sintering
step, this promotes the displacement of the alkaline elements
from the main perovskite phase. In particular the secondary
impurity phases are Li and K rich phases. As a consequence, we
reported recently that this fact plays a crucial role in the phase
transition temperatures of the alkaline niobate based system.54

Thus, the system proposed here shows noticeable advantages
over other KNN-based lead-free systems: first, the absence of
secondary impurity phases allows tuning the tetragonality ratio
by the control of Sb5+ content; second, the incorporation of
BaZrO3 is the key point to promote the appearance and
stabilization of a rhombohedral phase; and, last but not least,
the absence of tantalum cations in the composition contributes
to the homogeneity and to the reduction of the complexity of
the system. As tantalum oxide, Ta2O5, is scarce and expensive,
the addition of Ta5+ should be avoided as far as possible or be
used with a low content in terms of their practical applications.
Thus, tantalum oxide-free compositions proposed here will
contribute greatly to the development of the lead-free
piezoceramics with large piezoelectric properties.

4. CONCLUSIONS
The implication derived from this study is that we can
surprisingly modulate the multiphase coexistence of the
0.96[(K0.48Na0.52)0.95Li0.05Nb1−xSbxO3]-0.04[BaZrO3] lead-free
system by replacement of the B-sites with Sb ions in the
perovskite structure. So, we have stabilized a perovskite
structure with a new phase boundary consisting of Rhombohe-
dral and Tetragonal (R−T) phases, which is accessible at room
temperature. The mixed phase region induces in the system a
high degree of polarization directions close to room temper-
ature, associated with the polarization directed along the [001]p
and [111]p primitive cell edges for the rhombohedral (R) and
tetragonal (T) phases, respectively. Thus, the R−T phase
coexistence at room temperature produces a lattice-deforma-
tion associated with the high degree of the polarization
directions that contribute to the domain mobility and therefore
to the enlargement of the piezoelectric properties. Based on
these results, the R−T mixed phase region develops a
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significant high piezoelectric response with a d33 value as high
as ∼400 pC/N, which is comparable to part soft PZTs. This
knowledge should be used in the design of new lead-free
piezoceramics with superior property coefficients and function-
alities, pointing out that these compounds should be seriously
considered as candidates for the substitution of PZT.
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