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The development of high-performance lead-free piezoceramics for replacing Pb-based perovskites has attracted lots of
DOI: 10.1039/x0xx00000x attention, and comparable room-temperature piezoresponse has been realized in (Na,K)NbOs and BaTiOs-based ceramics
with local structure heterogeneity via adjusting polymorphic phase boundary. In this work, a new method of oxygen
octahedron tilt design is used in NaNbOs-based lead-free ceramics, which usually shows complex oxygen octahedron tilt
information inherited from NaNbOs. The substitution of Ba(Feo.sNbo.s)Os and BaTiOs with high tolerance factor into NaNbOs
leads to a gradual elimination of anti-parallel cation displacement and anti-phase tilt along three axes; as a result, a single
tetragonal phase with P4bm space group and only in-phase tilt along c axis is achieved in 0.88NaNbO3-0.04Ba(Feo.sNbo.s)Os-
0.08BaTiOs3 ceramic. Accompanying the decreased oxygen octahedral tilt degree, a drastically improved ds3 up to 367 pC/N
(over ten times that of NaNbOs ceramic) is obtained, reaching a record high in NaNbOs-based lead-free ceramics. Together
with temperature insensitive piezoresponse originating from thermal stable oxygen octahedral tilt structure, the studied
NaNbOs-based materials show large potential for replacing Pb-based ceramics in some electronic devices. The oxygen
octahedron tilt engineering would be used for designing more high-performance lead-free ceramics with high piezoresponse
and excellent thermal stability simultaneously.

New concepts

The origin of polarization in perovskites roots in A/B-site displacement and BOs octahedral tilt. The adjustment of A/B-site displacement
through ions doping is widely used for realization of large piezoelectricity, yet BOs octahedral distortion design rarely pays attention by
researchers, because the existence of oxygen octahedral tilt is widely thought to be bad for the room temperature piezoelectric response
but favor of the thermal stability. In this work, NaNbOs lead-free ceramic showing high Curie temperature and complex oxygen octahedral
tilt system is chosen as the matrix, a novel method of oxygen octahedral tilt engineering, including not only tilt degree but also tilt mode,
is used to generate high piezoelectric properties and excellent thermal stability at the same time. With the gradual elimination of antiphase
tilt along a and b axes as well as decrease of tilt degree, temperature-insensitive large ds3~367 pC/N is obtained in a new 0.88NaNbOs-
0.04Ba(Fe0.sNbos5)03-0.08BaTiOs ceramic. The detected ds3 in the studied single-phase sample is much higher than that of the MPB
compositions previously reported in NN-based ceramics. The results suggest that the oxygen octahedral tilt design would be a good strategy
similar to polarization configuration for designing high-performance in some special lead-free ceramic systems.

phase boundary, MPB and polymorphic phase boundary,
Introduction PPB),*® forming relaxation state® and nanodomain structure.”
Traditional Pb-based Pb(Zros3Tio47)Os as commercial ceramic
locates at MPB with rhombohedral (R) and tetragonal (T) phase,
showing high piezoelectricity and temperature stability.® Lead-
free (Nao.sKos)NbOs (NKN)® and BaTiOs (BT)!%-based systems
exhibit PPB varying with not only composition but also
temperature for superior ds3 up to 600+pC/N.!! Relaxor
ferroelectric Pb(Mg1sNb23)Os-PbTiOs processes outstanding
ds3 ~ 680pC/N, accompanied by nanodomain morphology with
easy polarization rotation.'? 13 A large number of works through
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b'g:g;’;’;’gggg P C”h”;’;"' Chemistry, University of Science and Technology Beijing, The origin of polarization in perovskite structure roots in
< School of Mathematics and Physics, University of Science and Technology Beijing, A/B-site displacement and BOs octahedral distortion.1”. 18 Many
Beijing 100083, China. pieces of research concentrate on the former to adjust the
* Footnotes relating to the title and/or authors should appear here. . . . . .
magnitude and direction of ion displacement. Generally, the

Electronic Supplementary Information (ESI) available: [details of any supplementary
information available should be included here]. See DOI: 10.1039/x0xx00000x existence of oxygen octahedral distortion in lead-free systems,

Ferroelectric and piezoelectric ceramics as functionalized
materials provide engineering applications, including sensors,
transducers, and energy storage devices.? In particular,
piezoelectric coefficient dss is an important parameter for
evaluating ceramic properties. The effective ways to obtain high
ds3 consist of constructing phase boundary (i.e., morphotropic
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such as (BiosNaos)TiOs (BNT)-based ceramics,'%?! as a key
factor restricts improvement of piezoelectric properties.?> 23
Therefore, it is vital to understand and tune oxygen octahedral
tilt in lead-free piezoelectrics design.?* 2 Typical lead-free
compound NaNbOs as classical antiferroelectrics with anti-
parallel cation displacements owns abundant BOs distortion
configuration.?® The antiferroelectric orthorhombic phase at
room temperature processes a’bc and a'b'c* tilting with Pbcm
space group.?”- 28 The high temperature phases inherit its parent
distortion, according to Glazer notation,?° respectively: ab*c*/ a-
boc* (R), a'b*c* (S), ab%* (T1), aa’c* (T2).%° The substitution of
the second component, including LiNbOs and BaTiOs, can
stabilize the ferroelectric state for achieving a high piezoelectric
response.®: 32 Besides, A-site vacancies engineering is
introduced to adjust octahedral tilting.3® Nevertheless, partial
BOs octahedral tilting remains, like ferroelectric Q phase P2:ma
and ferroelectric R phase R3c.3* 35 BOs distortion is related to
tolerance factor (t), which describes the competition relationship
between A-O and B-0.3% 37 Significantly, lower t generally is
accompanied by oxygen octahedral rotation to maintain
perovskite structure owing to small A-site ion radius.

In order to regulate BOs octahedral distortion, large t
compounds are introduced to affect structure phase transition for
exploring high-performance piezoelectric ceramics.®® Here,
large t composition Ba(Feo.sNbos)Os (BFN) doping in NN leads
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to stabilizing ferroelectric Q phase, firstly. The third phase BT
mixing further enlarges t to reduce oxygen octahedral distortion
for inducing the T phase.®® The composition of 0.88NN-
0.04BFN-0.08BT exhibits excellent piezoelectric performance
with dss ~ 367 pC/N and outstanding temperature stability in the
range of 20-120 <C originated from a single polar P4bm structure.

Experimental

The three compositions of NN, 0.96NN-0.04BFN and
0.88NN-0.04BFN-0.08BT were fabricated by a conventional
solid-state reaction method. The raw materials chose Na2COs
(99.8%, 497-19-8, Aladdin, Shanghai), Nb2Os (99.9%, 1313-96-
8, Aladdin, Shanghai), BaCOzs (99.95%, 12047-27-7, Aladdin,
Shanghai), Fe203 (98%, 1309-37-1, Aladdin, Shanghai), and
TiO2 (99.8%, 13463-67-7, Aladdin, Shanghai), which were
calcined at 300 <C for 2 hours before mixing to remove moisture
and volatile impurity. The weighed powder was mixed at a
planetary ball mill to grind with alcohol for 12 hours. The dried
powder was calcined at 900 <C for 4 hours and then ball-milled
again for 12 hours. The resultant powder was pressed into green
pellets 10 mm diameter using polyvinyl alcohol (PVA) as a
binder under 300 MPa pressure. The pressed pellets were
sintered in the temperature range of 1260-1350 <C for 2 hours
after removing the binder at 550 <C for 2 hours. For dielectric,
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Fig. 1. The composition dependence Raman spectra and corresponding deconvolution results at 50-800 cm, PFM amplitude and phase
image, as well as phase profiles generated from the line scan of (a-d) NN, (e-h) 0.96NN-0.04BFN and (i-l) 0.88NN-0.04BFN-0.08BT

ceramics.
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ferroelectric and piezoelectric measurement, the as-sintered
disks were polished to a thickness of ~0.6 mm with sputtering
Au electrodes (ETD2000, Elaborate Technology Development,
Beijing). The samples were poled with a dc electrical field of 3-
12 kV/mm at room temperature for 30 minutes in a silicone oil
bath. Dielectric curves under different temperatures and
frequencies were measured with an LCR meter (E4980, Agilent,
Santa Clara, CA) under 0.5 V at various frequencies. The
ferroelectric properties, including polarization and bipolar strain
curves versus the electric field, were measured using a
ferroelectric analyzer (aixACCT, TF Analyzer 1000, Aachen,
Germany) at 1.5 Hz under an electric field of 12 kV/mm, 6
kV/mm and 3 kVV/mm, respectively. The piezoelectric coefficient
dss was measured using a quasi-static dss meter (China Academy
of Acoustics, ZJ-3, Shanghai). The remnant dsz values were
measured at room temperature after annealing at different
temperatures for 30 minutes.

The powder neutron diffraction data were collected at
CSNS (China Spallation Neutron Source, MPI) using time-of-
flight powder diffractometers. Rietveld refinements were
performed using GSAS 2. Room-temperature high energy
synchrotron  X-ray diffraction (SXRD) with different
compositions was measured at the beamline 11-ID-C in
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Advanced Photon Source (APS) with A = 0.1173A. High-
temperature SXRD was collected at the beamline 17-BM of APS
with high-energy X-ray radiation (A = 0.24105 A) in the range of
25-150 <C. The Raman spectra in the range of 50-800 cm-* were
collected at room temperature using a Raman spectrometer (HR
Evolution, Horiba, France). The grain morphology and size were
observed in as-sintered ceramics surface by field-emission
scanning electron microscope ((FE-SEM; LEO1530, ZEISS
SUPRA 55, Oberkochen, Germany). The domain structure
results were proofed by piezoresponse force microscope (PFM)
using an atomic force microscope (MFP-3D, Asylum Research,
USA), using in-plane and out-of-plane mode with single
frequency tracking under 8 V testing voltage. The measured
PFM samples were polished after rubbing under 2000—7000
mesh sandpapers without obvious scratches under 3000 times
optical microphotograph. The domain morphology observation
and selected area electron diffraction (SAED) were performed
on a field-emission transmission electron microscope (FE-TEM;
JEM-2200FS, JEOL, Japan) operated at 200 kV. For TEM
examination, samples were first mechanically polished to a
thickness of ~20 pm, then ion-milled on a Precision lon
Polishing System (PIPS, Model 695, Gatan Inc., Pleasanton, CA,
USA) at 5 keV.

Fig. 2. The Rietveld refinement result of powder neutron diffraction as well as the achieved crystal structure diagram for (a) NN, (b)

0.96NN-0.04BFN and (c) 0.88NN-0.04BFN-0.08BT ceramics.

This journal is © The Royal Society of Chemistry 20xx
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Results and discussion

NN as the initial phase is chosen not only for its complex
octahedral configuration but also a variable structure phase
transition with changing the ambinent temperature, indicating a
sensitive response of tilting. For the stabilization of ferroelectric
phase, the substitution composition needs large t meaning large
radius A-site cation, such as Ba%* (rea = 0.161 nm, rna = 0.139
nm). Thus, Ba(Feo.sNbos)O3z with same B-site ion Nb>* (rnp =
0.064 nm) and balanced valence Fe3* (rre = 0.065 nm) ion own
large t ~ 1.0421 doping in NN matrix. Subsequently, BaTiOs
with greater t ~ 1.0615 is chosen for further modification. The
composition-dependent  high-energy  synchrotron  X-ray
diffraction (SXRD) patterns in Fig. S1 present pure perovskite
structure without secondary phases. An obvious change in the
symmetry can be detected according to the magnified {004}c
diffraction peaks as well as Raman peaks shown in Fig. S1 and
Fig. 1, respectively. As known, pure NN exhibits
antiferroelectric P phase with Pbcm space group and
orthorhombic symmetry at room temperature, which originates
from the anti-parallel displacement of Nb in a direction along one
diagonal in the plane of the O3-O4 square as well as off-
centering displacement of Na2 (Nal remains almost
undisplaced).®® 4t As a result, several typical features such as
looa/la00 = 2:1, superlattice diffractions in the range of 26=6.8 ~
7.0=and multiple Raman peaks at < 300 cm! can be seen. With
the substitution of 4 mol% BFN for NN, an orthorhombic
structure can also be identified according to the feature of loos/l400
= 2:1. However, the obvious change of the space group can be

confirmed by the obvious decreased number of Raman peaks. On
the one hand, the split Raman peaks at ~75 cm™ merge,
indicating the absence of the off-centering displacement of Na2
found in the P phase. On the other hand, the decreased number
of Raman peaks caused by the internal vibrational modes of the
NbOs octahedron suggests the disappearance of the B-site cation
anti-parallel displacement feature. Therefore, a ferroelectric
orthorhombic phase has been stabilized at room temperature for
0.96NN-0.04BFN, which would be unstable and might turn back
to the antiferroelectric phase on heating to 230 <C, as can be seen
by the significant dielectric anomaly shown in Fig. S2. After the
addition of BT into 0.96NN-0.04BFN, a tetragonal phase can be
identified. Moreover, broadened Raman peaks suggest the
increased compositional disorder, further reflected on the weak
dielectric relaxation behavior.

The evolution of structural symmetry and ferroelectricity
would also be reflected in the change of domain structure. The
domain morphology and polarization switching at the
microscopic scale can be provided in PFM patterns. All the
studied samples exhibit dense structure and uniform size without
abnormally grown grains (Fig. S3). The grain size difference is
mainly attributed to the optimized sintering temperature and
variable element types, changing from 1350 <C in NN, 1280 <C
in 0.96NN-0.04BFN, to 1240 <C in 0.88NN-0.04BFN-0.08BT.
The in-plane PFM amplitude and phase signal of NN shown in
Figs. 1(b,c) display regular bulk nanodomain with a width less
than 100 nm. Even though an antiferroelectric P phase is usually
identified for pure NN ceramic at room temperature, weak
ferroelectricity can be usually detected owing to the similar free

o

<1 2.-2>C

Fig. 3. (a,b) Bright-field TEM images and (c,d) SAED of 0.88NN-0.04BFN-0.08BT ceramic.
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energy of P phase to the ferroelectric Q phase. With the
stabilization of the ferroelectric Q phase, the 0.96NN-0.04BFN
exhibits enlarged stripe-like domains in Figs. 1(f,g). Normal
ferroelectric ceramics with tetragonal phase usually exhibit large
stripe domains, yet irregular domains can be seen in the 0.88NN-
0.04BFN-0.08BT sample, as shown in Figs. 1(j,k). This should
be related to the broken long-range ordering in relaxor
ferroelectrics. The corresponding phase profiles generated from
the line scan are provided in Figs. 1(d,h,l) to observe the domain
size variation directly. Both processes of enhanced
ferroelectricity and refined domains would be in favor of the
piezoelectric response. In addition, the corresponding surface
topography shown in Fig. S4 eliminates the influence of
morphology fluctuation on domain configuration.

Besides the ferroelectricity reflected on phase structure,
lattice distortion relating to the cation off-centering displacement
and domain size, oxygen octahedral tilt also plays important
roles in piezoelectric properties. In most high-performance
perovskite piezoceramics, the polarization heterogeneity has
been designed at average or local scale.'* 42 43 The contribution
of oxygen octahedral tilt on piezoelectric properties is usually
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ignored, even many pieces of research suggest that the existence
of oxygen octahedral tilt is bad for the piezoresponse.3® 44 Yet,
the oxygen octahedral tilt information is non-ignorable in NN-
based lead-free ceramic owing to the inheritance from the
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complex oxygen octahedral tilt of NN. In order to get the
accurate oxygen octahedron tilting information, the room-
temperature powder neutron diffraction was taken, and the
Rietveld refinement results are shown in Fig. 2 and Table S1.
The structural refinement confirms that NN ceramic exhibits
orthorhombic phase with Pbcm space group,?> 26 which owns a
complex combination oxygen octahedron tilt of abc and abc*
(equivalent to (arac)/(aac*) owing to b™ = a°), especially repeat
units of c*c*cc™ along ¢ axis, leading to a supercell with\/fap X
V2a, x 4a, (a = 5.5040A, b =55689A, ¢ =155194A) by
comparing with basic perovskite cubic lattice of a,~3.9 A

With the substitution of BFN, ferroelectric Q phase with
Pb2im space group and abc* oxygen octahedron tilt can be
identified.*> By comparing with NN, the anti-phase tilt along ¢
axis and anti-parallel displacement of B-site cations disappears,
resulting in the absence of {1 1 3/4}c and {2 1 3/4}c superlattice
diffraction peaks.*® According to the systematic research results
from A.M. Glazer, in-phase tilt and anti-phase tilt would produce
1/2(ooe) (o: odd and e: even) and 1/2(ooo0) superlattice
diffraction peaks, respectively.*” Therefore, some 1/2 type
superlattice diffractions can still be detected in the reciprocal
space, including (3/2 1/2 1/2)c and (3/2 0 1/2)c as shown in Fig.
2(b).%* With further adding BT, a tetragonal phase with ap = bp <
cp can be achieved, this leaves a%a’c* and aa’c as the only
possible tilt systems. By further looking into the superlattice
diffraction peaks, 1/2(ooe) instead of 1/2(0o0) can be seen,
eliminating a%a’c". Thus the 0.88NN-0.04BFN-0.08BT ceramic
should belong to a P4bm phase with a%a’c* tilt, and the anti-
phase tilt has been eliminated after BT adding.?® The superlattice
diffraction can also be measured by TEM, as shown in Fig. 3 for
the 0.88NN-0.04BFN-0.08BT ceramic. Nanodomains with weak
contrast instead of stripe-like micro-domains can be seen.
Moreover, obvious 1/2(ooe) superlattice spots can be detected on
the SAED patterns, confirming the Rietveld refinement results
of neutron powder diffraction.

The oxygen octahedron tilt is thought to be dependent on t,
a quantity suggested by Goldschmidt to determine the stability
of perovskite phases:

t=(Ra+Ro)/[2Y2(Re+R0)]

Ra, Re and Ro are the radii of the A- and B-site cations and the
O ion, respectively.*® 4% The occurrence of tilt would reduce the
interstice volume and improve the structure stability when t
decreases below 0.985.3” NN exhibits a relatively low t ~ 0.9671
to maintain the perovskite structure, anti-phase and in-phase tilt,

as well as anti-parallel cation displacement occur simultaneously.

This structure is quite stable under external stimulation such as
electric field and stress; thus a high driving field (~10 kV/mm,
see Fig. S5) and poor piezoelectric properties (dsz~ 26 pC/N) can
be measured. Adding BFN with a higher t ~ 1.0421 would
decrease the tilt degree, eliminating the c tilt in NN. In order to
quantitatively analyze the change of tilt degree, the oxygen
octahedron distortion angle w, which is calculated by the
inclination of O-O-O atoms, displays raised angle approaching
zero with distortion-free structure caused by the in-phase tilt is
given. This is because the in-phase tilt exists in these three
structures and only exists along c axis, as clearly shown in Fig.
2. The o value decreases from 9.82° to 7.74° with the

6 | J. Name., 2012, 00, 1-3

substitution of 4 mol% BFN for NN, while the ds3z value is twice
as much as that of NN ceramic, as shown in Fig. 4.
Accompanying the further elimination of anti-phase tilt along a
and b axes with substituting BT, a further decreased w value of
~5.71< can be obtained. The gradually decreased lattice
distortion makes the domain switching behavior easier, as
reflected in the decreased coercive electric field (Fig. S5). Most
importantly, a drastically enhanced piezoresponse with dzs~ 367
pC/N is realized, reaching a record high of NN-based lead-free
ceramics. A design of oxygen octahedral tilt, including not only
tilt degree but also tilt mode as changing t can be observed. The
distortion along the c axis remains regardless of the space group
defined as distortion angle w to evaluate the degree of distortion,
which gradually decreases with enhancing t. Meanwhile, tilt
mode transforms from tilt along three axes in NN to two axes in
0.96NN-0.04BFN, and final only c axis in 0.88NN-0.04BFN-
0.08BT, which means the change from tilt to tilt-free along some
directions, accompanying with the evolution of phase structure.
A net dipole moment of polarization is the origin of
ferroelectricity.l” The polarization rotation and polarization
extension as a mechanism directly affect the piezoelectric
response. Importantly, polarization rotation is the dominant
factor for dss in rotator ferroelectrics.’> 3 The existence of
oxygen octahedral tilt leads to a large energy barrier, which
inhibits polarization rotation under electric field. Meanwhile, the
greater the octahedral distortion degree, the higher the energy
barrier of polarization rotation. The inhibited polarization
switching ability leads to inferior piezoelectricity.® In the
classical BNT-BT system, the decreased oxygen octahedral
tilting also exits with increasing BT content, transforming from
tilting to untilting structure: R3c in BNT to P4bm in BNT-7BT,
P4mm in BNT-10BT.52 The suppressed dss is mainly R3c-P4mm
or R3c-P4bm phase boundary with tilt oxygen octahedral
configuration.5® If this tilting can be avoided, such as forming a
R3m-P4mm phase boundary similar to that of PZT-based
ceramics, the piezoelectric performance will be improved in
qualitative change.

The room temperature dss of the studied NN-based ceramic
is much larger than that of BNT-based®* lead-free ceramics and
slightly inferior to that of NKN and BT-based lead-free ceramics.
However, the ultrahigh piezoelectric response in NKN®° and
BT>6-based lead-free ceramics is commonly achieved through
shifting the polymorphic phase transition temperature to room
temperature, leading to the sacrifice of thermal stability
simultaneously. Moreover, the moisture absorption and
volatilization of potassium and the low Curie temperature of BT
also limit the usage of NKN and BT in the industry. Differently,
NN-based piezoelectric ceramics usually exhibit excellent
temperature stability, no matter for the samples with single-
phase or MPB.5" This should be ascribed to the existence of
oxygen octahedral tilt, which is usually quite insensitive to
temperature change compared with PPB. The lattice distortion
evolution can be obtained from the Rietveld refinement of the
high-energy SXRD results measured under various temperatures,
as shown in Figs. 5, S6 and Table S2. Even though the c/a
decreases gradually on heating, the P4bm structure keeps quite
stable up to Tc ~ 150C, as can be reflected on the existence of

This journal is © The Royal Society of Chemistry 20xx
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(3/21/2 0)c and (3/2 1/2 1)c superlattice diffraction peaks in Fig.
5(c).58 The calculated oxygen octahedral distortion angle
exhibits minor variation from 5.7 <to 4 °when heating from room
temperature to 150 <C, providing the basis of temperature-

insensitive piezoelectric and ferroelectric properties (Figs. 5(e,f)).

The large-signal ds3” calculated from temperature-dependent
unipolar strain in Fig. S7 exhibits a maximum up to 331 pm/V at
~ 20 <T and then sightly decreases, culminating in stabilizing 320
pm/V. In comparison, the small-signal dss owns large
piezoelectricity up to 367 pC/N and outstanding temperature
stability at 20-120 <C.

Conclusions

In conclusion, the evolution of phase structure, oxygen
octahedral distortion, domain morphology, ferroelectric and
piezoelectric performance for NN, 0.96NN-0.04BFN, and
0.88NN-0.04BFN-0.08BT lead-free ceramics are systematically
researched in this work. The oxygen octahedral tilt (both tilt
mode and tilt degree) design was done to prepare a novel NN-
based ceramic with a single phase instead of an MPB by fine
compositional tuning. The enlarged t leads to a gradual phase
transition from antiferroelectric orthorhombic with Pbcm space
group to ferroelectric orthorhombic with Pb21m space group and
then to ferroelectric tetragonal with P4bm space group,
accompanying a gradual elimination of anti-phase tilt of oxygen
octahedron. The decreased oxygen octahedral tilt degree and
improved piezoelectric and ferroelectric properties have been
obtained in the novel 0.88NN-0.04BFN-0.08BT ceramic.
Especially, a large dszs~ 367 pC/N reaching a record high of NN-
based lead-free ceramic is achieved via the design of oxygen
octahedral tilt, which also exhibits excellent temperature stability
in the range of 20-120 <C owing to the stable oxygen octahedral
tilt of P4bm single phase. The oxygen octahedral tilt engineering
found in this work would provide a new method for designing
high-performance lead-free ceramics with temperature-
insensitive large piezoresponse.
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