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ABSTRACT

Environmentally-benign antiferroelectrics (AFEs) have attracted a great deal of attention in recent years
owing to their special structure and polarization/strain-electric field response, exhibiting giant applica-
tion advantages in multifunctional devices. In this work, a detailed phase diagram in a binary lead-free
system between AFE NaNbO; (NN) and ferroelectric (FE) (BigsNags)TiO3 (BNT) was established according
to the measurement of dielectric and ferroelectric properties in combination with the multiscale struc-
ture analysis such as Raman spectra, synchrotron x-ray diffraction and transmission electron microscopy.
Multiple AFE phases of different stability, crystal symmetry and domain morphology were stabilized near
room temperature, involving AFE orthorhombic P (Pbma) and R (Pnma) phases in NN-rich compositions
and AFE tetragonal phase (P4bm) in BNT-rich compositions, as well as field induced metastable AFE mon-
oclinic phase (P2;). Owing to the electric field induced AFE-FE phase transformation especially for relaxor
AFEs with antipolar nanoregions, tunable and excellent electrical properties of temperature-stable dielec-
tric permittivity, ultrahigh energy-storage density and efficiency and low-hysteresis high strain can be
generated in the proximity of these AFEs, showing outstanding potentials in thermally-stable capacitors,

dielectric energy storage and large-strain ceramic actuators for NN-BNT solid solutions.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Antiferroelectrics (AFEs) exhibit typical double polarization-
electric field (P-E) and corresponding large strain due to field
induced AFE-ferroelectric (FE) phase transition, providing a
solid foundation for important engineering applications in dig-
ital displacement transducers, energy storage capacitors, elec-
trocaloric cooling devices, and flat panel displays [1-5]. Therefore,
the AFE materials, particularly lead-free AFE counterparts have
achieved widespread attention in recent years since proposed in
1951 [6].

AFE structure has been widely reported in (Bij,Na;;;)TiO3
(BNT) [7-13], NaNbO3 (NN) [5,14,15] and AgNbO3 (AN) [16-
19] based lead-free perovskites, in which pure NN and AN are
thought to be typical lead-free AFEs. NN is a well-documented
AFE perovskite compound with a complex sequence of polymor-
phic phase transition with temperature, in which at least two kinds
of AFEs with Pbma (P phase) and Pnma (R phase) space groups
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were reported in a wide temperature range of -100~480 °C, as
shown in Fig. 1a [20-22]. However, the AFE P phase in pure NN
ceramic at room temperature usually irreversibly transforms into
an FE state under a large driving field of ~9 kV/mm, leading to a
square P-E loop after the first-cycle loop [23-25]. Lots of attempts
have been made to enhance the stability of the AFE P phase or
stabilize the high-temperature AFE R phase close to room tempera-
ture by adding other ABO3; perovskites with lower tolerance factor
or lower polarizability [5,15,26-28]. Similar to NN, typical double
P-E loops as well as excellent energy-storage properties were ob-
tained in AN-based solid solutions [16-18]. However, the high cost
of Ag would largely limit its further usage in industry.

Pure BNT shown in Fig. 1b was reported to have a phase tran-
sition from high-temperature prototypic cubic phase (Pm-3m) to
an AFE tetragonal (AFEr) phase with P4bm space group at ~540
°C, which possesses an unusual combination of in-phase oxygen-
octahedral tilts (Glazer notation a%s%ct [29]) and anti-parallel
cation displacements along the polar axis [8]. The FE and AFE
phases in BNT exhibit large spontaneous polarization and obvi-
ous dielectric relaxation behavior, thus leading to excellent energy
storage and electrostrain behavior [9-11,30]. Local AFE components
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Fig. 1. Crystal structure models for (a) NN and (b) BNT ceramics under different temperatures.

(i.e. intergrown microstructure) have also been reported in BNT at
room temperature, and the fraction of such components increases
with increasing temperature [13]. Yet, it is difficult to identify the
AFE structure in BNT-based ceramic from the measurement of av-
erage structure and polarization-field response owing to the strong
dielectric relaxation behavior.

Previous studies indicated that 0.76NN-0.24BNT and 0.76BNT-
0.24NN AFE compositions own giant advantages in energy-storage
(record-high energy-storage density Wye~12.2 Jjcm3 for bulk ce-
ramic capacitors) and electrostrictive properties (very large purely-
electrostrictive strain of ~0.2%) [5,9,31]. Therefore, it would be
very interesting to deeply explore multiple AFE phases and their
structure and property characteristics in NN-BNT solid solutions
through constructing a full phase diagram of this lead-free binary
system. In this work, average and local structure (Raman spec-
trum, synchrotron X-ray diffraction (XRD) and transmission elec-
tron microscopy (TEM)), various electrical properties and the Ri-
etveld structure refinement were employed to identify different
phases and their performances.

2. Experimental

(1-x)NN-xBNT ceramics with x=0-1 were prepared by a conven-
tional solid-state reaction method [5]. The grain morphology was
observed by using a field-emission scanning electron microscope
(FE-SEM, SU8020, JEOL, Tokyo, Japan). Before the SEM observation,
the samples were polished and thermally etched at 1000-1150 °C
for 30 min. The phase structure was analyzed by a powder x-ray
diffractometer (D/Mzx-rB; Rigaku, Tokyo, Japan) with Cu Ko radi-

ation under an acceleration condition of 40 kV and 30 mA. The
full XRD data were analyzed through the Rietveld refinement us-
ing GSAS software. Raman spectra were collected at room tem-
perature on well-polished pellets using 532 nm excitation using a
Raman spectrometer (LabRam HR Evolution, HORIBA JOBIN YVON,
Longjumeau Cedex, France). Dielectric properties as a function of
temperature and frequency were measured by an LCR meter (Ag-
ilent E4980A, Santa Clara, CA). The domain morphology observa-
tion was performed on a field-emission transmission electron mi-
croscope (FE-TEM, JEM-2100F, JEOL, Japan) operated at 200 kV. For
TEM examination, samples were first mechanically polished to a
thickness of ~20 um and then ion-milled on a Precision Ion Pol-
ishing System (PIPS, Model 691, Gatan Inc., Pleasanton, CA, USA)
at 5 kV. All specimens were annealed at 80°C for at least one day
to release the mechanical stress before the observation. The ferro-
electric testing system (Precision Multiferroic, Radiant Technologies
Inc., Albuquerque, NM) connected with a laser interferometric vi-
brometer (SP-S 120, SIOS MefStechnik GmbH, Germany) were used
to measure unipolar and bipolar P-E hysteresis loops and strain vs.
electric field (S-E) curves. For electrical measurements, the sam-
ples with a thickness of ~0.15 mm and an electrode diameter of
3 mm were used. Synchrotron XRD measurement was carried out
by high-resolution 6#-26 step-scans using a Huber 5021 six-circle
diffractometer with a Nal scintillation detector on well-polished
and Au-sputtered disk samples under various electric field condi-
tions at Shanghai Synchrotron Radiation Facility (SSRF) using beam
line 14B1 with a monochromatic incident beam with a wavelength
close to 0.6887 A (18 keV).
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3. Results
3.1. Composition-dependent microstructure and phase structure

Fig. 2 shows the grain morphology of a few (1-x)NN-xBNT ce-
ramics sintered at their optimal temperature. All samples exhibit
dense and uniform microstructure. Both of pure NN and BNT ce-
ramics exhibit relatively large grains (average grain size ~7 pum),
compared with NN-BNT binary solid-solution compositions, for ex-
ample, ~2-3 um at x=0.4 and x=0.6. This is basically due to rela-
tively low sintering temperatures for NN-BNT solid solutions.

Fig. 3a shows XRD patterns of (1-x)NN-xBNT ceramics at room
temperature. It can be seen that all compositions exhibit a pure
perovskite structure without any secondary phases. The phase
structure transition can be distinguished by carefully looking at
(200)c diffraction peaks (see Fig. 3b). An obvious splitting of
the (200)c diffraction line together with the intensity ratio of
Ipo2/o00=2:1 suggests a typical orthorhombic phase for the pure
NN ceramic (x=0). The substitution of BNT for NN makes (002)c
and (200)c peaks gradually merge together, such that a single
(200)¢ peak appears in the composition range of 0.16<x<0.3. With
further increasing BNT content, a tiny shoulder can be seen at the
lower-degree side of (200)c diffraction lines, suggesting the appear-
ance of a tetragonal phase. The tetragonal phase seems to exist
within a wide composition range of x=0.3-0.8. As x>0.8, the com-
positions should belong to an R3c, similar to pure BNT. Apart from
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the change of (200)c diffraction peaks, an obvious change in the
peak intensity can be also found on the (100)c, (111)c and (210)c
lines, as indicated by ellipses, generally demonstrating three differ-
ent phase zones within the entire composition range.

3.2. Phase transition and dielectric relaxation

The temperature dependent dielectric permittivity (er) at 1 kHz
for (1-x)NN-XBNT ceramics is shown in Figs. 4a-d. Pure NN ceramic
shows an AFE orthorhombic (AFEq) P phase (Pbma space group) at
room temperature before poling. A sharp permittivity peak around
Tp.g~365 °C should be related to the phase transition from AFEq
P phase to AFEg R phase (Pnma space group) [21,32]. Tpg value
can be found to decrease monotonously with increasing the BNT
content. In addition, an obvious decrease in room-temperature di-
electric permittivity can be seen starting at x=0.16 (Fig. 4b), which
is obviously related to the shift of Tp.z value to below room tem-
perature [33]. The decreased dielectric permittivity behavior can
also be found in pure NN ceramics with the entrance of AFEy R
phase on heating, thus indicating the appearance of an AFE; R
dominated phase at room temperature above x=0.16. A weak di-
electric anomaly can be still detected at ~150 °C owing to the ob-
vious thermal hysteresis of the P-R phase transition [33], indicat-
ing the coexistence of the AFEy R phase with a small amount of P
phase at x=0.16. With further increasing x up to 0.18, the dielectric
anomaly related to the P-R phase transition cannot be detected any

Fig. 2. SEM micrographs of polished cross-sections after thermal etching of (1-x)NN-XxBNT ceramics sintered at optimal temperature: (a) x=0, (b) x=0.2, (c) x=0.4, (d) x=0.6,

(e) x=0.8 and (f) x=1.
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Fig. 3. (a) XRD patterns of (1-x)NN-xBNT ceramics and (b) the locally enlarged (200). diffraction peaks.

more above room temperature, indicating a pure AFEg R phase at
room temperature. Moreover, an obvious dielectric relaxation can
be seen as x>0.2, as shown in Fig. 4e using the x=0.25 sample
as an example. The reduction of the P-R phase transition temper-
ature leads to a gradual decrease in room-temperature dielectric
permittivity. The minimum permittivity value at room tempera-
ture can be found approximately at x=0.5, as shown in the inset
of Fig. 4e. The increase of room-temperature dielectric permittivity
in the BNT-rich compositions (x>0.5) (Fig. 4e) probably suggests
the entrance into a new phase zone (AFE P4bm phase). It is known
that pure BNT exhibits an R3c to P4bm phase transformation at
Trr~260 °C, causing an obvious dielectric anomaly, as shown in
Fig. 4d [34]. The Tgr value decreases linearly with increasing the
NN content in BNT-NN solid solutions and drops below room tem-
perature when NN content reaches up to 20% (x<0.8), so that the
sample exhibits an AFE P4bm phase at room temperature. Owing to
the dielectric relaxation characteristics of the P4bm phase, nearly
horizontal permittivity vs. temperature curves can be obtained in
the composition range of 0.5<x<0.8 (Fig. 4c). By comparison, the
x>0.8 compositions should belong to an R3c phase at room tem-
perature. The dielectric permittivity as a function of temperature
and frequency for poled (1-x)NN-xBNT ceramics with 0.92<x<1 is
shown in Fig. 4f. An obvious dielectric anomaly at Trz'~160 °C can
be seen in pure BNT ceramic after poling at room temperature.
This should be ascribed to the phase transition of the electric field
induced FE phase into ergodic relaxor FE phase transition during
heating, suggesting a nonergodic relaxor FE state at room temper-
ature in the virgin BNT sample. With increasing NN content, the
Tr.g’ decreases monotonously and cannot be detected above room

temperature at x<0.92, indicating the nonergodic to ergodic relaxor
FE phase transition approximately at x=0.9.

3.3. Characterization of average and local structures

In order to further quantitatively analyze the phase structure,
the Rietveld refinement was carried out on full profiles of XRD
patterns. All possible space groups in NN and BNT ceramics and
their mixtures were attempted for each composition, and the opti-
mum fitting results are shown in Fig. 5. The refined structure pa-
rameters and various agreement factors are listed in Table 1. The
fit between the observed and calculated profiles is satisfactory for
all the studied compositions, as confirmed by the reliability factors
of weighted patterns (Rwp), the reliability factors of patterns (Rp),
and the goodness-of-fit indicator (x?) in the range of 6.68-8.21%,
5.12-6.37%, and 1.25-1.96, respectively. The slightly high Ryp and R,
values might be related to the existence of mismatched local struc-
tures, such as a fine scale intergrown microstructure which is hard
to be distinguished from average structure in BNT ceramic [13].
The 0<x<0.15 samples are identified to be the AFEy P phase with a
Pbma space group. With increasing BNT content up to x=0.18, the
phase structure changes to the AFEy R phase with a Pnma space
group [22,35]. The coexistence of AFEy P and R phases can be iden-
tified in the compositions of 0.16<x<0.18. When the BNT content
reaches up to x=0.35, a paraelectric (PE) orthorhombic (PEy) Ty
phase with Ccmm space group can be identified at room temper-
ature. With further increasing x up to 0.4, the high temperature
PE tetragonal (PEr) T, phase with P4/mbm was shifted to room
temperature. As BNT content increases to x=0.5, a mixed phase
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Fig. 4. (a)-(d) The dielectric permittivity as a function of temperature at a fixed frequency of 1 kHz for (1-x)NN-xBNT ceramics; The dielectric permittivity as a function of
temperature and frequency for (e) virgin x=0.25 and (f) poled (1-x)NN-XBNT ceramics. The inset of (e) is the evolution of room-temperature dielectric permittivity at 1 kHz

with changing BNT content.

including 48% P4/mbm and 52% P4bm can be identified. This P4bm
phase should originate from the high temperature relaxor AFE
phase in pure BNT. As 0.6<x<0.78, the phase structure gradu-
ally transforms into a P4bm phase. An FE rhombohedral (FEg)
phase with R3c space group, which should inherit from the low-
temperature phase of BNT, can be achieved in the composi-
tion range of 0.85<x<1. A phase boundary between P4bm and
R3c can be found approximately in the composition range of
0.78<x<0.85.

Fig. 6a shows Raman spectra for (1-x)NN-xBNT ceramics at
room temperature to further confirm the phase structure of the
studied samples, because Raman spectroscopy can probe a local
ionic configuration within short-length scale [25,32,36]. The spec-
tral deconvolution was performed using Gaussian-Lorentzian func-
tion. According to the fitting results, the wave number of several
selected Raman peaks was plotted as a function of BNT content, as

shown in Fig. 6b. The vibrations observed in Fig. 6a can be sepa-
rated into translational modes of the isolated A site cations (Bi3*+
and Nat in the low wave number range of <150 cm~!) and inter-
nal modes of the coordination octahedra (v1, v2, v3, v4, v5, and
v6). In these modes, v1-v3 are stretching modes and v4-v6 are
bending modes [37]. Multi-peak Raman spectra below 300 cm~!
can be obviously seen for the NN ceramic, which are characteristic
of the AFE P phase based on large difference between Nb-O bond
lengths induced by the antiparallel off-centering displacement of
Nb. With increasing BNT content, the rise and fall of the Raman
spectra below 300 cm~! become mild, although Raman peaks shift
to lower wavenumbers. A drastic increase in the frequency for the
Raman peaks around 175 cm~!, 250 cm~! and 600 cm~! can be
found as x=0.16, even though the amount of Raman peaks does
not change. This should be related to the phase transition from the
AFEq Pbma (P phase) to the AFEg Pnma (R phase), accompanying
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Fig. 5. Rietveld refinement plots of a few selected (1-x)NN-xBNT ceramics.
Table 1
Refined structural parameters by using the Rietveld method for (1-x)NN-xBNT ceramics measured at room temperature.
X Space group Lattice parameters V (A3) Rup (%) Ry (%) X2
0 Pbma a=5.5631(2) A, b= 15.5477(6) A, c=5.4946(2) A, a=f=y=90° 475.170(48) 6.68 5.27 1.96
0.05 Pbma a=5.5508(2) A, b=15.5454(6) A, c=5.4956(2) A, a=f=y=90° 474.204(47) 6.77 531 1.71
0.1 Pbma a=5.5443(2) A, b=15. 5460(7) A, c=5 .4990(2) Ao =p=y=90° 473.979(50) 7.18 5.57 1.54
0.15 Pbma a=5.5396(2) A, b=15.5462(7) A, c=5.5023(2) A, a=B=y=90° 473.866(48) 7.81 6.03 1.46
0.16 Pbma (16%) a=5.5376(2) A, b=15.5444(6) A, c=5.5035(1) A, a=B=y =90° 473.754(44) 7.58 5.54 1.71
Pnma (84%) a=7.7884(5) A, b=7.7900(4) A, c=23.3739(8) A, a=S=y=90° 1418.153(86)
0.18 Pnma a=7.7802(5) A, b=7.7883(6) A, c=23.3949(9) A, a=p=y =90° 1417.613(96) 7.21 5.42 1.42
0.2 Pnma a=7.7938(2) A, b=7.7892(3) A, c=23.3501(8) A, a=p=y =90° 1417.536(82) 7.45 5.79 1.80
0.25 Pnma a=7.7931(2) A, b=7.7888(3) A, c=23.3461(7) A, a=B=y=90° 1417.100(80) 7.11 5.56 1.74
0.3 Pnma a=7.7927(3) A, b=7.7887(3) A, c=23.3473(8) A, a=p=y=90° 1416.804(88) 7.33 5.66 1.76
0.35 Cemm a=7.7866(4) A, b=7.7832(6) A, c=7.7885(5) A, a=B=y=90° 472.015(48) 7.49 5.88 1.68
0.4 P4/mbm a=b=5.5013(1) A, c=3.8959(1) A, a=p=y =90° 117.913(8) 7.74 6.07 1.64
0.5 P4/mbm (48%) a=b=5.5009(4) A, c=3.8955(6) A, a=B=y=90° 117.888(17) 8.16 6.09 1.91
P4bm (52%) a=b=5.4993(1) A, c=3.8964(1) A, a=B=1=90° 117.839(9)
0.6 P4bm a=b=5.4987(1) A, c=3.8946(1) A, a=B=1=90° 117.795(8) 8.21 6.30 1.82
0.7 P4bm a=b=5.4990(1) A, c=3.8939(1) A, a=B=1=90° 117.749(9) 7.86 6.16 1.65
0.78 P4bm a=b=5.4989(1) A, c=3.8938(1) A, a=B=y=90° 117.744(9) 7.03 5.12 1.25
0.8 P4bm (69%) a=b=5.5019(1) A, c=3.8891(1) A, a=B=y=90° 117.728(7) 7.22 5.85 1.31
R3c (31%) a=b=5.4981(1) A, c=13.4776(5) A, =y =90°, B=120° 352.846(15)
0.85 R3c a=b=5.4980(4) A, c=13. 4754(9) A, a= y=90°, B=120° 352.512(16) 7.80 6.02 1.47
0.9 R3c a=b= 54907(2)A c=13. 4778(6)A a=y=90° B=120° 351.894(35) 8.15 6.39 1.49
1 R3c a=b= 54830(4)A c=13.5073(9) A, a= y=90°, B=120° 351.683(46) 8.18 6.37 1.51

the decrease of the difference between B-O bond lengths in each
oxygen octahedron [20]. An obvious broadening of the Raman
bands centered at about 250 cm~! and 600 cm~! at x>0.2 can be
ascribed to the appearance of obvious dielectric relaxation behav-
ior. Further broadening of Raman peaks as well as the emergence
of Raman peaks at ~230 cm~! at x=0.35 indicates the entrance
into the PE phase zone with Ccmm space group. The splitting of
the Ti/Nb-O modes (v5 and v4) can be observed in the compo-
sition range of 0.4<x<0.8, suggesting the tetragonal feature of the
unit cell [38]. This is because the v4 mode represents the double-
degenerate O-B-O stretching vibration in which oxygen is situated
along the c-axis, however, the v5 mode corresponds to the triple-
degenerate O-B-O bending vibration where the oxygen is located at

the ab plane perpendicular to the c-axis. The high-frequency Nb-
O stretching bands around 600 cm~! and the v5 bending mode
tend to shift to lower frequencies with increasing BNT content, in-
dicating that the Nb/Ti-O vibrations become softened gradually as
a result of weakening of the bonding between B-site cations and
oxygen. The weakening of B-O bonds is compatible with the ap-
pearance of the dielectric relaxation behavior since the loss of hy-
bridization between the empty Nb>*/Ti**+ d-orbitals and the oxy-
gen p-orbitals is closely related to the dielectric relaxation behavior
[39]. The hardening behavior of Nb/Ti-O vibrations can be reflected
by the increased wavenumbers of v4-v6 modes as x>0.5 owing
to the appearance of antipolar nanoregions (APNRs) [31] accompa-
nied by the transformation from PE P4/mbm to relaxor AFEr P4bm
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Fig. 6. (a) Raman spectra for (1-x)NN-xBNT ceramics at room temperature; (b) composition dependence of the wave number of several selected Raman peaks as determined

by the multiple peak fitting of Gauss-Lorentzian function to the spectra.

Table 2

Phase structure information and the superlattice reflections achieved from SAED for the (1-x)NN-xBNT ceramics. (b*=AACC and c¢*=A0CA0C)!*?!

X Space group Symmetry Z Pseudocubic cell Tilt system Superlattice (in SAED)
0-0.15 Pbma Orthorhombic (AFE) 8 /2apx4bp x /2ap a~b*a- (2h,k,21)/4

0.16-0.3 Pnma Orthorhombic (AFE) 24 2ap x2bp x6¢p atb—¢* (3h,3k,1)/6

0.35 Ccmm Orthorhombic (PE) 8 2ap x2bp x2cp a~bect (h,2k,21+1)/2

0.4-0.5 P4/mbm Tetragonal (PE) 2 J2ap X /2ap X Cp a%alc+t (2h+1,2k+1,21)/2
0.5-0.8 P4bm Tetragonal (relaxor-AFE) 2 J2ap x/2ap xCp a%alc+t (2h+41,2k+1,21)/2
0.8-1 R3c Rhombohedral (relaxor-FE) 6 J2ap x/2apx3cp a—a~a- (2h+1,2k+1,214+1)/2

at x=0.5. The v4 and v5 merge together at x=0.85, further indi-
cating the entrance into the FEg R3c phase zone. In addition, the
Raman peaks around 150 cm~!, 250 cm~! and 600 cm~! shift to
higher frequencies in the R3c phase zone with increasing x, sug-
gesting the hardening of B-O vibrations owing to the weakening of
dielectric relaxation degree.

3.4. Analysis of domains

In order to clearly show the tilting system of some AFEs with
long period modulated phases, such as Pbma (,/2x4x./2) and
Pnma (2x2x6) space groups shown in Fig. 1a, a new special nota-
tion that describes the tilts in terms of clockwise (C), anticlockwise
(A) and zero (0) of adjacent octahedra was given by Peel et al. in
order to improve the Glazer notation which is applicable to only
2x2x2 supercell of the basic perovskite unit cell [29,35]. Owing
to the distinction of the crystal symmetry as well as the tilting
system in different phases, obvious differences can be found on
bright-field TEM images and the corresponding SAED patterns, as
displayed in Fig. 7 for several typical (1-x)NN-xBNT compositions.
The phase structure information as well as the superlattice reflec-
tions achieved from SAED in Fig. 7 are summarized in Table 2. For
the x=0.1 ceramic, the polydomain morphology being composed
of micrometer-sized domain blocks was manifested in Fig. 7a. The
AFE feature with Pbma space group can be further identified by
the quarter integer superlattice diffraction spots obtained from the

SAED pattern owing to the existence of AACC tilting along b axis.
For the AFEgy R phase with Pnma space group in the x=0.18 sam-
ple, stripe domains of tens of nanometers in width were observed,
as shown in Fig. 7c. The most possible structure model for the
Pnma phase in NN is given as a~b*c* (c*=A0CAOC, see Fig. 1a),
thus (3h,3k,1)/6 superlattice reflections can be observed, as shown
in Fig. 7c1. As shown in Fig. 7b, stripe domains with inhomoge-
neous width as well as superlattice lines instead of superlattice
spots can be found in x=0.16 ceramic as a result of the formation
of the incommensurate phase caused by the coexistence but ran-
dom distribution of P and R phases. Accompanying the appearance
of obvious dielectric relaxation behavior at x>0.2, stripe domains
change to be randomly distributed APNRs, as shown in Fig. 7d.
Yet, 1/6 typed superlattice spots can be still detected in x=0.25 ce-
ramic, suggesting that the intrinsic structure of the APNRs is still
the AFEq symmetry with Pnma space group [5]. Compared with
the x=0.18 sample with a normal AFE phase, the x=0.25 sample
exhibits weak and even partially unclear superlattice reflections,
because the measuring zone (~100 nm in diameter and ~100 nm
in thickness) for the SAED is much larger than the size of nan-
odomains. A smooth domain morphology with little contrast can
be observed in the x=0.35 ceramic in Fig. 7e, just corresponding
to the PE phase with no spontaneous polarization in perovskite
unit cells. However, octahedra tilting still exists as a~b°c* (see
Fig. 7e1), indicating that this PE phase is not a cubic phase but
an orthorhombic phase with Ccmm space group. Therefore, the
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Fig. 7. Room temperature bright-field TEM image and the corresponding SAED patterns of (1-x)NN-xBNT ceramics with (a) x=0.1, (b) x=0.16, (c) x=0.18, (d) x=0.25, (e)

x=0.35, (f) x=0.5, (g) x=0.78, (h) x=0.9 and (i) x=1.

characteristic half-integer superlattice spots as (h,2k,214+-1)/2 can be
observed along [012] direction. Both of P4/mbm and P4bm tetrag-
onal phases exhibit a’a’ct octahedra tilting, resulting in typical
(2h+1,2k+1,21)/2 superlattice reflections for the x=0.5 sample, as
shown in Fig. 7f. However, the different thing is that P4/mbm be-

longs to a PE phase, while P4bm is an AFE phase with strong
dielectric relaxation behavior [7,8]. Nanodomains with faint con-
trasts can be found at the lower-left corner of Fig. 7f. The other
part of the grain exhibits little contrasts, further confirming the
coexistence of two different tetragonal phase structures in the
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Fig. 8. P-E, S-E loops and the corresponding J-E curves at 10 Hz during the first and second electric cycles for (1-x)NN-xBNT ceramics: (a) x=0, (b) x=0.05, (c) x=0.1, (d)

x=0.15 (e) x=0.16 and (f) x=0.18.

composition of x=0.5, as proved by Figs.7f1 and 7f2. Nanodomains
with faint contrasts can be also observed in the x=0.78 and x=0.9
ceramics, belonging to the typical feature of ergodic (A)FEs, as
shown in Figs. 7g and 7h, respectively. The tetragonal phase with
(2h+1,2k+1,21)/2 superlattice diffraction spots (Figs. 7g1 and 7g2)
and the rhombohedral phase with (2h+1,2k+1,2I+1)/2 superlattice
spots (Figs. 7h1 and 7h2) are detected in x=0.78 and x=0.9 ceram-
ics, respectively, indicating that those two compositions at room
temperature belong to the AFE P4bm and FE R3c phases, respec-
tively. For pure BNT ceramic in Fig. 7i, irregular or dirty domain
morphology together with (2h+1,2k+1,214+-1)/2 superlattice reflec-
tions can be observed, suggesting an R3c FE phase.

3.5. Reversibility of field induced AFE-FE phase transition

Besides the AFE phase stability, the reversibility of the AFE-
FE phase transition is also very important. Fig. 8 shows the po-
larization switching and strain behavior during the first and sec-
ond electric cycles for AFE P and R compositions of 0<x<0.18. A
sharp polarization current peak (P;) can be observed in the NN
ceramic during the first cycle as a result of the field induced AFE
to FE phase transition. A nearly square P-E loop was obtained dur-
ing the second cycle, suggesting that AFE NN irreversibly trans-
forms into an FE phase after poling. However, as x>0.05, typical
double P-E hysteresis loops with two current peaks (P; and P,
at E4r and Eg, for the AFE-FE/FE-AFE phase transition, respec-
tively) can be obtained during both first and second electric cy-

cles, further confirming the enhanced stability of the AFE phase. A
small remanent polarization P, can be observed during the second
electric cycle for the x=0.05 ceramic, indicating the existence of a
small amount of FE phase after poling. However, reproducible dou-
ble P-E loops with near-zero P,, for the x>0.1 compositions sug-
gest that the substitution of BNT for NN tends to stabilize the AFE
phase and enhance the reversibility of the AFE-FE phase transi-
tion. Moreover, as x>0.16, not only P-E loops but also S-E curves
can be well repeated during different electric field cycles. By com-
parison, the 0.1<x<0.15 compositions exhibit repeated P-E loops
but irreproducible S-E curves, indicating that the electric field in-
duced FE phase returns to a new AFE phase rather than its ini-
tial AFEg P phase after removal of external electric fields [28]. The
difference in the crystal symmetry between the initial AFEg and
the metastable poled AFE phase is believed to be responsible for
the poling strain gap between the first cycle and non-first electric
field cycles [28]. An obvious decrease of P; values for compositions
with AFEg R phase (x>0.16) indicates a decreased polarization
hysteresis during field induced AFE-FE phase transition, although
both E4r and Ep, values increase rapidly. More importantly, the
field-induced AFEq R to FE phase transition should be completely
reversible during different electric field cycles. A recoverable large
strain ~0.44% can be generated in the x=0.16 sample, indicating a
large application potential in large-strain actuators for NN-based
lead-free AFE ceramics. Nevertheless, the driving electric field E4_p
of the AFEq R phase in this study is higher than that for NaNbO3-
SrTiO3 (NN-ST) binary system [33].
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Fig. 9 shows P-E hysteresis loops, the corresponding J-E curves
and bipolar S-E curves measured at room temperature for the (1-
X)NN-XBNT ceramics with x>0.18. Owing to existence of large ran-
dom field manifested by strong dielectric relaxation behavior, a
large E5.r is needed to drive the AFE-FE phase transition for re-
laxor AFE compositions. As a result, nearly linearly P-E response
and parabolic S-E response can be found in the studied electric
field range for the PE (0.35<x<0.5) and relaxor AFE phase zones
(0.2<x<0.35 and 0.5<x<0.8. Pinched P-E loop and significantly en-
hanced electrostrain (~0.38%) at x=0.9 further indicate that this
composition should be located at the phase boundary between er-
godic and nonergodic relaxor FEs.

4. Discussion
4.1. Phase diagram of NN-BNT binary system

Based on the above discussion, the phase diagram of (1-x)NN-
XBNT binary system was plotted, as shown in Fig. 10. It can be
clearly found that the formation of solid solution tends to shift
the polymorphic phase transition temperatures of end members,
both NN and BNT, to lower temperatures, resulting in the complex
phase change with changing composition. Besides, obvious change
of dielectric relaxation behavior can be also detected. The Tgp’

10

10

-5 0 5
E (kV/mm)

Fig. 9. (a),(b) Room-temperature P-E hysteresis loops, (c),(d) the corresponding J-E curves and (e),(f) bipolar S-E curves for (1-x)NN-xBNT ceramics.

(~Tf) can be used to reveal the nonergodic to ergodic phase tran-
sition, even though there might be no change in the local symme-
try. Differently, no phase structure generally changes at the tem-
perature of dielectric maxima (T;;). As a consequence, an unsta-
ble AFEq Pbma phase, a partially stable AFEq Pbma phase, a com-
pletely stable AFEg Pnma phase, a PEq Ccmm phase, a PEr P4/mbm
phase, a relaxor AFEt P4bm phase, an ergodic relaxor FEg R3c phase
and finally a nonergodic relaxor FEx R3c phase sequentially ap-
pear at room temperature in (1-x)NN-xBNT solid solution with in-
creasing BNT content. In the proximity of x=0.5, although there
are two kinds of tetragonal phases, one belongs to the PE phase
(x<0.5) and the other belongs to the AFE phase (x>0.5). Multi-
ple AFE phases of different crystal symmetries and varying stabil-
ity can be induced by changing BNT content, resulting in various
types of phase boundaries. It can be found that the phase dia-
gram was constructed mainly according to the qualitative analy-
sis about the symmetry change caused by octahedral tilting sys-
tem change. Cation off-centering displacement should be another
important factor affecting polarization properties and symmetry in
AFEs|FEs, especially during the process of AFE-FE phase transition
[19] which is rarely involved in this binary system. Therefore, some
details might be not elaborate enough in the phase diagram, such
as the disappearance of ferroelectricity in NN after adding BNT.
Even so, a significant phase diagram can be achieved owing to
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the complex change of octahedral tilting. Further quantitative local
structure information would be studied in future by using higher
resolution methods [19].

4.2. Metastable monoclinic AFE and tetragonal (P4bm) AFE phases

In order to further clarify the structure mechanism for the
reversibility of AFE-FE phase transition in response to external
electric fields for (1-x)NN-xBNT compositions with different AFE
phases, in-situ synchrotron XRD results of three representative
compositions with x=0.05 (AFEy P phase), x=0.1 (AFEg P phase)
and x=0.18 (AFEq R phase) are shown in Fig. S1. A typical (110)c
triplet and a (200)c doublet corresponding to an orthorhombic
phase can be observed in all three studied virgin samples. When
a strong external field is applied (17 kV/mm for the x=0.05 and
0.1 samples, 30 kV/mm for the x=0.18 sample), new reflections
corresponding to a monoclinic symmetry can be detected in both
(110)¢ and (200)c diffraction peaks, indicating that both AFEq P and
AFEq R phases can be forced into an FE monoclinic (FEy;) phase
under high fields. After removal of external electric field, an AFE
monoclinic (AFEy;) dominated phase can be observed in the poled
x=0.05 and x=0.1 samples (see Fig. S1a and S1b), meaning that the
AFEq-FE); phase transition is incompletely reversible. By compari-
son, an AFEg phase can be found in the poled x=0.18 sample (Fig.
S1c), further confirming that the AFEy R phase is stable enough to
show a completely reversible field induced AFEg-FEy; phase tran-
sition. The reversibility of AFE-FE phase transition can be further
confirmed by the Rietveld refinement on full profiles of XRD pat-
terns of poled (1-x)NN-XBNT ceramic powders shown in Fig. S1 and
Table S1. The results indicate that the poled NN ceramic should be-
long to an FEy Pm phase at room temperature. Moreover, it can
be seen that the overall fit between the observed and calculated
profiles for the poled x=0.05 ceramic powder is very good based
on the coexistence of AFEy; P2; and FEy; Pm phases. The existence

1

of a small amount of FEy; phases in the poled sample means that
the AFE phase in the x=0.05 sample is not stable enough. With
increasing BNT content, a pure AFEy P2; (\/2apx4bpx./2cp) can
be identified for the poled x=0.1 and x=0.15 samples, which ex-
hibits the same octahedral tilt system of a~b*c~ (b*=AACC) to that
of AFE P Pbma phase, as shown in the inset of Fig. S1b. By com-
parison, the poled x=0.18 sample can be identified to be the AFEq
R phase with a Pnma space group, further confirming a completely
reversible AFE-FE phase transition. These phenomena are similar to
those observed in NN-ST samples where a metastable AFEy; phase
(P21) exists after removal of high external electric fields for the AFE
P phase composition [33].

The reversible field forced phase transition can also be found in
BNT-rich compositions in the proximity of the ergodic-nonergodic
relaxor (x~0.9) and AFE-FE (x~0.8) phase boundaries. Owing to
the existence of large random field, a relatively high electric
field should be needed for driving the relaxor AFE to FE phase
transition. Compared with the composition close to the ergodic-
nonergodic relaxor phase boundary, the ceramic close to the AFE-
FE phase boundary exhibits relatively small electrostrains in BNT-
rich compositions (see Fig. 9). However, fast P-E and S-E response
of these APNRs provides the structural foundation for generat-
ing excellent electrostrictive and energy storage properties in AFEr
P4bm ceramics [9,31].

4.3. Outstanding electrical performances

Fig. S2 shows several representative electrical properties of (1-
X)NN-XBNT lead-free ceramics. Accompanying the appearance of
multiple AFE phases with different stability and dielectric relax-
ation behavior, the room temperature dielectric permittivity thus
exhibits a complex dependence of composition. Large dielectric
permittivity of ~1500 with an ultra-high temperature limit value
T+10x (>350 °C), which stands for the upper-limit temperature for
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the permittivity variation within +10% of the room-temperature
permittivity, can be detected in the x=0.78 composition with an
AFEr P4bm phase (see Fig. 4) [9], showing large advantages in
thermally-stable ceramic capacitors. Excellent electrostrictive char-
acteristics (low strain hysteresis) were reported in the relaxor AFEs
(x=0.2-0.35 and 0.5-0.8) in both NN-rich or BNT-rich compositions
[9,31]. Most importantly, large recoverable energy storage density
(Wrec) of over 4 JJcm? as well as large energy storage efficiency n
of >80% can be obtained in both relaxor AFEg R and AFEr P4bm
phase zones (see Fig. S2a), being expected to be potential dielec-
tric materials for energy-storage capacitors [5,40,41]. Large elec-
trostrains of ~0.4% (Spos as indicated in Fig. 8b) can be generated
in the AFEg R dominated samples (x=0.16) and ergodic relaxor FE
ceramics (x=0.9-0.92) (see Fig. S2b) [28,33]. All these results in-
dicate giant potentials in multifunctional applications for NN-BNT
lead-free binary ceramics.

5. Conclusions

A full phase diagram of (1-x)NN-xBNT binary system was con-
structed according to the measurement of dielectric, ferroelectric
properties, average and local structures, the Rietveld refinement of
XRD data and the analysis of domain morphology and so on. The
variation of the relative content of NN and BNT in continuous solid
solution tends to introduce the dielectric relaxation, adjust the
oxygen octahedral tilting and alter the stability of AFE phases, gen-
erating various reversibility of the AFE-FE phase transition and par-
ticularly relaxor AFE compositions with fast and linear polarization
response. The room-temperature structure of different composi-
tions evolves as follows: an unstable AFEqg Pbma P phase (x=0) — a
partially stable AFEq Pbma P phase (0<x<0.15) — an AFEq Pbma
P and AFEy Pnma R coexisted phase (0.15<x<0.18) — a normal
AFEq Pnma R phase (0.18<x<0.2) — a relaxor AFE; Pnma R phase
(0.2<x<0.3) - a PEg Ccmm phase (0.3<x<0.4) — a PEr P4/mbm
phase (0.4<x<0.5) —a PEp P4/mbm and relaxor AFEr P4bm coex-
isted phase (x=0.5) — a relaxor AFE; P4bm phase (0.5<x<0.8) — a
relaxor AFEr P4bm and ergodic FEg R3c coexisted phase (x=0.8)
—an ergodic FEg R3c phase (0.8<x<0.9) — finally a nonergodic FEg
R3c phase (0.9<x<1). Among these compositions, emerging mul-
tiple AFE phases with different symmetries, stability and domain
scales include AFEq, AFEt and AFEy;, exhibiting fascinating appli-
cation potentials in thermally-stable capacitors, dielectric energy
storage and large-strain ceramic actuators.
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