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ABSTRACT

Antiferroelectrics (AFEs) possess great potential for high performance dielectric capacitors, due to their
distinct double hysteresis loop with high maximum polarization and low remnant polarization. However,
the well-known NaNbOs3 lead-free antiferroelectric (AFE) ceramic usually exhibits square-like P—E loop
related to the irreversible AFE P phase to ferroelectric (FE) Q phase transition, yielding low recoverable
energy storage density (Wec). Herein, significantly improved Wye up to 3.3 Jjcm® with good energy
storage efficiency (n) of 42.4% was achieved in Nag7Agp3Nbg7Tap 303 (30Ag—30Ta) ceramic with well-
defined double P—E loop, by tailoring the A-site electronegativity with Ag"™ and B-site polarizability
with Ta>*. The Transmission Electron Microscope, Piezoresponse Force Microscope and in-situ Raman
spectra results verified a good reversibility between AFE P phase and high-field-induced FE Q phase. The
improved stability of AFE P phase, being responsible for the double P—E loop and improved Wiec, was
attributed to the decreased octahedral tilting angles and cation displacements. This mechanism was
revealed by synchrotron X-ray diffraction and Scanning Transmission Electron microscope. This work
provides a good paradigm for achieving double P—E loop and high energy storage density in NaNbO3-
based ceramics.
© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

[1-5]. The recoverable energy storage density (W;ec) of a dielectric
capacitor can be evaluated by the integration between hysteresis

As the core of high power and pulsed power systems, dielectric Pp,
capacitors have been actively studied in the past decades due to loop and y axis, according to the equation: Wyec = / EdP, where

their high power density, and fast charge-discharge capability
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Pr
Py and P; are maximum and remnant polarizations under electric
field (E), respectively [6—8]. This means large Py, and small P; are
the key requirements for achieving a high Wye.. Among numerous
dielectric materials for energy storage application, the antiferro-
electric (AFE) materials exhibit exceptional benefits compared to
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other dielectric categories, such as linear dielectric and ferroelec-
trics, due to the unique double polarization-electric field (P—E) loop
with high Py and low P; [9]. Achieving double P—E loop with
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smaller P; and hysteresis as well as larger Py, is good for realizing
higher Wiec. Particularly, the lead-free AFEs are considered as
promising candidates under the demand for environment friendly
development [10,11].

Over the past 70 years, there has been great interest in sodium
niobate (NaNbO3, NN) as a viable AFE material [12,13]. The pure NN
ceramic usually exhibits multi-phases coexisting state at room
temperature (Tg), in which the majority of AFE P phase (Pbma space
group) mixes with minor FE Q phase (P2;ma space group), origi-
nating from their similar free energy [14,15]. The P phase trans-
forms into Q phase easily under enough electric field, which
preserves after field removal [14]. As a result, a square FE-like P—E
loop with large hysteresis and high P; is always observed in pure NN
ceramic, leading to inferior Wrec of ~0.12 Jjcm® [16]. In order to
improve the Wi, intensive investigations have been performed,
mainly focusing on two strategies: (1) stabilizing the AFE P phase to
obtain double hysteresis loop; (2) down-tuning the high temper-
ature R phase (Pnma space group) around Tg to realize a relaxor
state. The former aims to utilize both the high Py, low P, and large
AFE-FE phase transition electric field (Eag) of an AFE material.
Despite the development of a large number of NN-based AFE ma-
terials, the resulting materials typically exhibit a moderate Wiec of
0.55—1.70 J/cm? with low energy efficiency (1) of ~33% due to the
pinched P—E loop associating with low Eaf, large hysteresis and
high P; [17,18]. The latter strategy of tuning to R phase is supposed
to decrease P, reduce the hysteresis of P—E loop, and enhance the
breakdown electric field, which can significantly improve the Wiec
[19,20]. Nevertheless, no double P—E loop can be observed due to
lack of AFE-FE phase transition. It appears that the ultrahigh electric
field, rather than the unique AFE-FE phase transition, is responsible
for both the large Py, and high Wi in this case [21]. However, the
lack of well-defined double P—E loop, generally observed in PZ
(PbZrOs)-based AFEs [22,23], is restricting the further improve-
ment of energy storage density. Therefore, it remains crucial to
develop NN-based ceramics with a well-defined double hysteresis
loop for achieving high energy storage density.

Unfortunately, it is very hard to achieve typical double hyster-
esis loop in NN-based ceramics, despite many attempts have been
carried out to stabilize the AFE P phase through decreasing the
Goldschmidt tolerance factor (t) [16,24—26]. The decreased t sig-
nifies a reduction of the perovskite volume and the improvement of
structure stability, which is conducive to enhance the AFE distor-
tion [26,27]. Although the CaTiO3, CaZrOs, or CaSnO3 with lower ¢t
compared to that of NN is modified to form solid solution, the low
Ear, large hysteresis, high P;, and inferior Wi are consistently ob-
tained [17,25,28]. That is to say, simply decreasing t by tailoring the
ionic radius is insufficient to achieve a well-defined double hys-
teresis loop. It is generally accepted that the inherent physical and
chemical characteristics of both A- and B-site cations, in addition to
the ionic radius, play a significant role in determining the perov-
skite volume and producing coupling effect between them, which
will change lattice distortion and cation displacement, thereby
influencing the stability of AFE phase [29—31]. Recently, well-
define double hysteresis loop was achieved in 0.75NaNbOs-
0.2AgNbO3-0.05CaHfO3 ceramic through decreasing t and electro-
negativity difference by co-doping both A- and B-site cations [32].
This shines a light on achieving double hysteresis loop and high
Wrec in NN-based ceramics.

Herein, differing from the previous strategies [18,32], a new
concept of simultaneously tailoring A-site electronegativity and B-
site polarizability of NN is adopted to achieve well-defined double
hysteresis loop and then improve the energy storage density
without the decrease of t. In addition, according to previous studies
on PZ-based AFEs, the reversibility of electric-field induced AFE to
FE phase transition is the key feature for a double hysteresis loop
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[33]. To date, although several studies have been employed to
investigate the electric-field induced AFE P to FE Q phase transition
in NN-based ceramics, the rigorous understanding of the phase
transition is still absent. Therefore, it is of particular importance to
develop effective in-situ or ex-situ measuring techniques to eval-
uate the reversibility between AFE P and FE Q phases. In this work, a
series of NN-based ceramics with compositions of
Na;_xAgxNbi_,Tay03 (100xAg-100yTa) were developed by
decreasing B-site polarizability and A-site electronegativity differ-
ence through A- and B-site co-doping method. As expected, well-
defined double hysteresis loop together with substantially
improved Wiec of 3.3 J/cm? and elevated 7 of 42.4% was achieved in
30Ag—30Ta. The ex-situ Piezoresponse Force Microscope (PFM) and
Transmission Electron Microscope (TEM) measurements for the
virgin and poled samples and in-situ electric field dependent
Raman spectra were utilized to evaluate the reversibility of AFE P to
FE Q phase transition. The underlying mechanism was revealed by
the synchrotron X-ray diffraction (SXRD) and Scanning Trans-
mission Electron microscope (STEM).

2. Experimental section

Fabrication of ceramics: Na; ,AgyNb;_,Tay,O3 (denoted as
100xAg-100yTa, x = 0, 0.1, 0.2, 0.3, 04; y = 0, 0.1, 0.2, 0.3, 0.4) ce-
ramics were synthesized by a conventional solid-state reaction
method, same to our previous work [34]. The Ag,0 (99.7%), NayCO3
(99.8%) (Sinopharm Chemical Reagent Co., Ltd, China), and Nb,Os5
(99.99%), Taz05 (99.99%) (Jiujiang tanbre Co., Ltd, China) were
employed as raw materials. The raw materials were carefully
weighed based on nominal composition and mixed in anhydrous
ethanol using ball-milled for 10 h. Then, the mixtures were dried
and calcined around 900 °C for 6 h in flowing O, atmosphere.
Thereafter, the calcined powders were ball milled, dried again and
hand-pressed into pellets, followed by the cold isostatic pressing at
250 MPa for 30 min to improve density of pellets. Afterwards, the
green pellets were sintered at 1,280—1,400 'C, depending on the
compositions, for 6 h in O, atmosphere. Finally, as-sintered pellets
were polished down to ~100 um and then coated with fire-on silver
electrode of 2 mm in diameter on two parallel surfaces at 600 "C for
30 min to conduct normal electric measurements. Before several
measurements related to poling state, the samples of NN,
0Ag—30Ta and 30Ag—30Ta were treated using DC electric fields
under 140, 240 kV/cm and 330 kV/cm, respectively, which were
obvious over their AFE-FE phase transition electric field.

Characterization of phase structure: Phase purity and crystal
structures were characterized by using an X-ray powder diffraction
(SmartLab-3kW, Rigaku Ltd., Tokyo, Japan) employing Cu K, radi-
ation under an acceleration condition of 40 kV and 40 mA, equip-
ped with a temperature increasing part. The high-quality SXRD
data were performed at TPS 09 A (Taiwan Photon Source) of the
National Synchrotron Radiation Research Center with a calibrated
wavelength of 0.826569 A and the energy of 15 keV. The Rietveld
analysis of the SXRD was performed using GSAS software. The TEM
and selected area electron diffraction (SAED) were performed on a
field-emission TEM (FE-TEM, JEM-2100F, JEOL, Japan) at an accel-
erating voltage of 200 kV. The in-situ Raman spectra were carried
out using a laser confocal Raman microspectroscopy (LabRAM
HR800, Horiba Jobin Yvon, France) on the surface of samples with
excitation at 532 nm, connected with the withstand voltage tester
(MS2671AN, Nanjing Minsheng Electronic Instrument Co., Ltd,
China). Before this in-situ measurement, thin indium tin oxide (ITO)
electrodes of 2 mm in diameter were sputtered onto two parallel
surfaces of the ceramics, which disk thickness is ~80 pm.
Aberration-corrected STEM was performed on a probe corrected
FEI Spectra 300 S/TEM (ThermoFisher Scientific, Eindhoven,
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Netherlands) equipped with an X-FEG source and operated at an
accelerating voltage of 300 kV. A beam current of 50 pA and a semi-
angle of convergence of 24.4 mrad (1 mrad = 0.0573°) was utilized.
The annular dark field (ADF) image was collected with a detector
semi-angle range of 72—200 mrad. Atom column locations were
determined via 2D Gaussian fitting.

Characterization of topography: The microstructure was
observed through a scanning electron microscope (FE-SEM Sigma
300, ZEISS Corp., German), after polished and thermally etched
30 min at temperature around 150 “C below the sintering tem-
perature. The atomic force microscope (MFP-3D, Asylum Research,
America) equipped with a PFM module was used to determine the
PFM amplitude on the well-polished samples with the scanning AC
voltage of 5 V.

Measurements of dielectric, impedance and piezoelectric
properties: The dielectric permittivity and loss were measured
using a precision impedance analyzer (E4990A, Keysight, Bayan,
America) connecting with a temperature control system (DMS-
2000, Balab, Wuhan, China) over the temperature ranging
from —160 "C to 450 "C at 1,10 kHz and 100 kHz. The piezoelectric
coefficient d33 were measured using a Piezo-ds3 m (ZJ-3A, Chinese
Academic Society, Beijing, China). The electric field dependence of
normalized dielectric permittivity was measured using a ferro-
electric tester (TF Analyzer 3000, aixACCT, Aachen, Germany) with
different bias field plus a small superimposed signal of 50 V at
1 kHz.

Measurements of ferroelectric properties and strain: The
polarization vs. electric field hysteresis (P—E) loops, current vs.
electric field (I-E) curves and strain vs. electric field (S—E) curves
were characterized at 10 Hz using a ferroelectric tester, connected
to a customized heating system. The discharge energy density and
speed were measured using the capacitor charge-discharge test
system (PKCPR1701, PolyK Technologies, PA, USA).

3. Results and discussion

Fig. 1a—c displays the P—E loops for the three representative
compositions of NN, 0Ag—30Ta, and 30Ag—30Ta ceramics, respec-
tively. A square-like hysteresis loop with high P, (22.6 pC/cm?) and
large hysteresis is observed in pure NN (Fig. 1a), being ascribed to
the irreversible FE Q phase to AFE P phase transition. Replacing
Nb>* by Ta>* at B-site results in a pinched P—E loop with reduced P;
(8.2 uC/cm?) and lower hysteresis in 0Ag—30Ta (Fig. 1b), showing
an improved but still inadequate reversibility of FE-AFE phase
transition. These phenomena represent that Ta>* can stabilize the
AFE P feature, but its influence is still insufficient. It is worth to note
that a well-defined double P-E loop with obviously reduced P;
(2.8 uC/cm?) and hysteresis is achieved in 30Ag—30Ta by further
inducing Ag"' at A-site (Fig. 1c), revealing good reversibility be-
tween AFE P phase and FE Q phase transition. As above discussed,
both Ta>* and Ag" have positive effect on stabilizing AFE P phase,
while this concept can be strengthened by the P—E loops and [-E
curves for 100xAg-100yTa ceramics as displayed in Fig. S1, as well as
the related changes of electric properties listed in Table S1. Of
particular importance is that the 30Ag—30Ta exhibits improved and
maximum W;ec of 3.3 J/cm3, about 27 times as high as that of NN
(0.12 JJem?), as shown in Fig. 1d. Meanwhile, the n demonstrates a
great enhancement from 4.6% for NN to 42.4% for 30Ag—30Ta.
Notably, the 7 increases gradually with the addition of either Ta>*
or Ag " due to the decrease of hysteresis, as given in Table S1. Apart
from the well-defined double P—E loop, the Ta>* orfand Ag"
modification also improve the maximum electric field by increasing
activation energy (E,;) (Fig. S2) and refining grain size (Fig. S3),
beneficial to the improvement of Wiec.

To comprehensively evaluate the stability of double P—E loop
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and energy storage property of 30Ag—30Ta, the related de-
pendences on electric field, temperature and frequency were
measured. Fig. 1e and Fig. S4 exhibit the bipolar P—E loops under
various electric fields prior to its breakdown electric field. Liner P—E
loops with low P; ( < 0.7 pC/cm?) are observed at low and medium
electric fields. Double P—E loops with obviously increased Py, are
obtained at electric fields above 300 kV/cm, due to the high electric
field induced reversible AFE-FE phase transition. Accordingly, the
Wirec increases successively with increasing electric field and rea-
ches the maximum value of 3.3 J/cm? at 360 kV/cm. The double P—E
loops of 30Ag—30Ta exhibit good stability in the temperature range
from 30 °C to 160 °C, as shown in Fig. 1g and Fig. S5, which can be
further confirmed by analyzing the four-current-peak I—E curves.
This leads to good temperature stability for both W and n with
respective fluctuations below 10% and 17%, as demonstrated in
Fig. 1h. The 30Ag—30Ta also exhibits high stability of Wec and 7
across the frequency range of 1-200 Hz under 320 kV/cm, with
respectively variation of <16% and <+4%, as shown in Figs. S6a—b.
Additionally, the discharge current-time (I—t) curves under various
electric fields for 30Ag—30Ta were recorded and displayed in
Fig. S6¢. And the discharge energy density (Wyis) can be calculated
based on calculated based on Wyjs = R[i(t)zdt/Ve [34], where V. and
R are the sample volume and total load resistance (10,260 Q),
respectively. The Wy;s increases with increasing electric field and
reaches a maximum value of 2.5 Jjem® under 330 kV/cm (Fig. S6d),
close to the value of 2.7 J/cm? calculated from the P—E loop.

The reversibility of AFE-FE phase transition is critical to achieve
double P—E loop in a good AFE material. To evaluate the reversible
behavior between AFE P phase and the high-electric-field induced
FE Q phase, first and second cycles of P—E loops were measured for
the three representative ceramics, as shown in Fig. 2a—c. A slowly
increasing polarization at low electric field is observed in NN
(Fig. 2a), with a sudden improvement once the electric field in-
creases to a critical value associated with the AFE to FE phase
transition. However, a large P; up to 27.6 uC/cm2 remains when
removing electric field, indicating the high-electric field induced FE
phase cannot switch back to AFE phase. The typical square shaped
P—E loop in the second cycle confirms a FE nature in the high
electric-field-treated sample. A similar polarization change is also
observed in the first positive cycle of P—E loop in 0Ag—30Ta
(Fig. 2b), showing an electric field induced AFE-FE phase transition.
Despite of the partial overlap in first and second cycles of P—E loops,
high P; remains after removal of electric field, indicating the
induced FE phase cannot completely switch back to virgin AFE
state. Particularly, well-defined double P—E loops with significantly
reduced P; and lower hysteresis are observed in both first and
second cycles in 30Ag—30Ta (Fig. 2c), demonstrating a typical AFE
feature with good reversibility between AFE and FE phases. The S—E
curve also serves as an indicator of the reversibility of the electric
field induced AFE-FE phase transition. The NN exhibits a butterfly-
shaped S—E curve with large negative strain (Fig. 2d), exhibiting the
characteristic of a typical ferroelectric under electric field. The
addition of Ta>* in NN changes the S—E curve to sprout-like shape
but cannot completely eliminate the negative strain. This may be
associated with the non-180° ferroelastic domain switch due to the
partial reversibility of electric induced FE phase [35]. It is worth
noting that sprout-shaped S—E curve with zero negative stain is
achieved in 30Ag—30Ta, demonstrating a typical AFE characteristic.

Fig. 2e shows the composition dependence of piezoelectric co-
efficient (ds3) for the three representative ceramics after high
electric field treatment. A high d33 up to 34.6 pC/N is obtained for
NN, while the d33 values in both 0Ag—30Ta and 30Ag—30Ta ce-
ramics are negligible. It is generally accepted that the piezoelec-
tricity is absent in AFEs [36]. The nearly zero ds3 value reveals the
reversible AFE-FE phase transition in 0Ag—30Ta and 30Ag—30Ta
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ceramics. The good reversibility between AFE phase and high-field-
induced FE phase in Ta>* or/and Ag* modified NN can be further
corroborated by the electric field dependence of dielectric constant,
as shown in the normalized e—E curves in Fig. 2f. The NN dem-
onstrates a large reduction in & with variation up to 20% under
electric field, as commonly observed in FE materials. In comparison,
a lower variation of ~11% is observed in 0Ag—30Ta, which further
decreases to around 5% in 30Ag—30Ta. The electric field insensitive
dielectric constant in 30Ag—30Ta manifests that the electric field
induced FE phase is well restored to the AFE state, which accounts
for the well-defined double hysteresis loop.

To investigate the reversibility between AFE and FE phases from
a microscopic scale, TEM was performed on NN and 30Ag—30Ta to
detect the crystal structure change in virgin and high field treated
states. In NN, the special quadrupled and doubled unit cells along
[010], direction are the signatures of AFE P and FE Q phases,
respectively. Hence, the superlattice diffraction of '/4 (010) type for
P phase and !/, (010) type for Q phase can be utilized to distinguish
these two phases [37]. Fig. 3a presents the TEM image of virgin NN
along the [001], zone axis, in which two types of nanoregions are
observed. The right region is ordered with definite nanostripes
with width of ~1.6 nm and exhibits /4 (010) type diffraction spots
(Fig. 3c), giving a signature of homogeneous AFE P phase. In
contrast, the ambiguous nanostripes with larger widths are
observed in the left region in Fig. 3a, accompanying with diffused
scattering streaking along the [010],, direction (Fig. 3d). Particularly,
Fig. S7, recorded from the enlarged left region, exhibits partial
nanostripes with width of ~1.6 nm for AFE P phase and typical !/,
(010) superlattice diffraction spots for FE Q phase simultaneously.
Therefore, it is appropriate to conclude that the coexistence and
competition between AFE P phase and FE Q phase generate this
phenomenon of local incommensurate (INC) modulation [15]. After
electric field treatment, only ordered and homogenous nanostripes
with definite width of ~0.8 nm are observed in NN (Fig. 3b),
accompanying with /5 (010) superlattice diffraction spots (Fig. 3e),
indicating a FE Q phase. This reveals that the AFE P phase trans-
forms into FE Q phase under a specific high electric field, but the
transition back to the AFE phase is prevented after removing
electric field. In contrast, the nearly identical distribution of
nanostripes with definite width of ~1.6 nm is observed in

. @3,&000 .

. *100
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30Ag—30Ta at both virgin and field treated states (Fig. 3f—g), in
which the consistent !/4 (010) type diffraction spots remain at both
states (Fig. 3h—i), giving a feature of AFE P phase. This implies that
the induced FE Q phase cannot be maintained once the electric field
is removed, which will reversibly switch back to AFE P phase. It
should be noted that the measured width of nanostrip is ~1.6 nm in
AFE P phase and ~0.8 nm in FE Q phase, being in consistent with the
lattice parameter [38], where the difference originates from the
two types of modulations.

Due to the different electromechanical coupling phenomena
between AFE and FE phases, the PFM amplitude images at virgin
and high electric field treated states were measured for NN and
30Ag—30Ta ceramics to further evaluate the reversibility between
these two phases. A weak piezoelectric response is observed in the
major regions of virgin NN accompanied by some regions of strong
response, as shown in Fig. 4a. The weak response (close to zero) is
the typical characteristic of AFE P phase, while the strong response
is ascribed to the coexistence of FE Q phase. After high electric field
treated, the NN exhibits an ordering polar and strong piezoelectric
response over the entire region, as give in Fig. 4b, which are
induced by the preserved FE Q phase after withdrawing electric
field. Certainly, there is some variation in the response of poled NN,
associating with the residual AFE P phase and/or the effect of
topography [39,40]. Particularly, the PFM amplitude statistic results
present almost 5 times enhancements after poled when comparing
to the virgin state (Fig. 4c), further reflects the irreversible electric
field induced AFE-FE phase transition. On the contrary, both virgin
and poled 30Ag—30Ta samples show homogeneous and very weak
piezoelectric response (Fig. 4d—e), which exhibit almost identical
PFM amplitude statistic results (Fig. 4f), representing nearly uni-
form domain structure and consistent AFE P phase in two different
conditions.

To dynamically study the electric-field induced AFE-FE phase
transition, in-situ Raman spectra were conducted under various
electric fields for NN and 30Ag—30Ta ceramics. We firstly measured
the Raman spectra on multiple grains of virgin NN and 30Ag—30Ta
ceramics before performing in-situ electric field measurement.
Notably, the wavenumbers locating around < 100, ~560 cm~! and
~870 cm™! are employed to distinguish the AFE P and FE Q phases
[41,42]. Two types of Raman spectra are detected in NN (Fig. 5a),

30Ag-30Ta
Poled

; P.phase

Fig. 3. TEM images of (a) virgin and (b) poled NN, (f) virgin and (g) poled 30Ag—30Ta ceramics taken from the [001], zone axis. SAED patterns of (c), (d) virgin NN and (e) poled NN,

(h) virgin and (j) poled 30Ag—30Ta ceramics taken from the [001], zone axis.
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Fig. 4. PFM amplitude images of (a) virgin and (b) poled NN, (d) poled and (f) poled 30Ag—30Ta. The amplitude statistics at two states of (c) NN and (f) 30Ag—30Ta ceramics.

indicating the coexistence of AFE P and FE Q phases, in agreement
with previous studies [42,43]. In comparison, only one type of
Raman spectra corresponding to AFE P phase can be observed in
30Ag—30Ta, as shown in Fig. 5b. To study the reversibility of AFE
and field-induced FE phase in NN, the grain with AFE P phase was

chosen to measure the in-situ Raman spectra, as given in Fig. 5c.
Under low electric field, the Raman spectra manifest an AFE P phase
and remain unchanged. A high electric field over 70 kV/cm grad-
ually changes the Raman spectra to FE Q phase, with the transition
completing at around 120 kV/cm. It should be noted that the

(a) A-site B-Obond | [BOg] I A+E | Virgin NN at different grairs :
> : i Na* ) i
a I translational ! i
g P.phase g NbO,rotation ;
= P+Qphases | :
. 5 . N . h I
0 200 400 600 800 50 100 150 500 600 700 800 900 1,000
Wavenumber (cm™)
(b) 1 1 1
| Virgin 30Ag-30Ta at differént grains ;
é P phase ! ! '
E P phase | i k/‘\\\‘
' L '
L | | L L L L pur | T L
0 200 400 600 800 50 100 150 500 600 700 800 900 1,000
Wavenumber (cm™)
d 30Ag-30Ta
© o O @ o) 0
150 300
140 290
N 270
5 10 § 250
2 100 z 225
o “ 200
S0 175
70 150
& 100
50
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800

600
Wavenumber(cm™)

400

600 800

400
Wavenumber(cm™)

Fig. 5. Raman spectra of (a) NN and (b) 30Ag—30Ta ceramics at virgin state on different grains. Raman spectra with electric field increasing and turning off at maximum of (c) NN

and (d) 30Ag—30Ta ceramics.
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induced FE Q phase remains after removing high electric field, as
the Raman spectra keep almost the same when the electric field is
turned on and off at 150 kV/cm. A high-electric-field-induced AFE P
to FE Q phase transition can also be clearly observed when the
applied electric field exceeds 225 kV/cm for 30Ag—30Ta, as man-
ifested by the obvious change in Raman spectra in Fig. 5d. It is
interesting that the high-electric-field induced FE Q phase can
transition back to AFE P phase after removing the electric field at
300 kV/cm, which is evidenced that the Raman spectra reverse to
the shape similar to the virgin state. These finding further confirm
the good reversibility between AFE P phase and the induced FE Q
phase in 30Ag—30Ta.

The improved reversibility of AFE-FE phase transition from NN
to 30Ag—30Ta should be closely associated with its crystal struc-
tures. To gain the underlying mechanism, the dielectric spectra,
powder XRD patterns and SXRD profiles were measured. Fig. 6a and
Fig. S8 present the dielectric constant and loss with increasing
temperature for the three representative compositions. Two
obvious dielectric anomalies are observed for NN, assigned to be
INC modulation to AFE P phase (~130 "C) and AFE P to AFE R phase
(~370 °C) transitions, in consistence with the previous report [15].
The addition of Ta>* has little effect on the shape of dielectric
spectrum, but shifts the phase transition temperatures to lower
temperature. It is interesting that, in addition to the two dielectric
anomalies, an abnormal broad hump locating in the temperature
range of 200—300 "C comes to across in 30Ag—30Ta ceramics, as
shown in Fig. 6a. To determine the phase structure evolution with
temperature for 30Ag—30Ta, in-situ XRD at different temperatures

Journal of Materiomics 10 (2024) 1026—1035

were measured, as given in Fig. 6b. The split (200)¢c peak with the
intensity ratio of Irgy/lpgo = 2:1 and the two apparent superlattice
peaks of {131} and {132} showcase the AFE orthorhombic P phase
structure below 200 °C. The split (200)¢ peaks merge into one peak
as the temperature rises to 200—325 °C, accompanying with the
weakening of {131} peak and the disappearance of {132} peak,
which may indicate a gradual phase transition from P phase to R
phase. At 400 °C, no superlattice and split peak can be observed,
demonstrating a typical feature of paraelectric phase. To verify this,
all patterns are Rietveld refined based on P, R and S (Pbnm space
group) phases respectively using GSAS software [44], as given in
Fig. S9. The good reliability factors confirm the validity of the space
group adopted. The phase structure and refinement results are
presented in Table S2. It is evident that the AFE R phase initially
appears at 200 °C and becomes a sole phase at 325 °C. That is to say,
the abnormal dielectric hump from 200 °C to 325 °C originates
from the coexistence of P and R phases for 30Ag—30Ta ceramics.
The SXRD is also measured to reveal the origin of reversible AFE-
FE phase transition in Ag* and Ta>" modified NN ceramics. Fig. 6¢c’
shows the Rietveld refinement plots of SXRD based on P or/and Q
phases for NN, 0Ag—30Ta and 30Ag—30Ta ceramics. The Rietveld
results are listed in Table S3. A majority of AFE P phase (73.7%) with
minor FE Q phase (26.3%) is determined for NN, further illustrating
the coexistence of AFE P and FE Q phases. On the contrary, only AFE
P phase can be determined for both 0Ag—30Ta and 30Ag—30Ta.
Thereafter, based on the atomic positions, the [BOg] octahedral
tilting angles and cation displacements in AFE P phase can be

(@) 900 03 (b) y >
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k / g = I
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Fig. 6. (a) Temperature dependence of dielectric permittivity and loss, (b) XRD patterns with four enlarge angles around 40.0°, 46.5°, 36.7° and 55.2° for 30Ag—30Ta ceramic. (c)
Rietveld refinement plots of SXRD for NN, 0Ag—30Ta and 30Ag—30Ta. (d) a and b axes tilting angles and (e) A1, A2 and B-site cation displacements of virgin P phase recorded from

Rietveld refinement results of SXRD profile.
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arrows represent the displacement vectors. (d) Bright field image, and (e) map of the antiphase oxygen octahedral tilt. (c) B-site displacements and oxygen octahedral tilting angles
and (f) Schematic diagram of polarization order parameter dependence of free energy G of NN and 30Ag—30Ta ceramics.

determined, as depicted in Fig. 6d—e. The schematics of [BOg]
octahedral tilting angles ® about a axis and ¢ about b axis, as well
as displacements of A1, A2 and B-site cations are similar to our
previous work [32]. The [BOg] octahedral tilting angles ® and @
decrease continuously after Ta>* and Ag © modifications, which
respectively reach the minimum value of 9.02° and 6.22° for
30Ag—30Ta. This may be originated from the synergistic effect of
the smaller size of [TaOg] octahedra and the stronger covalent bond
characteristic of Ag—0 bond. To be detailed, the Rra_o (1.96 A) is
shorter than Rnp—o (1.99 A), while Ag possesses larger electroneg-
ativity (1.93) compare to Na (0.93) [45,46]. Consequently, the dis-
placements of A1 and A2-site shift down drastically from 0.0421 A
and 0.1327 A for NN to 0.0113 A and 0.0806 A for 30Ag—30Ta,
respectively. Meanwhile, the B-site displacements of both
0Ag—30Ta (0.0648 A) and 30Ag—30Ta (0.0746 A) also exhibit
obvious decrease in comparison with that of NN (0.0817 A), indi-
cating that the B-site ions of 0Ag—30Ta and 30Ag—30Ta are less
sensitivity to electric field, in consistence with the lower polariz-
ability of Ta>* (2.82 A3) compared to Nb>*+ (3.10 A3) [47,48]. The
reduced octahedral tilting angles and cation displacements
contribute to the high stability of AFE P phase and good reversibility
of AFE-FE phase transition for the Ta>* and Ag * modified NN.

To gain insight into the microscopic mechanism, ADF STEM
along [10 1], zone axis was conducted to map the polarization field
of 30Ag—30Ta, as shown in Fig. 7. Because of the Z-contrast is
strongly depends on the atomic mass, only the positions of the B-
site ions can be mapped, as shown in Fig. 7a. Herein, the phase lock-
in analysis was applied to precisely map the periodic lattice
displacement [49,50]. The collective atoms are mainly displaced
along [010], direction, forming a transverse displacement modu-
lation wave with a wavelength of 4ap, which well reflects the
antiferroelectricity, as shown in Fig. 7b. More importantly, the
30Ag—30Ta shows a reduced B-site displacement of ~0.082 A in
comparison with that of NN (~0.089 A) reported in previous work
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[32], as given in Fig. 7c. This unambiguously demonstrates a sup-
pression of the ferroelectric ordering. Fig. 7d—e shows the bright
field image and map of the antiphase oxygen octahedral tilt, from
which the oxygen octahedral tilting angle O is calculated. It should
be noted that the black and white diamonds represent opposite
tilting directions, and the contrast of color indicates the value of ©.
Notably, the O is determined to be ~8.33°, which is also smaller
than that of NN (~8.62°) [32], as shown in Fig. 7c. These results are
in good agreement with the SXRD analysis, which further confirm a
more stable antiferroelectric state in 30Ag—30Ta.

From the viewpoint of free energy profile, based on our exper-
imental results, the different reversibility of AFE to FE phase tran-
sition in NN and 30Ag—30Ta ceramics can be explained using the
Ginzburg-Landau-Devonshire (GLD) phenomenology [51]. The
small energy barrier for AFE-to-FE (AGape-pe) and FE-to-AFE (AGgg-
Are) phase transition should account for the low critical phase
transition electric field in NN, as schematically illustrated in Fig. 7f.
Particularly, the small difference between AGagg-rg and AGgg-afg of
NN contributes to its irreversible AFE-FE phase transition. The co-
doping of Ag®™ and Ta’* in NN decreases cation displacements
and octahedral tilting angles, which indicates an increase of lattice
compression stress and AFE distortion, enlarging the energy barrier
difference between AGagpg-pg and AGgg-are [52,53]. In this scenario,
the electric-field induced FE Q phase falls back to AFE P phase more
easily. As a result, good reversibility from FE Q to AFE P phase
transition is achieved in 30Ag—30Ta, accounting for the well-
defined P—E loop and significantly improved energy storage
density.

4. Conclusion

In this work, the Ag* and Ta’" modified NN ceramics were
designed and fabricated via a conventional solid-state reaction
method. The well-defined double hysteresis loop was achieved in
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30Ag—30Ta by stabilizing its AFE P phase, exhibiting improved W;ec
of 3.3 J/cm? and good 7 of 42.4% with good thermal and frequency
stabilities. In contrast to the coexistence of AFE P and FE Q phases at
RT in NN, only the AFE P phase was observed in 30Ag—30Ta. The
SXRD and STEM results revealed that the decreased cation dis-
placements and octahedral tilting angles were the underlying
mechanism that accounted for the double P—E loop and signifi-
cantly improved energy storage density. This work demonstrates
the possibility of stabilizing the AFE P phase, and provides a good
paradigm for realizing double hysteresis loop and achieving high
energy storage density in NaNbOs-based ceramics.
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