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Abstract: The burgeoning significance of antiferroelectric (AFE) materials, particularly as viable can-
didates for electrostatic energy storage capacitors in power electronics, has sparked substantial in-
terest. Among these, lead-free sodium niobate (NaNbOs) AFE materials are emerging as eco-
friendly and promising alternatives to lead-based materials, which pose risks to human health and
the environment, attributed to their superior recoverable energy density and dielectric breakdown
strength. This review offers an insightful overview of the fundamental principles underlying anti-
ferroelectricity and the applications of AFE materials. It underscores the recent advancements in
lead-free NaNbOs-based materials, focusing on their crystal structures, phase transitions, and inno-
vative strategies devised to tailor their electrostatic energy storage performance. Finally, this review
delineates the prevailing challenges and envisages future directions in the realm of NaNbOs-based
electrostatic energy storage capacitors, with the goal of fostering further advancements in this piv-
otal field.
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1. Introduction

In recent years, energy storage has emerged as a topic of significant interest because
of the rapid advancement of technologically complex electronic devices and electrical
power systems [1-3]. Electrostatic capacitors, electrochemical capacitors, batteries, and
solid oxide fuel cells (SOFCs) are most of the technologies that can store energy, as shown
in Figure 1. Electrostatic capacitors, also known as dielectric capacitors, offer many ad-
vantages over electrochemical capacitors, batteries, and SOFCs, including swift charging—
discharging rates, ultrahigh power density, and excellent thermal stability, though they
have a lower energy density. Among capacitors, electrochemical capacitors (e.g., superca-
pacitors) generally have a higher energy density compared to dielectric capacitors, pri-
marily due to the significantly increased surface area of the electrodes. However, they also
have a lower operating voltage, typically less than 3 V, exhibit significant leakage current
(in mA), and are more expensive, costing around 9500 USD/kWh [4-7]. Therefore, dielec-
tric capacitors are more suitable for low-cost, high-voltage, and large-scale applications [8].

When it involves analysing power and energy densities for energy storage devices
(ESDs), the Ragone plot is an indispensable instrument. According to the evidence shown
in Figure 1, it is not possible for a single ESD to concurrently possess both a high energy
density and a high power density. It is possible to determine the application of each ESD
based on its own characteristic time, which is determined by the energy-to-power ratio or
charge/discharge rate of the device, as shown by the straight dashed lines in Figure 1 [9].
It is essential to remain conscious of the charge or discharge time in which external factors,
such as the resistance of the load, might influence ESD encounters. As energy is stored in
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a capacitor by the displacement of bound charged elements, capacitors have a higher
charge or discharge rate and power density than batteries and SOFCs [10].
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Figure 1. Ragone plot of various energy storage devices with characteristic times represented by
straight dashed lines.

Dielectric capacitors are particularly useful for high-power/pulse-power systems due
to their high charge or discharge rate, as indicated by their short characteristic time in
Figure 1. This feature is also significant for effectively capturing energy from evanescent
and intermittent renewable sources [11]. On the other hand, dielectric capacitors with en-
hanced energy densities offer significant benefits for a range of applications, including
consumer electronics, commercial defibrillators, and pulsed power applications, due to
their downsizing potential and easy integration [5,9,11-15]. Furthermore, increasing the
energy density of dielectric capacitors to levels comparable with electrochemical capaci-
tors or batteries [5] could significantly expand their use in energy storage, opening up a
broader spectrum of applications.

Ceramic-based dielectric capacitors possess a rapid charge/discharge cycle and a
high power density because of their ability to store energy via dipole moments as opposed
to chemical reactions [10,16]. In addition, ceramics exhibit commendable mechanical
properties and stability. These characteristics enable them to become fundamental ele-
ments of intermittent power systems. However, the application areas of ceramic capaci-
tors are significantly limited because their integration and miniaturisation are impeded
by their comparatively low recoverable energy storage density (Wye.) and energy stor-
age efficiency (). Therefore, the development of energy storage ceramics with superior
efficacy is critical. Ceramic capacitors with high permittivity dielectrics are ideal for stor-
ing more energy due to their superior volumetric efficiency. These capacitors typically use
ferroelectric (FE) materials, characterised by a spontaneous electric polarisation that can
be modified with an external electric field [17]. In contrast, antiferroelectric (AFE) mate-
rials, while similar to FE materials, consist of adjacent dipoles in antiparallel orientations,
leading to no net spontaneous polarisation [18,19]. AFE phases can undergo field-induced
transitions to polar FE phases, leading to high polarisation at a high electric field. This
opens up potential applications in energy storage, provided that the dielectric breakdown
polarisation is high enough to induce the AFE-FE phase transition.

However, compared to FEs, AFEs are less commonly used due to the limited variety
of AFE compounds and their less diverse functionalities [20,21]. Extensive research has
been conducted on lead-based AFEs over the past decade, owing to their promising prop-
erties. Additionally, the phase stability of these materials can be easily adjusted through
chemical substitution. The orthorhombic symmetry of the first lead-based AFE com-
pound, PbZrO;, was established by Sawaguchi et al. in 1951 [22]. Currently, over 40 types
of AFE materials have been identified [23]. Among these, perovskite lead-based
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compounds are particularly notable, including PbHfO; [24], (Pb,La) (Zr, Ti)O; [25],
(Pb,La)(Zr, Sn, Ti)O3 [26,27], Pbgg7Lag o2(ZrosSng.43Tio07)03 [28], Pb(IngsNbys)03 [29],
and Pbgg;Lag o, (Zr, Sn, Ti)0O5 [30].

It is worth noting that lead oxides and lead-containing compounds typically com-
prise about 70% of the raw material mass in certain applications [23]. Lead, a heavy metal,
is highly toxic and can cause symptoms like abdominal pain, neurasthenia, anaemia, and
toxic encephalopathy if it accumulates in the body beyond safe levels [31,32]. Recognising
its danger to human and environmental health, many countries have regulated lead in
electrical items [33,34]. This has spurred global research into lead-free dielectric materials,
with notable progress in lead-free FEs [35-37], in contrast to the modest advances in lead-
free AFEs [18,23,38].

As of the current date, NaNbO3; and AgNbO; are recognised as leading examples of
lead-free AFE materials. Figure 2 depicts the scholarly articles on lead-free AFE materials
for energy storage published in Scopus-indexed journals from 2015 to 2024. Comparing
the synthesis and processing of NaNbO; to AgNbOs, it is observed that NaNbO; is more
cost-effective, owing to its reliance on less expensive raw materials and the elimination of
the need for a protective environment during the sintering process [39-41]. Despite the
advantage of not requiring a protective atmosphere like oxygen, which is necessary for
AgNbOs, the higher sintering temperatures and the volatilisation of sodium at elevated
temperatures present challenges in achieving high-quality NaNbO; -based ceramics.
Therefore, the hydrothermal method has been recently employed for the synthesis of both
NaNbO; and AgNbOs, leading to the production of high-quality ceramics [42,43].

Lead-free AFE Materials for Energy Storage
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Figure 2. Publications on lead-free AFE materials for electrostatic energy storage (2015-2024).

The potential AFE properties of NaNbO; were initially identified in a publication in
1951 [44], coinciding with Kittel’s proposal of the antiferroelectricity concept [45]. Recent
advances have highlighted NaNbO; as a material of significant functional importance,
particularly due to the discovery of unique AFE characteristics in some of its derived solid
solutions [46,47]. These NaNbO;-based solid solutions have drawn substantial interest for
their ability to exhibit double loops and their relatively low density, estimated at
4.55 g/cm?® [48]. Furthermore, the burgeoning scientific pursuit of innovative energy stor-
age materials since 2015 has catalysed the development of compositionally altered
NaNbO;-based AFEs, characterised by their reversed field-induced phase transitions.
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This review aims to provide a comprehensive summary of the latest advancements
in lead-free NaNbO3-based AFE ceramics for energy storage, a topic that has garnered
considerable interest. Initially, it offers a succinct overview of the fundamental concepts
and applications of AFE ceramics. It then delves into recent developments in lead-free
NaNbO;-based AFE materials, covering aspects such as crystal structures, phase transitions,
chemical modifications (doping, solid solutions), and strategies devised to improve their
energy storage capabilities [23,38,49,50]. Finally, the review addresses the outstanding
challenges and future outlook in the study of NaNbO3-based AFE ceramics and capacitors.

2. Fundamentals of AFEs
2.1. Definition of AFEs

AFE materials are closely related to FE materials but exhibit distinct characteristics.
In FEs, the application of an external electric field aligns the inherent polarisation, result-
ing in a single polarisation hysteresis loop with a non-zero remanent polarisation (P.).
This residual polarisation persists even after the external field is removed, indicative of
the FE nature.

In contrast, AFEs are characterised by a double polarisation hysteresis loop during
field-induced phase transitions from the AFE to the FE state. Structurally, AFEs lack a
macroscopic spontaneous polarisation, often described as inhibited FEs [51]. This inhibi-
tion is due to the equivalent antiparallel alignment of neighbouring dipoles, effectively
cancelling out the macroscopic polarisation. This unique alignment and structural charac-
teristic define AFEs as distinct yet related to traditional FE materials.

2.2. Applications of AFEs

In the early stages of their discovery, AFE materials were primarily regarded for actu-
ation applications [52]. However, mechanical fractures often occurred due to the significant
and abrupt strain changes during phase transitions, compromising the reliability of these
actuators. At present, AFE materials are increasingly recognised for their potential in con-
structing high-energy-storage capacitors. Their potential to exhibit a higher electrostatic en-
ergy density than FEs and linear dielectrics makes them particularly suitable for high-den-
sity power applications in electronics, including DC-link and snubber capacitors [23,53-57].

The unique advantage of AFE materials in energy storage stems from the minimal
energy differential between their anisotropic AFE phase and the field-induced FE phase.
Under high electric fields, AFEs can transition to a highly polarised FE phase and revert
to their original AFE state once the field is eliminated [50,58-60]. This property is in stark
contrast to FEs and other dielectrics, which generally show a decrease in dielectric per-
mittivity with increasing DC bias. Conversely, AFEs demonstrate an increase in permit-
tivity at or just before the critical field that triggers the AFE-to-FE phase transition [61].

Furthermore, AFE materials are gaining attention for emerging applications in ultra-
fast neuromorphic computing [62], tunnel junctions [63], hybrid charge trap memories
[64], ferroelectric random-access memories [65], and solid-state ferroic refrigerators [66].
The distinctive AFE properties in HfO,-based materials are attributed to field-induced
transitions between the polar orthorhombic phase (Pca2;) [67] and the nonpolar tetrag-
onal phase (P4,/nmc), differing from the antiparallel dipole configuration found in ma-
terials like PbZrO; and NaNbO; [68]. Comprehensive discussions and evaluations of
AFE materials are elaborated in other studies [38,69].

3. Dielectric Capacitors for Energy Storage

Dielectric materials are used in the middle layer between two conducting electrodes
to construct a parallel-plate capacitor. The following equation is used to calculate the ca-
pacitance (C), representing a capacitor’s ability to store energy:
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where ¢, is the permittivity of free space (8.85 x 107*2 F/m), ¢, is the relative permittiv-
ity, A is the overlapping area of two electrodes, and d is the thickness of the dielectric
layer.

When an external voltage is supplied, a charging process occurs, leading to the accu-
mulation of charges at the electrodes. These charges, having opposite signs but equal mag-
nitude, create an internal electric field. This field is directed opposite to the surrounding
electric field. As more charges accumulate, the magnitude of this internal electric field
within the system increases proportionally. The charging process completes when the in-
ternal electric field, induced by the collected charges (Q), equals the external electric field.
The C of the capacitor is represented by Q/V. The amount of stored energy can be deter-
mined using the following equation:

M

Qmax
W= f Vdq @)
0

where Qpax is the maximum charge attained upon completion of the charging process,
and dq denotes the incremental increase in charge.

Energy density (J) is a key metric for evaluating the energy storage performance of
electrostatic capacitors. It quantifies the amount of energy stored relative to the capacitor’s
volume, providing a measure of how efficiently space is used for energy storage, as shown
in Equation (3):

W [Ovdg Dmax
]_A—d_A—d_fo EdD 3)
where D is the electrical displacement within the dielectric layer. Consequently, Dy.«
denotes the maximum electric displacement in the material when subjected to the highest
applied electric field or dielectric breakdown strength, denoted as Ej.

In dielectrics with high permittivity, we often find that the electric displacement (D)
closely approximates the polarisation (P). And D is calculated as the product of g, &,

and E. Therefore, Equation (3) can be formulated as follows:

Pmax Emax
]= f EdP = f €o&r EAE (4)
0 0

Jaffe [13] states that the energy density can be determined by integrating the area that
is bounded by the polarisation axis and the polarisation versus electric field (P — E) curve.
As shown in Figure 3a—c, the region shaded in blue represents the recovered energy den-
sity, denoted as J ., which is the energy released during the discharging process. Con-
versely, the orange region indicates the dissipated energy density (Jj,ss), attributable to
losses within the dielectric material. The total energy density, Jio, accumulated during
the charging process equals the combined area of these two regions, reflecting their inte-
gral roles. ... is calculated using Equation (5):

PmaX
Jrec = f EdP 5)
P

r

Furthermore, the ratio of recoverable energy density (J;c) to the total energy storage
density (Jiot) is equivalent to the energy efficiency (1), which can be expressed as:

n= ]t_t x 100% 6)
(o)

where Jiot = Jrec T Jiosss and Jjoss is the dissipated energy density, which is depicted as
the orange region enclosed by the hysteresis loop.
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Figure 3. Schematic illustrations showing the polarisation versus electric field (P — E) curve: (a) linear
dielectrics, (b) FEs, (c) relaxor ferroelectrics (RFEs), and (d) AFEs with the recoverable energy density
(Jrec) and the dissipated energy density (Jo5s) indicated in blue and orange areas, respectively.

It is important to note that nonlinear dielectric materials, such as FEs, relaxor ferroe-
lectrics (RFEs), and AFEs, are known to exhibit J,ss. AFEs generally exhibit lower Jjosq
and higher E,,, compared to FEs. According to Jaffe’s theory, AFEs have the potential to
significantly enhance energy storage capabilities, contingent upon resolving E,, chal-
lenges. Adequate E ., is crucial to enable the AFE-to-FE phase transition [13].

Figure 3d illustrates that AFEs often display hysteresis loops with a square recover-
able energy area instead of a triangular one, a characteristic feature of AFEs [13]. The elec-
tric fields at which the AFE-FE transition begins and ends are referred to as the Er and
E, threshold electric fields, respectively. As a result of their distinctive AFE-FE phase
transitions, AFEs have a significant advantage in energy storage over linear dielectrics and
FEs, owing to their enormous maximum polarisation (Py,x) and minimal remnant polari-
sation (P,) [70]. The residual polarisation in AFE ceramics is primarily a consequence of
system defects and leakage currents. These can be reduced by employing appropriate
doping strategies and microstructure optimisation. Modifying the critical phase transition
electric field through chemical substitution is also feasible. Furthermore, the degradation
resistance of ceramics is affected by various microstructural factors, including particle
size, pore presence, secondary phases, and others. These aspects collectively influence the
performance and reliability of AFE materials in energy storage applications [71-73].

4, Structural Characteristics of NaNbO3-Based Ceramics

4.1. Crystal Structures of NaNbOs

The structural complexity of NaNbO; arises from the displacement of Nb within its
octahedral coordination and the tilting of the NbOg octahedra [74]. As illustrated in Fig-
ure 4 [69], at low temperatures (ranging from —100 °C to 360 °C), two phases of NaNbO;
are observed to have very similar energy levels. These phases are designated as the P and
Q phases, respectively. The P phase, identified as an AFE phase, possesses an orthorhom-
bic space group Pbcm and is distinguished by antipolar distortions arising from the Nb-
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O bonds. This phase features a superlattice structure of V2 x V2 X 4, relative to the aristo-
type perovskite structure. The Q phase, an FE polar phase with the space group P2;ma,
features a V2 x V2 x 2 supercell and can be induced by applying an electric field. The
coexistence of this polar Q phase and the antipolar P phase in NaNbO3; complicates the
analysis of double hysteresis loops, as evidenced in references [75-77].

(a) (b)

Figure 4. Crystal structures of NaNbO3, with Na* in gold, Nb* in green, and O in white: (a) the
antipolar P phase and (b) the polar Q phase [69].

4.2. Phase Transitions in NaNbO5

Seven distinct phases of NaNbO; can be observed as a function of temperature under
ambient pressure, as shown in Figure 5. The high-temperature phase, manifesting at
639°C, adopts the aristo-type cubic perovskite structure with a cubic Pm3m space group.
Upon cooling, this structure transitions through a sequence of phases: tetragonal
(P4/mbm), followed by four orthorhombic phases (Ccmm, Pnmm, Pmnm, and Pbcm), and
ultimately to a rhombohedral (R3c) phase [23]. The identification of these phases is based
on two primary factors: the displacement of Nb>* ions from their octahedral centres and
the tilting of oxygen octahedra. With heating, these tilts and displacements diminish, cul-
minating in the restoration of the aristo-type cubic structure [74]. Notably, the rhombohe-
dral N phase exhibits FE, whereas the orthorhombic P and R phases are AFE. All phases
existing at temperatures above the R phase are paraelectric, displaying no spontaneous
polarisation.

As opposed to PbZrO; or AgNbO3 [78,79], which exhibit distinctive double polari-
sation hysteresis loops at elevated temperatures and ambient temperatures, respectively,
pure NaNbO; undergoes an irreversible phase transition from the AFE state to the FE
state [80,81]. Consequently, there is no known existence of steady double polarisation hys-
teresis loops in this NaNbO3. Research by Cross and Nicholson [82], Ulinzheev et al. [83],
and Miller et al. [84] into NaNbO; crystals has shown that applying electric fields, both
parallel and perpendicular to the orthorhombic ¢ axis, also known as the [110]p¢ direc-
tion, induces phase transitions. However, while a double hysteresis loop can initially be
observed when a sufficiently strong electric field is applied perpendicular to the ortho-
rhombic ¢ axis [85], subsequent electrical cycles lead to instability, causing the loop to
become indistinguishable from a typical FE loop. To date, there are no documented in-
stances of double polarisation hysteresis loops in pure polycrystalline NaNbO; ceramics,
highlighting a significant difference in the behaviour of NaNbO; compared to PbZrO; or
AgNbO;.
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Figure 5. Temperature-dependent phase transitions in NaNbO;.

Recent studies reveal that polycrystalline NaNbO; ceramics may display FE-type po-
larisation hysteresis loops [86], or display loops that remain unopened [87], as depicted in
Figure 6. These phenomena are influenced by factors such as chemical composition [88],
starting chemicals [89], and average grain size [90], which affect the stability between the
AFE P and the FE Q phase. Koruza et al. [90] found that a phase transition from AFE to
FE occurs in NaNbO; ceramics when the average grain size is below 0.27 mm, due to in-
tragranular stresses.
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Figure 6. P — E loops of NaNbO3 bulk ceramics, as reported by (a) Luo et al. [86] and (b) Chao et
al. [87].

Li et al. [89] observed that the fraction of P and Q phases varies with different Nb,05
precursors, with a higher fraction from orthorhombic precursors, indicating stress-in-
duced variations in phase amounts. Fan et al. [91] studied the impact of A site nonstoichi-
ometry on phase stability, finding that all samples retained the AFE phase, unaffected by
variations in Na content. M.-H. Zhang et al. [92] discovered that sintered NaNbO3; ceram-
ics, using orthorhombic Nb,0s and with an average grain size of 8.9 mm, displayed a
100% AFE phase, highlighting the critical role of grain size in phase composition.

4.3. Phase Manipulation in NaNbOs-Based Ceramics

Reproducing the initial experimental results on AFE in NaNbO; proved challenging,
primarily due to variations in contaminant levels in the samples. These variations subtly
affected the relative stability between the AFE and FE phases [82]. Structure analysis of
NaNbO; was challenged by the nearly identical energy profiles of the P (AFE) and Q (FE)
phases [77]. The isoenergetic relationship between these phases was confirmed through
density functional theory (DFT) experiments [93]. The tolerance factor of NaNbO3, ap-
proximately 0.967, prompted the investigation of solid solutions aimed at reducing this
factor, thereby favoring the P phase stabilisation [94]. Experimental studies on xCaZrO; —
(1 —x)NaNbO; [95] and xBiScO; — (1 — x)NaNbO5; [94] solid solutions confirmed their
AFE nature. Transmission electron microscopy (TEM) analysis of domain configurations
revealed that reducing the tolerance factor systematically diminishes the Q phase, poten-
tially stabilising a singular P phase. Although the precise mechanism remains partially
understood, it is recognised that incommensurate phases facilitate the electric-field-
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induced AFE to FE transition. These intermediate phases play a critical role, acting as a
transitional bridge during polarisation reversal and the AFE to FE conversion in NaNbO;
solid solutions [96]. Doping has been identified as a stabiliser for the incommensurate
phase within the P phase region, a finding supported by analyses of polarisation current
density and differential dielectric permittivity anomalies. This incommensurate phase is
instrumental in the electric-field-induced polarisation reversal process, bridging the tran-
sition from AFE to FE states in NaNbO3-based solid solutions [97].

Considerable effort has been devoted to chemically modified NaNbO; to achieve
dual polarisation loops. Shimizu et al. proposed that the stability of the AFE order could
be enhanced by simultaneously reducing the Goldschmidt tolerance factor and polarisa-
bility, taking into account the electronegativity differences in the new solid solutions [95].
A study investigated the impact of measurement frequency on the P —E curves for
(0.94 — x)NaNbO; — 0.06BaZr0O; — xCaZr03, with x = 0.04, as shown in Figure 7a [98]. In-
creasing frequencies led to a lag in AFE-FE phase transition and domain wall motion, de-
creasing their polarisation contribution and thus lowering the P.,. This was accompa-
nied by increased polarisation hysteresis under an electric field, increasing Er but de-
creasing E,. In another system, 0.7NaNbO3; — 0.3AgTa0O; [99], the P — E loops, displayed
in Figure 7b, exhibited distinct behaviour under varying electric fields. Notably, the ap-
plication of high electric fields over 300 kV/cm resulted in reversible AFE-FE phase shifts,
producing double P — E loops with enhanced P,,.

(a) (b)
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Figure 7. P—E loops of (a) 0.9NaNbO; — 0.06BaZrO; — 0.04CaZrO; [98], (b)
Nag 7Ag0.3Nbg;Tag303 [99].

5. Tailoring Energy Storage Performance in NaNbO;-Based Ceramics
5.1. Incorporation of MnQ,

In 2023, Zhang et al. reported a strategy to enhance the energy storage properties of
NaNbO;-based ceramics, specifically 0.95NaNbO3; — 0.05S5rSn03 (NN5SS), through the in-
corporation of MnO,. This approach, inspired by techniques used in lead-based materials,
involves adding varying amounts of MnO, to serve as an electron trap (Equations (7) to
(9)) [100]. Such a method has been previously documented to enhance the resistance of
other perovskites [101,102]. Notably, it is recognised that Mn exhibits a preference for
fewer oxidation states within perovskite structures [103]. The related reactions [100] are
as follows:

Mny,, + e’ = Mny, 7)
Mny, + €’ = Mny, 8)
Mnyy, + €’ = Mny,, 9)

The modification of NaNbO; by incorporating SrSn0O; induces an augmentation in
the local chemical disorder, thereby stabilising the AFE state [104]. Despite the tolerance
factor for NaNbOjz (NN, 0.965) and 0.95NaNbO; — 0.05SrSnO; (NN5SS,0.964) samples
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being nearly identical, it is insufficient to solely rely on this metric for the stabilisation of
AFE order without additional analysis. As shown in Figure 8a,b, NN exhibits FE behav-
iour, whereas NN5SS displays AFE-type double polarisation loops with a notable high
remnant polarisation of 13.9 pC/cm?, influenced by leakage current. This phenomenon
occurs as the NaNbO; — SrSnO3 solid solution demonstrates n — type conductivity due
to a predominance of excess Sr over Na vacancies, in contrast to the p — type conductiv-
ity observed in pure NaNbO; [105].
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Figure 8. The second electric field cycle at 1 Hz produced P —E loops for (a) NN, (b) NN5SS, (c)
NN5SS_0.1 Mn and NN5SS_1.0Mn, (d) NN7SS_1.0Mn, and (e) NN9SS_1.0Mn; (f) recoverable energy
storage density and efficiency; (g) tand as a function of frequency; and (h) Nyquist plot of the
NN, NN5SS, NN5SSg 1mn, and NN5SS_1.0Mn samples [100].

The inclusion of MnO, markedly reduces the dielectric loss, especially in the low-
frequency region, as illustrated in Figure 8g, and concurrently elevates the resistance, as
shown in Figure 8h. Consequently, the beneficial effect of the diminished quantity of
charge carriers on the double hysteresis loops is evidenced in Figure 8c. Unlike the unal-
tered NN system, the modified samples exhibit a substantially lower remnant polarisation
of 3.2 uC/cm?, representing a ten-fold reduction compared to the original system. No var-
iation in phase transition behaviour is observed with an increase in Mn modification from
0.1 wt% to 1 wt%. The sole alteration is an increase in the critical field required to initiate
the transition [100]. Energy storage efficiency improved from 21% in NN5SS to 33% in
NN5SS_1.0Mn, yet remains low. Enhancing efficiency requires modifying polarisation loop
shapes to be much slimmer, reducing hysteresis, and dispersing critical transition fields
[106]. Figure 8d,e show that adjusting SrSnO; substitution levels while maintaining
MnO, content boosts efficiency significantly from 33% to about 90% in NN9SS_1.0Mn,
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as emphasised in Figure 8f. In summary, MnO, incorporation successfully suppresses
mobile charge carriers, drastically lowers P, and increases material resistance.

5.2. Chemical Doping

Enhancing the energy storage properties of NaNbO3-based ceramics through single-
site doping at either the A-site or B-site is seldom reported. In 2018, Zhou et al. reported
an approach to improve the energy storage capabilities of NaNbO;-based ceramics by
adding Bi,03 [107]. This strategy potentially increases the E,,x and reduces the P.. Fol-
lowing Bi,0; addition, the dielectric constant shows relaxor-like frequency dispersion
near room temperature. The high E ., of ceramics is attributed to their dense microstruc-
ture and uniform chemical composition. When the E ., reaches 351kV/cm, the P.
nearly still zeroes. Moreover, the hybridisation interaction between the 6p orbitals of
Bi** and the 2p orbitals of 0%~ results in significant polarisation, with peak values ex-
ceeding 35 puC/cm?. Ceramics with a composition of Nag;Bis;NbO; achieve an impres-
sive energy storage density of 4.03 J/cm® at 250 kV/cm and an energy storage efficiency
of 85.4%, as demonstrated in Figure 9a,b [107].
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Figure 9. Schematic diagrams illustrating the enhancement of J,¢. by adding Bi,03; to NaNbOs: (a)
pure NaNbO; ceramics exhibit low Je due to high P, and small E,; (b) Na;_3,BixNbO3 ce-
ramics exhibit high J... due tolow P. and large E.x [107].

In 2022, L. Yang et al. significantly enhanced the energy storage properties of
NaNbO;-based ceramics through tantalum (Ta) doping. This modification reduced the
dielectric loss and increased volume resistivity by substituting Nb°* cations with
Ta%* cations at a concentration in the compound (NaggBigi)(Nbgo_»Ta,Tig1)05
(wherex = 0.15) [108]. Such improvements have also been observed in various niobate
ceramics, underscoring the broader applicability of this approach [109,110]. The improved
volume resistivity of these ceramics contributes significantly to energy economy and E .«
in energy storage applications [10]. The leakage current decreased after doping with 15%
Ta%* ions due to an increased bandgap, especially under high electric fields. Impedance
spectroscopy revealed enhanced resistance both in the grains and at the grain boundaries,
leading to an increase in E ;4 from 367 kV/cm to 469 kV/cm. Remarkably, at 450 kV/
cm, the ceramics achieved a high recoverable energy density of 6.5]/cm?® and an n of
94%, surpassing most NaNbO3-based relaxor ceramics.

Additionally, these ceramic capacitors demonstrated excellent energy storage stabil-
ity and performance across a wide temperature range (—90°C to 150 °C) and over 10°
cycles, as shown in Figure 10a,b [108]. The variation in P — E loops between —10 °C and
0°C is attributed to adsorbed moisture on the sample interfaces, with a noticeable drop in
Prax as the measurement temperature increases. These findings underscore the suitability
of Ta-doped NaNbO;-based ceramics for practical energy storage applications, thanks to
their robust temperature stability and cycle-stable energy storage properties.
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Figure 10. (a) The relationship between recoverable energy density and electric field at 250 kV/cm
as a function of temperature is illustrated by the P — E loops obtained within an operating temper-
ature range of —90°C to 150°C. (b) The dependence of recoverable energy density and 1 on an
electric field strength of 250 kV/cm is demonstrated through P —E loops from measurements
conducted over several cycles, up to 105, at this field strength [108].

5.3. Improving Energy Storage Properties of NaNbOs-Based Ceramics: Comprehensive
Strategy Summaries

Recent literature has highlighted a variety of lead-free NaNbO;-based materials no-
table for their high J,e., as detailed in Table 1 with key sample preparation parameters
such as thickness and electrode size. Reducing both thickness and electrode size effec-
tively minimises the likelihood of detrimental defects, thereby increasing the E,,. This
method facilitates achieving substantial energy storage properties under high electric
fields (> 350 kV/cm), making it a preferred method among researchers striving for ultra-
high ]y in materials of identical composition. Furthermore, |, being directly corre-
lated with the magnitude of the applied electric field, benefits from higher electric fields.
However, to enable a more detailed comparison of energy storage performance across
different systems, an analysis that normalises ], by the Ep . is indispensable.

Table 1. Summary of energy storage properties of lead-free NaNb0O3-based materials with key sam-
ple preparation parameters.

~ —~ N W
2 2 -E = 8- 9 by
N~ 3] (=] QJ = ]
NaNbO;-Based Materials v ‘|" Iz < 4 E Z BN g 3
s o = B 3 =5 > ~
E g ol % = = = >t
23] — 2 E 2 =] <
= =] =
Na,y,Ago3Nbg,Tag ;05 330 3.3 0.01 424 0.10 Bulk Argr;ri.zm 2023 [99]
0.8NaNbO; — 0.04CaZrO5-
0.16Bi, :Nay < TiO, 400 3.7 0.009 82.1 0.029 MLCC Pt 2021 [111]
15+
0.88NaNbO; — 0.12Bi(Niy5Zry5)05 500 4.90 0.010 ~72.0 00 §1+ Bulk Agr;l?r'lZSS 2020 [112]
Au, ~3.14
0.85NaNbO; — 0.15Mg, sHf, 505 405 5.0 0.012 83.1 ~0.11 Bulk m? 2023 [113]
Ag, ~3.14
0.85NaNbO; — 0.15CaZrO, 680 5.4 0.008 82 ~0.1 Bulk 2 2023 [114]
0.7NaNbO; — 0.3CaTiO5 560 5.52 0.010 83.3 0.1 Bulk Au 2022 [115]
15+
0.95NaNbO; — 0.05Bi(Mg,5Sng5)03 646  6.35 0.010 80.0 00 §1+ Bulk Agl’;1?1;z85 2022 [116]
0.8NaNbO; — 0.2Bi(Niy 5Hf 5)05 380 6.45 0.017 82.72 - Bulk - 2024 [117]
(NaggBig1)(Nbg,5Tag 15Tig1)05 450 6.5 0.014 94.0 0.08 Bulk Ay, 1’277 2022 [108]
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Na0|7 Bio.l NbolgTaO.l 03

0.88NaNb0; — 0.12CaZr0,

560 668 0012 905 015  Bulk A‘;l'ri'zm 2022 [118]
650 856 0013 820 ~01  Bulk Al:{lf514 2022 [119]

0.8(0.92NaNb05 — 0.08Bi(Niy sZro5)03)
_ 0.2(Bio_SNa0_5)0.7Sr0_3TiO3 (O.ZBNST)

655 8.6 0.013 835  0.094 Bulk 3.14 mm? 2023 [120]

0.68NaNbO; — 0.32(Big sLigs)TiO5 480 ~8.73 ~0.018 ~80.1 012  Bulk Ag; ri'zm 2021  [121]
. Au, 3.14

0.85NaNb0, — 0.15Ca, ;Sm,, TiO5 800 91 0011 801 0035 Bulk U 2003 [122]
. . Ag, 7.07

0.76NaNbO; — 0.24(Big sNags)TiO5 680 ~12.2 ~0.018 ~69.0 0.15  Bulk 50 2019 [123]

0.67NaNbO; — 0.18(BiysNag ) TiO5 —

700 12,65 0.018 885 0.0055 MLCC 70 Ag/30 Pd 2024 [124]

NaNbO; — (Big sSro.,) (FeqsNby )05 983 165 0017 833 0.06-0.08 Bulk Agrﬁ?ﬁz% 2022 [125]
0.9NaNbOs — 0.1BiFe0; 995 185 0019 787 0.06-0.08 Bulk Ai’l&z% 2021 [126]

It is worth noting that, compared to current lead-based materials with a remarkable
Jrec Of 11.18 J/em? in PbZrOs-based bulk ceramics and an even larger J.o. of 12.6 J/cm? in
PbZrOs-based multilayer ceramic capacitors (MLCCs) [127,128], lead-free NaNbO3-based
materials already exhibit a superior energy density exceeding 18 J/cm?, as shown in Table
1. To further enhance the J... of NaNbO3-based ceramics, many strategies have been pro-
posed, such as microstructure modification [129,130], electrical property tuning [82], and
phase engineering [131,132].

5.3.1. Microstructure Modification

Examining the grain size of samples facilitates the microstructural tuning of sintered
ceramics. Field-emission scanning electron microscopy (FE-SEM) images are indispensa-
ble for investigating these microstructures [42,133]. Figure 11a—e present the SEM images
of polished samples of 0.955NaNbO; — 0.045La(Nbg33Mg(67,)03 with varying additions
of MnO, (0 wt%, 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt%) [134]. These images illustrate that
all samples exhibit a dense packing with minimal porosity. The addition of MnO, re-
sulted in a slight increase in grain size, attributed to the fluid phase facilitating atomic
mobility. Notably, the particle size in all samples remained below 1 um, contributing to
an improvement in Ej .

Recent research has demonstrated that MLCC, which is constructed from a ceramic
film with a layered structure [132], exhibits exceptional energy storage performance. This
device is characterised by an ultrahigh J... and superior efficiency, in addition to exhib-
iting outstanding temperature stability and fatigue resistance [124].

Figure 12a-c present a comparison of Eiest-max » Jrec » and mn values for
0.82NaNbO; — 0.18(Biy5Nay5)TiO; (NN-BNT), 0.67NaNbO; — 0.18(BigsNay5)TiOz —
0.15Bi(Mg, sHf5)03 (NN-BNT-15BMH) ceramic, and NN-BNT-15BMH MLCCs. The
addition of BMH significantly enhances the Eiest—max in NN-BNT-15BMH ceramic sam-
ples. For MLCCs, reducing the dielectric layer thickness to 5.5 um with NN-BNT-15BMH
composition achieves an Eiest—max Of 1100 kV/cm, nearly doubling the value observed in
bulk ceramics. Furthermore, NN-BNT-15BMH MLCCs demonstrate an approximate 79.9%
increase in ], compared to their ceramic counterparts [124].

Additionally, NaNbO; has been explored for its utility in energy storage materials
when integrated into polymer matrices to form ceramic—polymer composites. Pan et al.
discovered that high J... can be achieved in NaNbO3/PVDF composites by optimising
the composition of two-dimensional NaNbO; produced via the molten-salt method [135].
The composite exhibited a remarkable J... of 13.5]/cm® and a power density of
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2.68 MW/cm® at an electric field of 4000 kV/cm, underscoring the potential of NaNbO;
as a primary or supplementary component in energy storage applications.
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Figure 11. (a—e) SEM images of 0.955NaNbO3; — 0.045La(Nbg33Mgg67)03 with varying additions of
MnO,: (a) 0 wt% MnO,, (b) 0.5 wt% MnO,, (c) 1.0 wt% MnO,, (d) 1.5 wt% MnO,, (e) 2.0 wt% MnO,
[134].
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Figure 12. (a) Comparison between Eiest—max, Jrec and n of NN-BNT, (b) NN-BNT-15BMH ce-
ramic, (¢) NN-BNT-15BMH MLCCs [124].
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5.3.2. Electrical Property Tuning

The tuning of electrical properties is directly linked to factors such as the band gap,
conductivity, and electrical homogeneity. Lanfredi et al. conducted an investigation into the
conductive properties of NaNbO; samples, which were synthesised using a wet chemical
approach and subsequently analysed via impedance spectroscopy [136]. This analytical
method facilitates the differentiation of grain boundary effects from the intrinsic properties
of the grains themselves, thereby providing detailed insights into the resistivity, electrical
homogeneity, and relaxation frequency [137,138]. Achieving a higher breakdown strength
in NaNbOj; necessitates the establishment of a substantial energy difference between the
conduction and valence bands, commonly referred to as the band gap. A larger band gap is
indicative of a lower likelihood of conductivity, underscoring the need for the material to
possess strong insulating characteristics while maintaining minimal conductivity
[82,139,140]. Enhancing electrical homogeneity has been demonstrated to significantly im-
prove the E ., and, consequently, the J... in BiFeO3-based ceramics [141,142]. Although
NaNbO;-based ceramics generally exhibit electrical homogeneity, as evidenced by complex
impedance spectroscopy data presenting a singular semicircle in NN-BNT-15BMH (as
shown in ref. [124]), it is noteworthy that grain refinement within these ceramics markedly
increases the number of grain boundaries. This increase in grain boundaries leads to a pro-
nounced rise in electrical resistance. The augmentation in resistance, in turn, enhances the
insulating properties of the ceramics, contributing to an elevated E,y.

5.3.3. Phase Engineering

It has been reported that forming NaNbO;-based solid solutions is a very promising
method for phase engineering, which aims for high energy storage performance generally
through inducing a relaxor state. This strategy significantly reduces P to achieve slimmer
P — E loops and enhances the Ej,y, leading to a higher Jec.

As shown in Figure 13a,b, the compositions of NaNbO;-based materials that em-
ployed this strategy exhibit relaxor-like characteristics, including broad dielectric anoma-
lies with discernible frequency dispersion [125,130] and slim polarisation hysteresis loops
[115,143,144]. These NaNbO3-based solid solutions exhibit slim loops with remanence sig-
nificantly reduced —up to ten-fold less—compared to pure NaNbO;, heralding superior
energy storage capabilities relative to conventional AFE materials due to the diminished
electric-field-induced strain, especially in the absence of pronounced phase transitions
that would compel volumetric changes under electric fields. Realising these advance-
ments necessitates precise modifications to the local structure and defect chemistry.
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Figure 13. (a) Temperature-dependent measurements of dielectric permittivity at various frequen-
cies for AFE samples of (1 —x)NaNbO3z — x(BiggSro,)(FeqoNbg ;)03 [125]; (b) P—E loops for
(1 —x)NaNbO3 — x(Big gSrg ) (FeggNbg ;)03 ceramics under 30 kV/mm at room temperature [125].
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The phenomenon of relaxor behaviour has been identified as a contributor to facili-
tated polarisation rotation within ceramic materials [145], enhancing energy density
through domain evaluation. External electric fields can reorient FE domains due to long-
range dipole ordering [146-148]. High-performance piezoelectric materials benefit from
phase barriers, which influence FE domain properties, reducing polarisation anisotropy
and energy barriers through the creation of small domain sizes and high domain wall
densities [149,150]. This reduction is primarily due to spontaneous polarisation (P;) in-
duced by lattice distortion, which is sensitive to external factors such as temperature, elec-
tric fields, ion substitution, and mechanical stresses. Moreover, nanoscale P fluctuations
result in the formation of polar nanoregions (PNRs), exhibiting relaxor behaviour at the
macroscopic level [151]. To enhance energy storage properties, the formation of PNRs has
been identified as an effective strategy for increasing the energy efficiency of NaNbO;-
based ceramics [100,121]. The relaxor behaviour of the NN9SS_1.0Mn sample is illustrated
in Figure 14a, with the presence of randomly distributed PNRs, each a few nm in size,
further substantiated by high-resolution transmission electron microscopy (HRTEM) im-
ages in Figure 14b. Additionally, small-box modeling of the X-ray pair distribution func-
tions (PDFs), shown in Figure 14c, reveals the local short-range structural order. These
findings collectively underscore the emergence of a relaxor state, marked by the develop-
ment of PNRs due to compositional and microstructural disorder. This relaxor state is
instrumental in producing slimmer hysteresis loops and thereby enhancing energy stor-
age efficiency [100].
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Figure 14. (a) Temperature-dependent dielectric permittivity; (b) domain morphology of the
HRTEM images; (c¢) PDF analysis of relaxor states of the NN9SS_1.0Mn samples [100].

Importantly, NaNbO3-based materials that display relaxorlike behaviours, occasion-
ally termed “relaxor AFEs”, present an ambiguous relationship with AFE behaviour,
marked by a notable scarcity of superlattice reflection reports indicative of AFEs and the
lack of current peaks in the P —E loops that would signify field-induced transitions. A
comprehensive analysis of the crystal structure through in situ high-energy synchrotron
X-ray diffraction is anticipated to uncover the structural modifications correlating with
functional property changes induced by electric field application. It is established that a
reversible AFE-FE phase transition underpins the observed double polarisation hysteresis
loops. Should phase transitions be unverifiable, leading to an absence of double P — E
loops, it may be posited that transitioning the initial state—whether FE or AFE—to a
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relaxor state could enhance energy storage density, offering a more advantageous ap-
proach than categorising them strictly as “relaxor AFE” or “relaxor FE”.

6. Summary and Outlook

Over the past decade, there has been significant progress in developing environmen-
tally friendly, lead-free FEs in response to global environmental contamination and health
risks. AFE perovskite oxides, distinguished by their intricate structures and a plethora of
phase transitions, offer a compelling contrast to traditional FEs. However, despite their
intriguing properties and potential applications, the exploration of AFEs, especially those
exhibiting reversible AFE-FE transitions and lead-free variants such as NaNbO3, remains
nascent. A thorough grasp of crystal structure, phase structure, and microstructure is cru-
cial for developing new AFE compositions. Given the increased complexity of AFE crystal
structures compared to FEs, a multi-scale approach is essential to elucidate the fundamen-
tal mechanisms of antiferroelectricity.

The development of novel NaNbO3-based AFE materials offers promising insights into
the nuanced features of AFEs and their interaction with FE orders, highlighting the need for
further theoretical research into the principles of antiferroelectricity in lead-free AFEs. De-
spite the focus on lead-based materials like PbZrO3, the study of lead-free AFEs, such as
NaNbOs, is crucial for a deeper understanding of antiferroelectricity’s origins. To finely tune
the balance between AFE and FE orders in polycrystalline NaNbOs, a better grasp of phase
transition behaviours in single crystals is essential. This understanding could illuminate
why the detection of double hysteresis loops is direction-dependent and whether textured
ceramics could stabilise the AFE order [82]. However, research on field-induced phase tran-
sitions in high-quality alkaline niobate single crystals remains scarce [152].

The crystal structure and the dielectric properties of AFEs are comparable to those of
FEs. Furthermore, the presence of variable degrees of competition between AFE and FE
phases is almost ubiquitous in many compounds that are like them [153]. NaNbO; under-
goes a convoluted series of phase changes as a function of temperature, which poses dif-
ficulties for the precise structural characterisation of the material. Even though various
investigations have been conducted, there are still debates regarding this material. In re-
cent years, significant advancements have been made in the development of chemically
modified NaNbO; compositions that exhibit reversible phase transitions. Chemical mod-
ification is an effective method that can be utilised to adjust the phase stability of NaNbO3
[154]. Despite these strides, the detailed mechanisms underpinning the structural changes
in these materials are still only partially understood. Investigating the nucleation and
growth of the field-induced FE phase, along with phase boundary migration during phase
transitions in these new ceramics, is of keen interest. These studies are complicated by the
processing sensitivities of the materials, including the hygroscopic nature of precursors,
limited sintering windows, and the high vapour pressure of alkalis, necessitating further
research on processing impacts.

The energy storage capabilities of NaNbO;-based ceramics can be significantly aug-
mented through the induction of relaxor-like characteristics, achieving a P — E loop de-
void of hysteresis and thereby maximising energy density. NaNbO3-based materials al-
ready exhibitan J... exceeding 18 J/cm?, surpassing that of lead-based materials. This sig-
nificant achievement indicates that lead-free NaNbOs-based ceramics represent a viable
alternative to lead-based materials in electrostatic energy storage capacitors. With strate-
gic compositional adjustments and advancements in synthesis techniques, there is strong
potential for further enhancing the J.. of NaNbOj-based ceramics. Despite these ad-
vancements, considerable challenges persist in resolving fundamental scientific inquiries.
These include establishing criteria for the stability assessment between FE and AFE states,
tailoring energy states for optimal performance, and precisely delineating the character-
istics inherent to AFE materials. Nonetheless, the continuous evolution of experimental
and theoretical research methodologies harbours a promising outlook for the develop-
ment of lead-free AFE materials endowed with superior energy storage capacities.
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In the realm of energy storage capacitors, MLCCs boasting higher capacity and com-
pactness are pivotal for practical device applications. To address the demands of high-
voltage power electronics, development is required not only in dielectric materials but
also in the substitution of expensive electrodes like Ag and Pt with more cost-effective
alternatives such as Cu and Ni, ensuring compatibility. Thus, a significant challenge lies
in reducing the sintering temperature of NaNbO;-based ceramics without compromising
their properties. Additionally, the focus on temperature stability and long-term reliability
will be crucial for advancing NaNbOQ;-based electrostatic energy storage capacitors.
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