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Abstract
Environmentally friendly NaNbOj capacitors have a great potential for applications in pulsed-discharge
and power conditioning electronic systems because of their AFE-like hysteresis behavior, high saturation
polarization and low mass. Here we demonstrate (0.96-x)NaNbO;-0.04CaZrOs-xBij sNaj sTiO5 (abbreviated
as NN-CZ-xBNT) capacitors with high energy storage density (W) and efficiency (n). The performances of
capacitors were tuned by the composition induced relaxor behavior and grain refinement which resulted in
reduction of the hysteresis and increase in the breakdown strength (BDS). Two-step sintering is found to be
effective for reducing the grain size of MLCCs to 3 pm, which is 86% smaller as compared to grain size
obtained by conventional solid-state sintering (22 pm). Small grain size significantly reduces the leakage
current and losses and increases the BDS, yielding excellent W, = 3.7 J/cm3 and n = 82.1% in the
NN-0.04CZ-0.16BNT multilayer capacitors. Results provide a systematic strategy for enhancing the energy
storage density and efficiency of dielectric capacitors through the combination of dielectric relaxation and
grain size refinement.
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Introduction

Dielectric capacitors provide several key advantages, such as high power-density, fast charge/discharge
rate, fatigue resistance and high temperature stability. This makes them possessed promising for applications
in pulsed-discharge and power conditioning electronic systems, such as hybrid electric vehicles,
high-powered accelerators, space shuttle power systems, and kinetic energy weapons [1-6]. However, the
energy-storage density (W) of dielectric capacitors is extremely low in comparison with that of batteries or
electrochemical capacitors. Theoretically, the W of the dielectric capacitor can be calculated by numerical
integration of the electric-field-polarization (P-E) loops between the maximum polarization and the origin,

based on the following equations [7,8]:

Dmax PHIEIX 1
W:j0 EdD~IO EdP (1)
Pmax
W~ IR EdP 2)
7= %x 100% 3)

where E, D and D,y are the electric field, electric displacement, and maximum electric displacement under
the applied electric field; P, P, and P, represent the polarization, remanent polarization, and the maximum
polarization; and W, W,.. and 7 represent the total energy storage density, recoverable energy storage density
and energy storage efficiency, respectively.

Simultaneous achievement of a small P,, high P, and high breakdown field (BDS) are extremely
important for improving the W, and # of capacitors [9]. Among different choices of antiferroelectric (AFE)
ceramics [10-12], relaxor ferroelectric (RFE) ceramics [13, 14], normal ferroelectric (FE) [15] and linear
nonpolar dielectric materials [16]. AFE and RFE ceramics are promising for energy storage application.
AFE dielectric capacitors exhibit double P-E hysteresis loop as a result of electric-field-induced reversible
AFE-FE phase transition. This is beneficial for achieving high W, value, because these materials possess
high P, and extremely low P,. For example, W, of 3~11 J/cm? has been reported in PbZrOs-based AFE

ceramics [10,11,17-19]. However, considering the adverse effect of lead oxide on the environment and
2
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human health, it is important to focus future investigations on lead-free ceramics [20-22].

NaNbOs-based ceramics are attractive lead-free AFE dielectric capacitors due to presence of AFE-like
hysteresis loops and high saturation polarization. For example, an ultrahigh P, ~60 uC/cm? has been
obtained in 0.76NaNbO3-0.24(BijsNag 5)TiO;5 relaxor AFE ceramic [23]. Further, low-theoretical-density (p
= 4.494 g/cm?) makes NaNbO;-based capacitors makes them attractive for applications in the light-weight
devices. However, limited number of studies have been conducted on energy storage applications for pure
NaNbOj; ceramics. One of the main reasons is that it has been difficult to obtain double P-E hysteresis loops
at room temperature due to the small difference in free energy between its metastable FE phase (P21ma) and
AFE phase (Pbma). Thus, the electric field induced FE phase is preserved after the electric field is removed,
which results in a ferroelectric P-E hysteresis loop [24-31]. There have been several attempts towards
stabilizing the antiferroelectric phase and exploiting its potential for antiferroelectric energy storage devices
[32-34]. For example, Shimizu et al. [32] reported that the antiferroelectricity of NaNbOj-based ceramics
can be stabilized by lowering the tolerance factor, through Zr**and Ca®" substitutions for Nb>* and Na* ion
simultaneously. A moderate W ..~0.55 J/cm? was obtained in the (1-x)NaNbO;-xCaZrO; ceramics at x=0.04
where AFE phase can be partially stabilized (AFE and FE phase coexistence) [33]. A stable AFE
orthorhombic phase has been reported in (0.94-x)NaNbO3-0.06BaZrO;-xCaZrO; ceramics at 0.01 <x <0.05,
which exhibits an excellent W .~1.59 J/cm? at x=0.04, but its | was just 30% [34].

It is well-known that AFE capacitors usually exhibit a typical double P-E hysteresis loops, along with
low 1 because of the large hysteresis between AFE-FE and FE-AFE [35,36], which results in a large portion
of the charged electric energy being dissipated as heat during discharging. Further, temperature rise resulting
due to large hysteresis relates loss drastically decreases the breakdown strength (BDS) of capacitors. All
these issues have limited the advancement of NaNbOs;-based capacitors. A slim hysteresis loop can be
obtained by tailoring the composition to realize relaxor AFE structure. For example, Li et al. [12] indicated

that (Nag sBij5)TiO3-x(Sr( 7Big,)TiO; relaxor AFE capacitor was achieved by introducing (St 7Biy,)TiO5 to
3
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form a solid solution with (Nay sBig 5)TiO3, which exhibited ultrahigh n =92 % and W= 9.5 J/cm?. Thus, it

can be expected that W, and n are enhanced by incorporating the relaxor behavior in NaNbO;-based

low BDS, nand W,
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Fig.1. Schematic diagram describing the strategies adopted for improving the W .. and j of NaNbOs

based capacitors through the combinatin of composition optimization and grain refinement.

Our prime objective in this study was to synthesize relaxor NaNbOs-based capacitors which can

provide both excellent W, and 1. As illustrated in Figure 1, we selected NaNbO3-CaZrOj; system as the base

composition, which has stable antiferroelectric phase structure. The base system, NaNbO3-yCaZrO;, was

modified with BiysNaysTiO; composition to form a solid solution and impart relaxor AFE behavior.

Multilayer structure was designed to reduce the maximum voltage required for saturation and thereby,

further increase the W, and BDS. Lastly, grain refinement via two-step sintering was achieved that led to

reduction in the leakage current and increase in the reliability of thin active dielectric layer. Based on these

strategies, excellent W,.=3.7 J/cm?® and n=82.1% were achieved in NaNbOs-yCaZrO;-xBigsNajsTiO;

MLCCS. Combined all these strategies, provide an effective approach for designing and manufacturing
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capacitors with high W, and high n.
Experimental

Sodium carbonate (Na,CO3, 99.0%), niobium pentoxide (Nb,Os, 99.9%), calcium carbonate (CaCOs,
99%), zirconium dioxide (ZrO,, 99%), bismuth oxide (Bi,03, 99.0%) and titanium dioxide (Ti10,, 99.0%)
were used as raw materials. These powders were weighed according to the compositions of
(0.96-x)NaNbO3-0.04CaZrO;-xBij sNay sTiO5 (abbreviated as NN-CZ-xBNT, x=0.12, 0.14, 0.16 and 0.18)
and mixed with alcohol. After drying the slurry and calcining at 900 °C for 5 h in an air atmosphere, the
resultant powders were remixed and pressed into disks of 12 mm in diameter and 1.0 mm in thickness
without any binders. The pellets were further pressed using cold isostatic pressing (CIP: Autoclave
Engineers, Flow Autoclave Systems, Inc.), and then sintered at 1200 °C-1280 °C for 2 h in an air
atmosphere. To reduce the applied voltage into the range of power supply, the sintered bulk ceramics was
grinded to 170 um in thickness. These bulk ceramic samples were coated with silver paste on the upper and
bottom surfaces and fired at 550 °C for 30 min for the electrical measurement.

The MLCCs samples were prepared by the tape-casting method. To obtain a fine slurry, the milled
0.80NN-0.04CZ-0.16BNT powders (56 wt%) were added into a solution of Xylene (17 wt%), ethanol (17
wt%), menhaden fish oil (1.2 wt%), polyethylene glyco 400 (1.5 wt%), butyl benzyl phthalate (1.5 wt%)
and Polyvinyl Butyral (PVB, 3wt%) mixture and ball-milled for 24 h. Tape casting was performed on a
laboratory-type tape-casting machine using a doctor blade with 100 um opening. The green tapes were cut
into square samples of 1-inch in length. Layers of 0.80NN-0.04CZ-0.16BNT green tapes were stacked and
laminated using a uniaxial hot press at 60 °C to achieve a single thick dielectric layer. Pt paste was
screen-printed as internal electrode on top of the dielectric layer. Screen-printed layers were stacked and
laminated to form MLCCs. The multilayer capacitors were sintered by conventional solid-state sintering

(CSS) and two-step sintering methods, respectively, as shown in Fig.2.
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Fig. 2. Sintering process for multilayer capacitors (a) conventional solid-state sintering (sintering at 1250 °C
for 60 min) and (b) two-step sintering (first sintering at 1280 °C for 1 min, and then fast cooling to 1180°C

and dwelling 60 min).

The crystal structure was studied by using XRD with a Cu K« radiation (A=1.5406 A) filtered through
a Ni foil (XRD, Panalytical Empyrean). Ferroelectric hysteresis loops were measured by precision 10 kV
HVI-SC precision materials analyzer (Radiant technologies INC, USA). The microstructure of the
multilayer capacitors was evaluated using field-emission scanning electron microscopy (FESEM Apreo,
Thermo Fisher) in combination with energy dispersive spectroscopy (EDS), and their average grain sizes
were measured by the Nano Measurer 1.2 software from SEM images. The temperature dependence of
dielectric properties was examined using a programmable furnace with an E4980AL Precision LCR Meter
at 1 kHz in a temperature range of -140 °C to 80 °C.
3. Results and discussion
Figure 3 presents the temperature dependence of dielectric properties (dielectric constant & and
dielectric loss tan 9) at different frequencies from 1 kHz to 20 kHz for NN-0.04CZ-xBNT ceramics in the
range of 0.12 < x < 0.18. All samples show a very broad dielectric peak around T}, (dielectric maximum
temperature) and the 7}, shifts remarkably to higher temperature with increasing frequency, suggesting

relaxor ferroelectric like behavior [37-39]. To further verify the relaxor behavior, the Curie-Weiss law [40],
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as shown in equation (1), was employed to calculate the diffuseness degree (y), which varies from 1 (normal
ferroelectric) to 2 (typical relaxor ferroelectric) [41]. For NN-0.04CZ-xBNT ceramics, the y value lies in
between 1.514 and 1.629, indicating typical relaxor-characteristics, and y value increases with increasing x,
which suggests that relaxor behavior of NN-0.04CZ-xBNT ceramics becomes more obvious.

11 _@-ny "

& & C'

where C’ is the Curie-like constant, and 7, is the temperature corresponding to &y,
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Fig. 3. Temperature dependence of the dielectric permittivity and loss measured at different frequencies from
1 kHz to 20 kHz for NN-0.04CZ-xBNT ceramics with 0.12 < x < 0.18. The insets show the plots of In
(1/e,-1/gy,) versus In (T-Ty,) at 20 kHz for the corresponding ceramics, x=0.12 (a), x=0.14 (b), x=0.16 (c) and
x=0.18 (d)

Figure 4a presents the unipolar P-E loops of NN-0.04CZ-xBNT ceramics with 0.12 < x < 0.18. As the

value of x increases, the P-E loops become slim along with decrease of P, and P, which indicates
7
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strengthening of relaxor behavior and the appearance of polar nano regions. The variation of AP, that is the
difference between P, and P, (AP = P, - P,), for NN-0.04CZ-xBNT ceramics measured at different
electric field (E£¢) is shown in Fig.4b. Under same electric field condition, the AP value decreases with
increasing x, which is undesirable for the improvement of W,... However, with increasing x, the BDS of
NN-0.04CZ-xBNT ceramics first increases and then decreases. The maximum BDS of 350 kV/em was
achieved in the ceramics with x=0.16. Because of high BDS and a relatively large AP, an excellent W, =
3.2 J/em? was achieved in the ceramics with x=0.16 as shown in Fig.4c. Moreover, an excellent efficiency 1
> 87% was obtained in the ceramics with x=0.16 as shown in Fig. 4d, due to the presence of slim P-E loop as
shown in Fig.3a and FigS3. Excellent value of W = 3.2 J/cm? and 1 > 87% are achieved in the ceramics
with x=0.16 demonstrating that Bi;sNaysTiO; induced relaxor behavior is an effective approach for
improving BDS, W,.. and | of AFE NaNbO; ceramics.

Reliable temperature stability is one of the key factors for ensuring the operation of energy storage
devices in a wide temperature range. Thus, the temperature dependence of P-E loops and energy storage
capability of 0.80NN-0.04CZ-0.16BNT ceramics are investigated as displayed in Fig. 5a and b, in which the
electric field and frequency were fixed at 250 kV/cm and 10 Hz, respectively. There is almost no change in
Pp.x with increasing the temperature, while the P, slightly rises when the temperature increases as shown in
Fig. 5a and Fig S5a, indicating the small deterioration of the W,.. Overall, the amplitude of fluctuations in
Wi 1s less 15% in the temperature range between 24 °C and 120 °C as displayed in Fig. 5b. The frequency
dependence of the unipolar P-E loops and W, of 0.80NN-0.04CZ-0.16BNT ceramics are shown in Fig. 5¢
and d. It can be observed that P, and P, slightly decreases with increase in frequency. Nonetheless, the
W, remains stable when the frequency increases, and the fluctuations in W, is less than 5% as shown in
Fig. 5c. Hence, it can be concluded that the 0.80NN-0.04CZ-0.16BNT ceramics possess a good frequency

and temperature stability, that meets the capacitor requirements.
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Fig. 4 Unipolar P-E hysteresis loops (a), AP value (b), Recoverable energy storage density W, (c) and
energy storage efficiency 1 (%) (d) for (0.96-x)NN-0.04CZ-xBNT ceramics at 0.12<x<0.18.
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Fig. 5. Bipolar P-E hysteresis loops measured at different temperature (24~120 °C) (a), Wy versus
temperature (b), unipolar P-E hysteresis loops measured at different frequencies (0.1~100 Hz) (¢) and Wi

versus frequencies (d) for 0.80 NN-0.04CZ-0.16BNT ceramics, respectively.
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To further enhance the energy-storage density of the NN-0.04CZ-xBNT ceramic, multilayer capacitors
(MLCCs) were fabricated via the tape casting method, as shown in Figure 6a. The thicknesses of single
ceramic layer and Pt electrodes are 29 and 2 pum, respectively (Figure 6b). All elements in each layer are
uniformly distributed (Fig. 6¢). Based on the microstructure shown in Fig. 6b, it can be observed that there
are only one or two grains along the thickness direction due to the large grain size, which significantly
reduces the BDS and reliability of NN-0.04CZ-0.16BNT MLCCs. Yang [42] has pointed out that the BDS
has an exponential decay relationship with the grain size, i.e., BDS o= (grain size)® with exponent values
being in the range of 0.2-0.4 (a = 0.2-0.4). To improve the BDS, a two-step sintering (TSS) method was
adopted. TSS has been widely used method for decreasing the grain size of ceramics [43,44]. As shown in
Fig. 7, it can be observed that the grain size in MLCCs can be reduced from 22 um, sintered by the
conventional solid-state sintering (CSS) method, to about 3 um sintered by using the TSS method, which is

even lower than 7 um obtained in bulk ceramics.

Fig 6 Picture and microstructures of multilayer ceramic 0.80NN-0.04CZ-0.16BNT. (a) Pictures of the

synthesized NN-0.04CZ-0.16BNT MLCCs. (b) SEM images of the MLCCs, showing the ceramic and
electrode layers. (c), (d), (e), (f), (g), (h) SEM/EDX images on the distributions of specific elements (Pt, Bi,
Na, Ti, Nb, and O).

10
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multilayer capacitors sintered by conventional solid-state sintering at sintering temperature of 1250 °C for
60min (Multilayer ¢ss) and (c) sintered by two-step sintering, first 1280 °C for 1min, then 1180 °C for 60min

(Multilayer rss), and (d) average grain size obtained through different processing techniques.

Figure 8 presents the energy storage performance of NN-0.04CZ-0.16BNT MLCCs. The MLCCs
sintered by CSS method possess large grains and lossy P-E loops as shown in Fig 8a and 8b, and thus the
W.e. and 1 calculated from P-E loops, as shown in Fig.8c, are only 1.8 J/cm? and 43.4%, respectively, far
lower than the values of 3.2 J/cm? and 87.1% obtained for NN-0.04CZ-0.16BNT ceramics, as shown in
Fig.4. This is due to the large grain size in NN-0.04CZ-0.16BNT MLCCs, which leads to the increase of
leakage current, making the P-E loops lossy and decreasing the BDS [42]. Comparing with MLCCs sintered
by CSS, the samples sintered by TSS method possess small grain, low porosity and slim P-E loops as shown
in Fig 8d and 8e and an excellent W,..=3.7 J/cm3 and n=82.1% measured at 400 kV/cm as shown in Fig 8f.
The improvement of W, and n for NN-0.04CZ-0.16BNT MLCC:s sintered by TSS method can be attributed
to the following reasons: (i) Fine-grain capacitors possess high grain boundary density which provides
depletion regions [42] that assist in the improvement of leakage current and BDS of MLCCs. (ii) low
sintering temperature of 1180 °C using the TSS technology is beneficial for reducing the volatilization of

sodium ions, defect concentration and porosity in comparison to high temperature of 1250 °C for CSS
11
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method, resulting in the enhancement of resistance and BDS. Based on these results, it is clear that TSS

method is useful for increasing the BDS and energy storage of MLCCs.
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Fig. 8. Microstructure and energy-storage performance of 0.80NN-0.04CZ-0.16BNT multilayer capacitors
using different sintering processes, SEM images of capacitors (a) and (d), Unipolar P-E hysteresis loops (b)

and (e), and energy storage density W,.. and energy storage efficiency n (%) (c) and (f).

Conclusions

Environment-friendly NaNbO; AFE system has received extensive attention as an energy-storage
material because of its high saturation polarization and W, but its application has been limited by high
degree of polarization hysteresis. Here, we adopted a combination of the composition induced relaxor
ferroelectric behavior and microstructural grain refinement to reduce the hysteresis and improve the BDS.
The relaxor behavior was introduced by adding BNT relaxor end component, while the grain refinement was
achieved by employing a two-step sintering process. With this method, an excellent W, =

3.7 J/em3and n =

82.1% are achieved in the NN-0.04CZ-0.16BNT multilayer capacitors.
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