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Abstract

It is crucial to discover lead-free materials with ultrahigh recoverable energy density (W) that can
be employed in future pulse power capacitors. In this work, a high W, of 4.51 J/cm® was successfully
obtained in lead-free Nd-doped AgNby sTa 03 antiferroelectric ceramics at an applied electric field of 290
kV/cm. It is discovered that Nd doping paired with Nb-site vacancies could stabilise the antiferroelectric
phase by lowering the temperatures of the M1-M2 and M2-M3 phase transitions, which leads to higher
energy storage efficiency. Furthermore, Nd and Ta co-doping contribute to the electrical homogeneity and
low electrical conductivity, resulting in large breakdown strengths. Aliovalent doping in Ag-site with Nb-
site vacancies serves as a novel strategy for the construction of AgNbOs-based ceramics with excellent

energy storage performance.



1. Introduction

In advanced pulse power systems, dielectric capacitors with high power density and rapid charge-
discharge rates play a crucial role. Currently, their applications are limited by poor energy density in
comparison to batteries and electrochemical capacitors [1-9]. Therefore, dielectric capacitors with enhanced
energy storage properties are desperately needed to meet the pressing demand for miniaturisation and
integration of energy storage devices. The recoverable energy density of ceramic capacitors (W,...) can be

calculated by the following equation [10-12]:

Wrec = fpimax EdP, (1)

where P, and B. are the maximum polarisation and the remanent polarisation under an applied electric
field (E), respectively. Generally, the breakdown strength corresponds to the maximum applied electric field
(Ep). When subjected to an electric field, antiferroelectrics can offer a near-zero B. and a high B, thus
making them promising candidates for achieving high W;...

Extensive research has been conducted on lead-based antiferroelectrics over the last decade due to
their remarkable energy storage properties, but their toxicity drives an environmental and commercial need
for lead-free equivalents [13-15]. As alternatives to lead-based materials, AgNbQOs3 antiferroelectrics exhibit
superior energy storage properties and are well-suited for use as dielectric capacitors [16, 17]. Recent studies
on AgNbOs-based lead-free antiferroelectrics are generally based on the following four strategies: 1) Doping
with a small amount of MnO, or WO3 by weight percentage is advantageous for lowering leakage current
and grain size, hence contributing to the enhancement of E;, [18, 19]. ii) Various types of dopants, including
Ba, Sr, Ca, Bi, La, Sm, Gd, etc., have been used to dope the Ag site with ions of greater valence than Ag [20-
30]. iii) Ta is presently the sole substance utilised for doping at Nb site. Reportedly, Ta doping is quite
efficient for boosting E;, [31-33]. iv) Co-doping at Ag and Nb sites, including Sm/Nd and Ta co-doping, has
been reported [24, 34]. Recent research indicates that the majority of dopants may reduce the grain size of
AgNbOs-based ceramics, hence increasing E;,. Among these doped AgNbOs-based ceramics, La, Gd and Sm
doped ceramics obtained high W, of 4.4, 4.5 and 5.2 J cm™ [21, 27, 35], while the W, of Ta-doped
ceramics are 4.2 and 6.3 J cm™ [31, 33], respectively. Literature suggests that ions with a smaller radius than
Ag" plus A-site vacancies may reduce the tolerance factor, and Ta doping may decrease the polarisability of
the cation at Nb site, both of which enhance the stability of the antiferroelectric phase.

However, the influence of a combination of Ag-site doping and Nb-site vacancies on the energy
storage properties of AgNbOs-based antiferroelectric ceramics remains unknown. Therefore, in this work,
Ag was replaced with Nd, the Ta content was maintained at 20 mol%, and Nb-site vacancies were produced
to compensate for the valence imbalance. Ag;Nd,Nbogs.0.4xTa0203 (ANNx, x = 1, 2 and 3 mol%), ceramics

were prepared using solid state reaction method.



2. Experimental Work

AgNbO3 (AN) and AgixNdNbg3.04:Tag203 (x = 1, 2 and 3 mol%), abbreviated as ANNx ceramics
were fabricated by a solid-state reaction, involving Ag>O (>99%, Acros Organics), Nd>O3 (>99.9%, Sigma-
Aldrich), NbyOs (>99.9%, Sigma-Aldrich) and Ta,Os (>99.9%, Sigma-Aldrich) raw chemicals.
Stoichiometric weighed quantities of dried raw powders were ball-milled for 6 hours. The powders were
then dried, calcined for 6 hours at 900 °C in oxygen, then ball-milled for another 6 hours. The dried powders
were compressed uniaxially into 8 mm-diameter pellets, which were subsequently sintered for 4 hours at
1100-1150 °C in oxygen.

A Bruker D2 phaser benchtop system was used to conduct X-ray diffraction (XRD) on ceramic
powders. The surface morphology of polished and thermally etched materials was studied using a FEI
Inspect F50 scanning electron microscope (SEM) with a backscattered electron (BSE) and an energy
dispersive X-ray spectroscopy (EDS) detector. Twenty minutes of thermal etching was conducted at 90% of
the sintering temperature. Using an Agilent 4184A precision LCR meter, frequency and temperature-
dependent permittivity and dielectric loss were measured from ambient temperature to 500 °C on pellets
with coated gold electrodes on opposing parallel sides. Impedance spectroscopy (IS) data were collected
from 20 Hz to 2 MHz using an Agilent E4980A analyzer. ZView software (Scribner Associates, Inc.) was
used to perform a geometric correction on the IS data (area/thickness, cm). The ferroelectric test system

(PolyK Technologies, PA, USA) was used to measure polarisation-electric field (P-E) loops.

3. Results and Discussion

The XRD patterns of the AN and ANNx ceramics are shown in Fig. 1(a). Even with the introduction
of Nb-site vacancies, all XRD diffraction peaks can be reliably assigned to single-phase perovskite structures,
demonstrating that Nd and Ta co-doping work effectively to form solid solutions. To facilitate comparisons,
the peak-related crystal planes are indexed in a cubic configuration in Fig. 1(a). Lattice parameters are
extracted using the Rietveld refinement based on the Pbcm symmetry and are presented in Fig. 1(b). The
lattice parameters a, b, and ¢ all decrease as Nd content rises, whereas c¢ rises in comparison to AN and
ANNI. However, as seen in Fig. 1(c), the overall cell volume decreases as the Nd concentration increases,
which is consistent with the shift of (110) peaks to the higher 26 angle as shown in the enlarged image in
Fig. 1(a). According to Shannon's radii, the ionic radius of Nd** in 12-fold coordination is 1.27 A, which is
less than Ag* (1.48 A) [36], and Ta®" has a lower electronegativity than Nb>" despite having the same ionic
radius [31]. Therefore, replacing Ag” with Nd** and Nb*>" with Ta>* may cause a reduction in cell volume,
regardless of the presence or absence of A-site and B-site vacancies. This is almost consistent with reported

studies on A-site lanthanide doping in AN [20, 21, 27, 28].
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Fig. 1 (a) XRD patterns and an enlarged view in the range of 30-34°, (b) lattice parameters, (c) cell volume
for AN and ANNXx ceramics.

Fig. 2 shows the BSE images of thermal etched samples. Dense ceramic samples with compacted
microstructure are obtained. All samples show no secondary phases or noticeable defects. The average grain
size drops from 6 to 3 um as Nd concentration increases, combined with a little increase in porosity,
demonstrating that Nd doping can resist grain growth. This could be due to the fact that increasing the Nd
content makes the ceramic sample more refractory and has a much higher sintering temperature. The EDS

mapping images of ANN3 demonstrate the uniform distribution of elements in the ceramic samples.
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Fig. 2 BSE images of thermal etched ANNx ceramics (a) ANNI, (b) ANN2, (c) ANN3. (d) EDS mapping



images of ANN3 ceramic.

Fig. 3 illustrates the temperature dependence of permittivity and dielectric loss of AN and ANNx
ceramics across the frequency range of 10 kHz to 1 MHz. Four dielectric anomalies are connected to a series
of phase transitions (M1-M2, M2-M3, M3-0, and O-T) in the pure AN ceramic as shown in Fig. 3(a), which
is consistent with the reported data [37, 38]. For AN, the temperatures of the M1-M2 and M2-M3 phase
transitions are around 67 °C and 267 °C, respectively. High-temperature phase transitions at 353 °C and
387 °C are associated with the M3-O and O-T phase transitions, respectively [17]. Comparing AN to ANNI1
in Fig. 3(e), the phase transition temperatures Tmi-m2, Tm2-m3, and Tws-o shift to temperatures below room
temperature, falling by about 100 °C and 30 °C, respectively. O-T phase transitions can hardly be observed
in ANNx ceramics. As Nd concentration increases, Typ-m3 continues to decrease while Tws.o increases
slightly. The varying trend of phase transition temperature is consistent with our prior study on Nd-doped
AN [34], proving that the presence of Nb-site vacancies does not substantially impact its trend. This may
also be because there are insufficient Nb-site vacancies to trigger a dramatic change. The anomalies around
45°C for ANNI1 and ANN2 have been identified as the freezing temperature (7%), at which antipolar dipoles
freeze [32]. Importantly, both the Tmi-m2 and Tt for ANN3 drop below room temperature. This suggests that
the antiferroelectric phase is much more stable at room temperature. In addition, the dielectric loss stays

below 500 °C, demonstrating that all samples have low electrical conductivity, which contributes to the high
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Fig. 3 Temperature dependence of permittivity and dielectric loss of (a) AN, (b) ANNI1, (c) ANN2, (d) ANN3,
(e) AN and ANNx ceramics at 100 kHz. (f) phase transition temperatures for the AN and ANNx ceramics.



Fig. 4 displays Z* plots, combined Z"/M" spectroscopic plots, and Arrhenius plots for AN and
ANNXx ceramics. In the IS data, Z" is the imaginary part of Z* and M" was calculated using the equation M"
= 2nfeoZ' (fis the frequency in Hz, &) = 8.854 x 107'* F/cm, and Z' is the real part of Z*). All samples are
electrically homogeneous with only one parallel RC element (bulk-type behaviour), as evidenced by the
presence of a typical semicircle in the Z* plot and the appearance of a Debye peak at the same frequency in
the Z" and M"” spectroscopic plots [10, 34]. The electrical conductivity (¢) of the ceramics can be computed
using the equation 2nfm.RC=1 (where, 6=1/R, C= 0.5¢¢/M") from their M" Debye peak positions. In Fig.
4(c), the o decreases with Nd content. Previous research on AN has shown that the band gap is ~2.8 eV [39].
Based on the activation energy (F£,) values after doping, the electrical conduction in ANNx ceramics is close
to intrinsic electronic conduction, where E; ~2FE,. Notably, the F, of ANNx ceramics increases first and then
decreases with the continuous addition of Nd, and the £, of ANN3 (1.34 eV) is lower than that of ANN2

(1.53 eV), which may be because too many Nb-site vacancies might reduce the band gap of ANNx ceramics.
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Fig. 4 (a) Z* plots at 460 °C, (b) Z" and M" spectroscopic plots at 460 °C, (c¢) the Arrhenius plots of electrical

conductivity extracted from M" spectroscopic plots for the AN and ANNx ceramics.

In Fig. 5, AN and ANNXx ceramics show double-like P-E loops, confirming the presence of the
antiferroelectric characteristic. The noticeable enhancement in the phase transition field illustrates that both
Nd and Ta doping improve the stability of antiferroelectric phase. The P-E loops progressively become
slimmer as the Nd doping level rises, which corresponds to a slight gain in 7.

In Fig. 6(a), the P-E loops at Ey for each composition are displayed. B,,, and B. decrease with
increasing Nd concentration in ANNx ceramics as shown in Fig. 6(b), indicating a more stable
antiferroelectric phase. For the ANN1 ceramic, a high applied electric field of 290 kV/cm is achieved, leading
to a high W, of 4.51 J/cm®. The high W,,. of ANN1 ceramic is likely the result of a combination of a huge
applied electric field and relatively high P, and low P.. The relationship between E}, and Nd concentration
is consistent with IS data. It is worth noting that other than E, and electrical conductivity, there are several
elements that may affect Ey, including density, core-shell structure, and grain size [1]. ANN2 has the greatest
Ey, of 310 kV/cm, as well as the highest £, and lowest electrical conductivity. However, the drop in P, of

the ANN2 ceramic led to a slightly lower W, of 4.21 J/cm®.
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Fig. 5 P-E loops of (a) AN, (b) ANNI, (c¢) ANN2, (d) ANN3 ceramics under various electric fields.
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and 7.

4. Conclusions

Antiferroelectric dense ANNx ceramics have been successfully produced using the solid-state

reaction method. Co-doping Nd and Ta with Nb-site vacancies in AN ceramic decreases cell volume. The



average grain size and o decrease as Nd concentration increases. Due to the low electrical conductivity and
enhanced stability of the antiferroelectric phase, ANN1 ceramics produces a high W, of 4.51 J/cm® at an
applied electric field of 290 kV/cm. Although the percentage contribution of such a tiny number of Nb-site
vacancies to the energy storage characteristics is difficult to quantify, aliovalent doping in Ag-site with Nb-

site vacancies is a beneficial strategy to improve the energy storage of AN-based ceramics.
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