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Achieving excellent energy storage performance
with thermal stability in lead-free AQNbO5
ceramicst

Wenna Chao, 22" Juan Du,? Peng Li,? Wei Li €22 and Tongqing Yang*®

Large hysteresis and low energy density of pure AQNbO= ceramics limit their further application in pulsed
power techniques. Here, less-harmful Sm,O3z-modified AgNbOs antiferroelectric ceramics were syn-
thesized by a rolling process, in order to improve the energy storage performance. All the Sm,0O=-doped
samples display reduced hysteresis due to disrupted long-range order, as certified by Raman spectra. As
expected, due to the large dielectric breakdown strength and reduced hysteresis, an improved energy
storage density, Wec, of 5.85 J cm™ and satisfactory energy efficiency, 5, of 77% can be simultaneously
achieved in the studied antiferroelectric ceramics, showing great superiority over other bulk electronic
ceramics. Along with excellent temperature stability within the range of 20-150 °C at 320 kV cm™ (Wiee >
4.3 J cm™3, with minimal variation of <4%) in the studied samples, this shows that AQNbO3-based envir-
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1. Introduction

Niobate materials have important applications in microwave
dielectric ceramics, photocatalysis, and luminescent materials,
showing broad application prospects.'> However, the harsh
reaction conditions and expensive raw materials required limit
their further development and application.® Benefiting from
progress in preparation technologies, the synthesis ceramics of
satisfactory quality can be realized. With the development of
pulsed power technologies and the urgent need for high pulse
power generators, high energy storage density, large discharge
current and fast discharging speed have become research
hotspots.”® Antiferroelectric materials have received renewed
attention due to their unique AFE (antiferroelectric)-FE (ferro-
electric) phase transition under an external electric field, and
outstanding energy storage performance (rapid discharge
speed, superior power density, and long cycle life). PZ(PbZrO;)
lead-based antiferroelectric materials have experienced mature

development and a huge energy density of 10.4 J cm™ and
12.8 J cm™® have been achieved in (Pbgoglag.es)
(Zr0.555n0.45)0.995039 and Ba-modified (Pbgo5Bag.02La0.02)

“College of Materials Science and Engineering, Liaocheng University, Liaocheng
252059, China

bKey Laboratory of Advanced Civil Engineering Materials of the Ministry of
Education, Functional Materials Research Laboratory, School of Materials Science
and Engineering, Tongji University, 4800 Cao’an Road, Shanghai 201804, China.
E-mail: yangtongqing@tongji.edu.cn

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3dt03139j

This journal is © The Royal Society of Chemistry 2024

onmentally friendly ceramics are promising materials for pulsed power techniques.

(Zro.6Sng.4)03 ceramics, ™’ respectively. For the sake of environ-
mental protection, lead-free antiferroelectric materials, such
as AgNbO; '! and NaNbO3,"? are widely studied.

The double hysteresis loop of AgNbO; ceramics was first
observed by Fu et al'* with a high polarization of 52 pC cm™>
and low efficiency of 40% at an electric field of 220 kV em™, lim-
iting its further application in the energy storage field. AgNbO;
has a typical perovskite structure, which belongs to the Pbcm
space group at room temperature.”® Similar to antiferroelectric
NaNbO; ceramics, AgNbO; also experiences a series of phase
transitions of M;-M,-M;-O-T.">"*® Due to its high flexibility for
adjustment of its composition and properties, much effort has
been made to improve its energy storage performance. However,
the low energy efficiency caused by the appearance of significant
double hysteresis loops is not conducive to improvement in the
energy density. Thus, La** was introduced to enhance the antifer-
roelectric stability, and an improved efficiency of 70% with an
energy storage density, We, of 4.4 J em™ was achieved simul-
taneously in (Lag2Ag0.04)NbO; ceramics.'® Another strategy is to
introduce ions with low polarizability, such as Ta’" at the B site,
to increase the phase transition field, and a better energy density
of 4.2 ] ecm™ has been achieved in AgNb gsTao 1503 ceramics."”
Luo et al. have successfully constructed a binary solid solution of
AgNbO,;-AgTaO; ceramics, with a high W, of 6.3 J em™ and
efficiency of 90%."®

Silver niobate is likely to decompose at high temperature,
so it needs to be prepared in an environment with sufficient
oxygen, which can only be sintered in a closed-tube furnace by
the standard solid-state reaction method. Thus, the micro-
structure cannot be improved through the sintering process,
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and the addition property appears to be particularly critical for
the enhancement of dielectric properties. Therefore, the anti-
ferroelectricity can be optimized by doping modifications and
thus reducing the tolerance factor of the ceramics. For the
materials mentioned above, the underlying mechanisms for
improving energy density are generally similar. Lanthanide-
modified AN ceramics and transition metal oxides with
smaller tolerance factors, such as MnO,, all aim to improve
the breakdown field strength of the ceramic, stabilize the anti-
ferroelectric phase, or improve the sintering process, to
achieve the goal of increasing the energy storage density."®*

It has been reported that the addition of Sm,0j; is beneficial
for improving the physical properties in (BiysNag 5)0.04Ba0.06TiO3
ceramics, which are characterized by diffuse phase transitions
and relaxor behavior.?’** As a high-melting component, the
addition of Sm,0O; into AgNbO; ceramics will hinder grain
growth, which contributes to improvement in the dielectric
breakdown strength. In addition, the smaller ionic radius of
Sm*" (1.08 A) compared to that of Ag' (1.28 A),*® leads to
reduction of the tolerance factor, and thus is advantageous for
enhancement of antiferroelectricity. Therefore, in this work, the
energy storage properties of Sm,Oz;-modified AgNbO; ceramics
were systematically investigated. An improved energy storage
density of 5.8 ] cm™ and high efficiency of 77% was achieved in
Smy, 06A0.52NbO3 lead-free ceramics with a breakdown strength
(BDS) of 370 kV em ™.

2. Materials and methods

Sm,Ag; 3,NbO; (x = 0, 0.05, 0.06, 0.07, 0.08, abbreviated as
SANO-4) lead-free ceramics were synthesized by a rolling
process. Reagent-grade oxides, Ag,0 (99.7%, Aladdin reagent),
Nb,O5 (99.99%, Sinopharm Chemical Reagent), Sm,03 (99.9%,
Aladdin reagent), served as the starting materials. The starting
powders were weighed according to their stoichiometric com-
positions and mixed thoroughly in ethanol using zirconia
balls for 24 h. The dried powder was then calcined at 880 °C
for 6 h and then ball-milled again for 24 h. Then, the pre-sin-
tered powder was blended with 25% PVA (polyvinyl alcohol) to
form ceramic tapes via a rolling process, with a thickness of
0.3 mm. After burning out the binder at 600 °C for 5 h, the sin-
tering process was carried out on the tapes over the tempera-
ture range 1050-1080 °C for 6 h in a flowing O, atmosphere to
prohibit the decomposition of Ag,O. Silver electrodes were
fired on both sides of the samples at 800 °C for 0.5 h.

The phase structure of the SANx ceramics was determined by
X-ray diffraction (XRD, D8 Advance; Bruker AXS GmbH,
Karlsruhe, Germany), while the grain morphology of the ceramics
was analyzed by field-emission scanning electron microscopy
(SEM, Nova Nano SEM 450, FEI, Eindhoven, The Netherlands).
Raman spectra were recorded for all samples using a Horiba Lab-
Ram iHR550 spectrometer with an excitation source of 532 nm.
Dielectric properties and impedance spectra were measured with
a computer-controlled LCR meter (HP 4284; Hewlett Packard Co,
USA), and the energy storage performance was investigated by P-
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E hysteresis loops using a precision ferroelectric analyzer
(Premier II, Radiant Technologies Inc., USA) equipped with a
high voltage power supply (TReK Model 663A). For the P-E
measurements, the samples were polished down to 0.1 mm and
both sides were coated with gold electrodes of 2 mm diameter.
For the charge-discharge measurements, the samples were
polished down to 0.13 mm and both sides were spurted with
gold electrodes of 2 mm diameter. The samples were evaluated
based on the field-dependent unipolar P-E loops.

3. Results and discussion

The permittivity of the prepared ceramics as a function of
temperature is illustrated in Fig. 1a. The corresponding P-E
hysteresis loops are depicted in Fig. 1b. (The full hysteresis
loops are summarized in Fig. S1.f) The pure AN ceramic
shows three obvious abnormal dielectric peaks, which corres-
pond to the phase transitions of M;-M,, M,-Mj;3, and M;-O,
respectively. With increase in the Sm®" content, all phase tran-
sition temperatures show a downward trend, coupled with a
sharp drop in the permittivity. In particular, for the compo-
sition x = 0.08, all the dielectric peaks disappear, which reflect
that the composition SAN4 has become a paraelectric phase.
The phase diagram is summarized in Fig. S2.1 Due to the dis-
turbed long-range order, the antiferroelectricity was sup-
pressed, leading to broadening of the abnormal dielectric
peaks. This can also be proved by the corresponding P-E loops
in Fig. 1b. The P-E loop of pure AgNbO; exhibits a square
shape, which was characterized by high saturation and rema-
nent polarization, low BDS, and large hysteresis (AE). The
shape of the hysteresis loops changes from square to slanted,
coupled with a reduction of the saturation polarization and
hysteresis. For the composition x = 0.08, the hysteresis loops
displayed similar behavior compared to that of linear dielectric
materials with high BDS and low saturation polarization. The
recoverable energy densities (W) of the SANO-4 ceramics are
1.49 Jem™, 4.74 J em™, 5.85 ] cm™>, 3.72 ] cm >, and 3.89 ]
cm?, respectively. The corresponding energy storage efficien-
cies of SANO-4 are 25%, 73%, 77%, 72%, and 92%, respect-
ively. The phase transition electric field (Eg, the AFE-FE switch-
ing electric field) was increased from 140 kV ecm™" for x = 0 to
300 kv em™* for x = 0.07, which also proved the enhanced
stability of the antiferroelectricity. Moreover, it can be inferred
that high BDS can be obtained at the sacrifice of high polariz-
ation. The corresponding BDS increased from 200 kV ecm™ to
400 kv cm™, which contributes to the high W, of the SAN2
ceramics. According to the definition of the tolerance factor:>*

Rp + R,

V2(Rg + Ro)’

where R, Rg, and Rg represent the cation radius of the A site,
B site, and O*7, the reduced ¢ indicates the enhanced antifer-
roelectricity. With increasing Sm®' content, the value of ¢
decreased from 0.927 for AN to 0.851 for x = 0.08, which also
proved the enhanced antiferroelectricity.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) The temperature dependence of permittivity of the prepared ceramics measured at 100 kHz. (b) P-E loops at 10 Hz at room temperature.
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Fig. 2 (a) XRD patterns of the SANx ceramics. (b) The lattice parameters as a function of Sm** content based on Rietveld refinement.

Fig. 2 displays the XRD patterns of the SANx ceramics. It
can be noted that all studied ceramics exhibit single perovskite
structures without impurity or a second phase. With increasing
Sm** content, from 0 to 0.08, the split peaks around 45° have dis-
appeared and present a pseudo cubic phase, which is consistent
with the results in Fig. 1a, indicating that the phase of the SANx
ceramic has changed into a paraelectric state at room tempera-
ture. The obtained lattice parameters (a, b, and c) based on
Rietveld refinement are depicted in Fig. 2b. More details can be
found in Fig. S3 (ESIf). The lower fitting values of R, and R,
indicate that the structural model used for the structure refine-
ment is reliable. We note that @ and b show a decreasing trend,
while ¢ increases with increasing Sm*" content, thus leading to
cell volume shrinkage. Because the radius of Sm*" (1.08 A) is very
similar to that of Ag" (1.28 A), it is possible that Sm®" prefers to
occupy the A site and affects the properties of the AN ceramics.”
With higher Sm*' content, the cell volume decreased from
485.9 A® to 482 A® (Fig. S3f, ESIt), indicating that Sm®" has suc-
cessfully incorporated into the AgNbO; lattice.

The surface morphologies of the SANx ceramics are pre-
sented in Fig. 3. It can be seen that the pure AgNbO; ceramic
possesses a loose structure with visible pores and an inhomo-

This journal is © The Royal Society of Chemistry 2024

geneous distribution. Compared with pure AgNbO; ceramic,
the composition of the Sm*"-doped ceramics show a denser
microstructure. In general, the relationship between average
grain size (AG) and dielectric breakdown field (BDS) is as
follows:*®

1

BDS o< ik (1)
From this equation we can see that the breakdown field
strength of the ceramics can be improved by refining the grain
size under the condition where the ceramics are kept compact.
The BDS was evaluated using the Weibull distribution, as
shown in Fig. 3f, which was calculated by the following

equation:®

Xi=InkE; (2)

K:In(—ln(l—nil)) (3)

where E is the BDS of each specimen and 7 is the total sum of
samples, respectively. As expected, the AG decreased, from
2.96 pm for x = 0 to 1.49 pm for x = 0.08, due to the high

Dalton Trans., 2024, 53, 2949-2956 | 2951
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Fig. 3

melting point component the added Sm,03;, resulting in the
BDS increasing from 208 kV em ™" to 410 kV em ™", as shown in
Fig. 3f. This indicates that smaller grain size and higher com-
pactness are indeed beneficial to improving the dielectric
breakdown strength of the SANx ceramics.

The intensity and position of the Raman peaks are closely
related to the crystal structure, so the change in the micro-
structure can be reflected by the Raman vibration modes.>”"*®
Raman spectra were measured to further investigate the local
structure evolution of the SANx ceramics. It can be seen that
pure AgNbO; ceramic shows intense internal vibration modes
(v1, v»), bending vibration modes (vs;, v;) of BOg octahedral
tilting, and stretching vibration modes (vs, ve), which are
typical features of the M; phase structure at room tempera-
ture.” Of particular importance is that, with increase in Sm*"
content, all the Raman peaks become broad and diffuse,
which can be ascribed to the increased disorder of the local
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(a)—(e) The surface microstructure images and (f) Weibull distribution of SANO—4 ceramics.

structure induced by the free occupation and disordered
arrangement of Sm>" at the A site, that is, the relaxation of the
ceramics is enhanced.?”*® Another reason is that the chemical
heterogeneity leads to peak broadening. With increase in Sm**
content, the gradual decrease in lattice polarity also results in
a gradual decline in the intensity of the Raman peaks. For the
SAN4 composition, the ceramic has changed completely to a
paraelectric cubic state, where the peaks exhibit a single peak.
This agrees with the above results obtained by XRD and the
permittivity as a function of temperature. In addition, the fluc-
tuation of vs, v4, and v is very sensitive to change in the phase
structure of AFE ceramics, so it is usually used to judge the
phase transition caused by component variation, as shown in
Fig. 4b. The wavenumbers of v;, v,, and v show a downward
trend with increasing Sm®" content. This is mostly because
with increasing Sm®" content, the disorder of the material
structure gradually increases, and the polarizability of the
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(a) Raman spectra of the prepared ceramics. All the Raman spectra have been deconvoluted according to the Lorentz peak functions. (b)

Evolution of the wavenumber for Raman vibration modes (vs, v4 and vg) for SANx ceramics.

2952 | Dalton Trans., 2024, 53, 2949-2956

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3dt03139j

Published on 17 January 2024. Downloaded on 5/20/2024 8:31:16 AM.

Dalton Transactions

crystal cell gradually decreases.’® The v; and v, peaks have
merged into a broad peak for x = 0.08, which indicates that a
possible phase transition of M3;-O has occurred.

The performance stability is an important feature for practi-
cal applications. Fig. 5a shows the P-E loops of the SAN2 cer-
amics from 20 to 150 °C. To avoid breakdown, the testing elec-
tric field was set at 320 kV cm™". All samples exhibited slim
antiferroelectric hysteresis loops from 20 °C to 150 °C. As
shown in Fig. 5a, both Py,,, (the maximum polarization) and
P, (the remanent polarization) exhibit a tiny increasing trend
(Pmax: from 32.08 to 33.41 pC cm™2, P,: from 4.94 to 6.52 pC
em™?, summarized in Fig. S4at), which is induced by the
decreased grain size increasing the response rate of the dipole
to an external electric field during the thermal activation
process. The corresponding energy density W;, W, and the
efficiency 5 are plotted in Fig. 5b. The value of W, decreases
from 4.38 ] cm™ to 4.2 J em™>. Fig. 5¢ shows the frequency
stability of the SAN2 ceramics in the range 1-100 Hz at 360 kv
cm™ ', All samples exhibit antiferroelectric loops from 1 to 100
Hz, leading to a nearly hysteresis-free polarization response at

View Article Online
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the value of W, was maintained at more than 5.5 J cm™ with
a high efficiency of 77%. Undoubtedly, the SAN2 ceramics
exhibit excellent thermal stability with Wie. > 4.2 ] cm™ and 5
> 65% within 20-150 °C, coupled with a good frequency stabi-
lity of Wy > 5.5 ] em™ compared to other bulk ceramics,
which is particularly beneficial for energy storage
technologies.

From a practical point of view, the charge-discharge per-
formance of (Smy ¢sAg0.52)NbO;3 ceramics was evaluated using
an RLC (resistor, inductor, capacitor) circuit. The under-
damped discharge I-t curves of the SAN2 ceramic at ambient
temperature are shown in Fig. 6a. The samples exhibit dis-
charge curves similar to sine waves under elevated electric
fields. With increase in the electric field, the peak value of the
first current peak also increases gradually. The current reached
a maximum value of 30 A at 320 kV em™", corresponding to
the phase transition AFE-FE. Here, the corresponding dis-
charge energy density (Dg4;s) and power density can be obtained
by the following equation:*"

high electric field. Within the test frequency, Pmax reduces Dyis = ImaxS " (4)
from 35.13 pC cm™2 to 34.7 pC cm™2, while P, was found to
exhibit minute changes (summarized in Fig. S4bt). As a result, Prax = Elma/2S (5)
100
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Fig. 5 (a) P-E loops of the SAN2 composition from 20 to 150 °C with 320 kV cm™ at 10 Hz. (b) Calculated W;, W, and 5 from (a). (c) P—E loops of
the SAN2 composition from 1 to 100 Hz with 360 kV cm™ at room temperature. (d) Calculated W,, W;ec and 7 from (c).
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Fig. 6 (a) Underdamped discharge /-t curves of SAN2 ceramics. (b) Pulsed discharge current waveforms of SAN2 ceramics curves at room tempera-
ture. (c) The relationship between W; and discharge time at various electric fields. (d) Cyclic ability under 120 kV cm™ at room temperature.

where E is external electric field and S is the electrode area,
respectively. Thus, in SAN2 ceramics, the power density and
discharge energy density can reach up to 955 A cm™2 and 153
MW cm >, respectively. Fig. 6b illustrates the pulsed discharge
I-t curves at elevated electric fields. The peak current values
increased from 1.82 A at 50 kV ecm™ to 12.95 A at 320 kV cm™.
Based on the results in Fig. 6b, the discharge energy density
Wp can be acquired by the following equation:**

W = R J i(e)dt/v (6)

where i(t), R, and V are the discharging current curves, the
total load resistance, and the sum of the volume, respectively.
Fig. 6¢c shows the corresponding calculated Wp-t curves. The
value of Wy, rises gradually from 0.06 ] cm™ at 50 kV em™ to
2.92 J em™ at 320 kv em™'. Furthermore, the definition of ¢, ¢
can be expressed as the time required to release 90% of the
energy, which is widely used to assess the discharge speed of
ceramics. In this work, a rapid discharge speed (o = 88 ns)
was observed in SAN2 ceramics at 320 kV cm ™. Fig. 6d shows
the cyclic stability the SAN2 ceramics at 120 kV cm™". The W,
values display a fluctuating change (0.44-0.4 J cm >, with
minimal variation <9%) over a cycle range of 1-300. This
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demonstrates that the studied SAN2 ceramics discharge high
energy in a very short time, presenting outstanding charge-dis-
charge capacity. This behavior reveals that these AgNDbO;-
based ceramics show the advantages needed to meet the
demands of pulsed power technologies.

For ease of comparison with other lead-free bulk ceramics,
the energy storage density and efficiency from recently
reported research are shown in Fig. 7. Among these,
Ago 5,SM 0603 ceramics exhibit large energy density (5.85 ]
cm ) with high energy storage efficiency (77%), showing great
superiority for pulsed power capacitors.

4. Conclusions

In conclusion, Sm,03;-modified AgNbO; lead-free ceramics
were synthesized by a rolling technique. Doping with Sm** is
effective in hindering grain growth and enhancing the stability
of the antiferroelectricity. The disrupted long-range order is
beneficial to reduction in the hysteresis, which was proved by
Raman spectra. Due to the large BDS and reduced hysteresis, a
favorable Wy, of 5.85 J] em™ and efficiency of 77% were
achieved simultaneously in the (Smg cAgo.s2)NDO; ceramics.
For high Sm*" content, the phase transition temperatures of
M;-M,-M;-O-T showed a downward trend and even shifted
below room temperature. Therefore, an outstanding frequency
stability over the range of 1-100 Hz at 360 KV cm™" (Wyee > 5.5 ]
cm™?) and thermal stability within 20-150 °C at 320 kv cm™*
(Weee > 4.2 J ecm™>, with minimal variation of <4%) was
observed. Furthermore, the studied ceramics also show satis-
factory charge-discharge performance, with rapid discharging
speed (¢yo = 88 ns) and high discharge energy density (W4 =
2.92 J ecm™®). The above results demonstrate that AgNbO;-
based environmentally friendly ceramics are promising
materials for pulsed power techniques.
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