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ABSTRACT

In this study, calcium modified strontium barium niobate (Ca,Srg75_yBagas-
Nb,Og, CSBN-x, 0 < x < 0.20) lead-free ferroelectric relaxor ceramics were
prepared by conventional solid-state reaction technique and their crystal
structure, morphology, dielectric, ferroelectric and energy storage properties
were studied comprehensively. The modified CSBN ceramics present pure
tetragonal tungsten bronze structure (TTBS) in the whole studied composition
range. The introduction of calcium elevates the ferroelectric to paraelectric
transition temperature remarkably while has little influence on the relaxor
behavior of strontium barium niobate system. Although the maximum polar-
ization (Ppay) and remnant polarization (P,) of CSBN-x increase with x, the
difference of the two values (Pn,x_P,) is also heightened, thus improving its
energy storage performance. The optimal energy storage properties, i.e. high
recoverable energy storage density W, (1.21 J/cm®) and energy storage effi-
ciency # (87.7%), ultrahigh temperature stability (the fluctuations on W, and 5
are within 2% and 3% over the range of 25 °C-120 °C, respectively) are achieved
in Cags5r0.70Bag25sNb,Og composition. These excellent performance properties
qualify this environment-friendly SBN-based ferroelectric relaxor ceramics as a
promising alternative in energy storage application.
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1 Introduction

Due to their high-power density, fast charge-dis-
charge speed and good temperature stability,
dielectric capacitors are considered to be promising
for energy storage application, including electric
vehicles, mobile electronics, pulsed power devices
and [1, 2]. Generally, linear dielectrics (LDs), ferro-
electrics (FEs), anti-ferroelectrics (AFEs) and relaxor
ferroelectrics (RFEs) are considered as four kinds of
promising dielectrics in these fields [3, 4]. The
recoverable energy density (W,..) and energy storage
efficiency () are key parameters of a dielectric
capacitor to evaluate its energy storage performance,
entirely depending on the saturation polarization
(Pyax), Temnant polarization (P,), and breakdown
strength (BDS) of the materials [5, 6]. Relaxor ferro-
electrics with polar nanoregions (PNRs) usually
demonstrate diffuse phase transition and slim hys-
teresis loops, which result in low P, and high P,,,,,
thus expecting superior energy storage densities and
energy conversion efficiencies [6-8]. Moreover, due
to the diffusion phase transition nature, the permit-
tivity of RFEs is usually insensitive to temperature
change within a certain range, which favors the
improvements of temperature stability in energy
storage application [9]. Over the past decades, huge
research progress for dielectric energy storage
capacitors has been made in perovskite structure
RFEs including BaTiOs-based, NaNbOs-based, Bijs.
Na5TiOs-based and KjsNagsNbOs-based ceramics
[8, 9, 10, 11, 12, 13].

Tetragonal tungsten bronze structure (TTBS) fer-
roelectrics are the second largest group of ferro-
electrics after perovskite structure, which features
connection of BO6 octahedrons by sharing common
vertex and forming three types of interstices (A1, A2
and C sites) accessible for different cations. Accord-
ing to cations occupancy situation, this kind of
materials can be categorized into three groups: fully
filled (A and C sites all occupied), filled (all A sites
occupied and C sites empty) and unfilled (partial A
sites occupied and C sites empty) [14]. Many inves-
tigations have been performed among filled TTBS
ceramics for energy storage owing to their superior
dielectric properties [15]. For unfilled TTBS com-
pounds, the special structure of A-site vacancies and
multi-interstices becomes the origin of relaxation and
provides great freedom for composition design and
performance improvement, [16] suggesting the

@ Springer

J] Mater Sci: Mater Electron (2023) 34:1271

potential as candidates for energy storage capacitors.
Thus, the innovative design of unfilled TTBS energy
storage ceramics may help to understand the under-
lying mechanism among structure, composition and
performance, and provide an effective material for
high performance energy storage application.

As a typical unfilled TTBS compound, Sr,Ba;_,.
Nb,Og (SBN, x = 0.25 — 0.75) solid solution has been
widely studied for its excellent electro-optic, pyro-
electric and photorefractive properties [17-20]. The
crystallographic non-equivalent sites of SBN struc-
ture and its compositional flexibility provide various
possibilities of physical properties modification
[21, 22]. For example, changing the Sr/Ba ratio could
have a strong impact on the phase transition and
properties due to the preferential occupation of A-site
ions. When increasing Sr/Ba ratio, SBN materials
experience a change from normal ferroelectrics to
relaxor ferroelectrics. The higher Sr/Ba ratio is, the
greater the phase transformation diffusion is. Mean-
while in the high Sr compositions, the ferroelectric-
paraelectric phase transformation temperature
decreases while the dielectric maximum at this point
increases [18, 20]. All facts above suggest that SBN
with high Sr composition, as typical relaxor ferro-
electrics, should be favorable for energy storage
application. Bai et al. [23] synthesized (SrgsBags)14-
xNby_,Fe,Og ceramics that acquired a W, of 0.680 J/
cm® and an ; of 83.6% at x = 0.04. Tang et al. [24]
obtained a W, of 0.19 J/cm® and an # of 86.37% in
Srp 60Bag.4oNb,Og ceramics under 60 kV/cm electric
field. Rao et al. [25] reported that SrgzoBagzoNby-
Og—x Wt%MgO ceramics exhibit a W, = 0.93 J/ cm®
and an n =89.4% at 157 kV/cm when x = 0.5. In
general, due to the slim characteristics of the hys-
teresis loops of the SBN ceramics with high Sr com-
positions, the energy storage efficiency 1 is high.
However, in consequence of suffering from low
polarization in these compositions, the recoverable
energy density W, is quite poor.

Several methods, including doping and utilizing
various synthesis techniques, [23, 25, 26] have been
introduced to modify electric properties of SBN.
Among them, Ca-substitution is considered as an
effective way to enhance the dielectric, pyroelectric
and ferroelectric properties of SBN, since (Ca,Ba)
Nb,O¢ (CBN) crystal exhibits higher spontaneous
polarization (~ 35 pC/cm? than SBN crystal (~ 27
uC/cm?) [27]. Our previous results showed that Ca-
substitution at the A sites of unfilled SBN can
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improve the ferroelectric and pyroelectric perfor-
mance in Cag15(Srgs5Bags)ossNb,Og ceramics [28].
Further studies in Ca,Sry3_,Bag7;Nb,Og system also
revealed that the saturated polarization increased
monotonically with increasing Ca content, indicating
that the ferroelectricity in unfilled SBN can be greatly
enhanced by Ca addition [29]. It is also reported that
Ca-substitution can be capable of improving the fer-
roelectric properties of filled SBN systems, such as
Sr,_,Ca,NaNbsO;5 (SCNN) and  (SrpeBaga)a
NaszmOg,o (SBNN) [30, 31].

In this article, we introduced Ca into the typical
TTBS Sry75Bag »sNb,Og lead-free ferroelectric relaxor
ceramics in order to improve the energy storage
performance. Effect of Ca content on the structure
and electric properties of Ca,Srgz5_,Bag2sNbxOg
(x =0, 0.05, 0.10, 0.15, 0.20 abbreviated as CSBN-0,
CSBN-5, CSBN-10, CSBN-15, CSBN-20) ceramics was
systematically investigated. Enhanced energy storage
performance is achieved in Ca-substituted SBN
matrix with high Sr composition, indicating this
environmentally friendly ferroelectric relaxor ceramic
as a promising alternative in energy storage
application.

2 Experimental procedures

The CSBN-x ceramics are synthesized by conven-
tional solid-state reaction method wusing Nb,Os
(99.3%), BaCO3(99%), SrCO5(99%), and CaCO5(99%)
as raw materials and weighted stoichiometrically.
The starting materials are mixed in polyurethane jars
and ball milled via ethanol for 24 h using agate balls
with a rotation speed of 115 rpm. The mass ratio of
the starting materials to milling ball is 1: 1.5. The
starting materials are mixed and ball milled for 24 h
via ethanol. The mixed powder is calcined at 1260 °C
for 2 h and then re-milled and pressed into circular
pellets with a diameter of 13 mm. The pellets are air
sintered at 1360 °C for 4 h. The sintered pellets are
polished to 0.15 mm thickness and coated with silver
paste in order to take the electric properties
measurement.

The crystal structure of the samples is confirmed
by X-ray diffraction (XRD, D/MAX-2550 V; Rigaku,
Tokyo, Japan) technique using Cu Ko radiation. The
microstructure of the ceramics is observed by the
TM3000 Tabletop Microscope (Hitachi, Tokyo, Japan)
on the fresh surface of samples. The porosity
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percentage of the samples were tested and calculated
via Archimedes method. Measurements of the
dependence of dielectric constant and loss on tem-
perature are performed in the range 20 °C-200 °C
using a Hewlett Packard LCR meter (Model
HP4284A; Agilent Technologies Japan Ltd., Hyogo,
Japan) at different frequencies from 100 Hz to
1 MHz. Polarization hysteresis loops are character-
ized by applying an electric field of sinusoidal
waveform at a frequency of 10 Hz using commercial
ferroelectric analyzer (TF Analyzer 2000, aixACCT,
Aachen, Germany) assisted with high-voltage power
supply (Trek Inc, Medina, NY).

3 Results and discussion
3.1 Phase structure and microstructure

Figure 1a displays the XRD pattern of CSBN-x
ceramics. The diffraction peaks, being indexed
according to JCPDF39-0265, present a pure tetragonal
tungsten bronze structure. No obvious splits of
diffraction peaks can be detected in all samples. The
enlarged patterns for the (410) diffraction peak
(around 29°-30°) of all samples shown in the Fig. 1b
are found to shift towards higher 20 angles, indicat-
ing the shrinkage of lattice with the increase of the Ca
content. The detailed structure properties are further
analyzed via Rietveld refinement method using
FullProf software. The R-pattern R, R-weighted
pattern R, and Goodness-of-fit y° are used as the
numerical criteria of fitting. The important structural
parameters such as lattice parameters and cell vol-
ume values are summarized in Table 1. The fitting
results are proved to be reliable with P4bm space
group since the R, Ry, and 7’ is relatively low. It is
evident that the lattice parameters a, b, c and cell
volume decrease with Ca content, also demonstrating
the fact that Ca®" ions are incorporated into the lattice
(Fig. 2).

Figure 3 illustrates the SEM image of fresh surface
of CSBN-x ceramics. The surface morphology of all
samples presents a mixed characteristics of ordinary
grains and rod-like grains. The sizes of two kinds
grains show little difference among all samples. The
average size of ordinary grains is about 2-3 pm while
the mean size of rod-like grains significantly increa-
ses to 5-8 um. As Ca content increased from 0.00 to
0.20, the porosity percentage of the samples varies
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Table 1 Structural parameters
determined from Rietveld Ca content Space group Cell parameters Ry(%)  Ryp(%) e
reﬁneme'nt of CSBN- a=bA) cA) Vean ( A3) x=p=y (°)
X ceramics
0.00 P4bm 12.49510 3.96743 619.4250 90 1.09 1.85 1.92
0.05 P4bm 12.48228 3.96011 617.0160 90° 1.14 1.87 1.98
0.10 P4bm 12.47483 3.95424 6153613 90 1.14 1.90 1.99
0.15 P4bm 12.46925 3.95252 614.5514 90 1.09 1.84 1.91
0.20 P4bm 12.45985 3.94370 612.2510 90 1.12 1.89 1.99

slightly (4.37%, 3.82%, 4.02%, 3.63% and 3.77% for
x = 0.00, 0.05, 0.10, 0.15 and 0.20, respectively).

3.2 Dielectric properties

The temperature dependences of dielectric constant
and loss for CSBN-x ceramics at the range of 100 Hz
to 1 MHz are depicted in Fig. 4. The main dielectric
phase transition parameters are listed in Table 1. The
T,, representing the ferroelectric to paraelectric phase
transition temperature is determined as the corre-
sponding temperature of maximum dielectric con-
stant (g,,) at 1 kHz. As can be seen from Fig. 3, the T},
increases  monotonically with  Ca-substitution
amount, which is 40.7 °C for x = 0.00 and 90.0 °C for
x=020. In CSBN crystal lattice, smaller Ca**
(0.99 A) and part of Sr** (1.13 A) prefer to occupy the
smaller Al-site (tetragonal interstices, with 12-fold
coordination), while Ba>" (1.35 A) and residual Sr**
jointly fill the larger A2-site (pentagonal interstices,
with 15-fold coordination). When more and more
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Ca®" cations substitute Sr** cations in Al-site, the
radius difference between Al-and A2-site cations will
become larger, which is suggested to be the reason
for elevating ferroelectric transition temperature in
TTBS ceramics [29].

For ferroelectric relaxors, it is well known that the
degree of the diffuseness can be described by a

modified Curie-Weiss relationship: 1>

1 1 (T—Tw)

———=—",1<y<2 1
P o lsvs (1)

where ¢, is the maximum value of dielectric constant
at the transition temperature, C represents the Curie
constant and y stands for the diffusivity parameter.
Normally, y = 1 is for normal ferroelectrics and y = 2
is for ideal ferroelectric relaxors. The 7y values,
derived from fitting the plots of In(1/¢, —1/ey) as a
function of In(T — T,), are shown in Table 2. All the
values are around 1.71-1.85 for both pure SBN and
Ca-substituted SBN ceramics, indicating that all
samples exhibit a typical diffuse transition and Ca-
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«Fig. 2 XRD Rietveld refinement for CSBN-x ceramics:
ax=0.00;bx=0.05cx=0.10;dx=0.15; e x =0.20

substitution does not affect the relaxor behavior of
SBN matrix.

In addition, the ferroelectric relaxor feature can
also be depicted by the parameters of AT,;,. The
specific symbols of the relaxation degree are defined
as [33]:

AT eiay = Tr(1IMHz) — T,,(100Hz) (2)

] Mater Sci: Mater Electron (2023) 34:1271

The values of AT, are calculated from experi-
mental results and listed in Table 1 as well. With
increasing Ca content, the value of AT, varies
slightly, which is consistent with the diffusivity
parameters. By using first-principle density func-
tional calculations, G. H. Olsen et al. [34] found that
the relaxor behavior in Sr-rich SBN originated from
Sr displacement inside pentagonal channels (A2-
sites) in the TTBS. Since Ca®" is inclined to incorpo-
rate into Al-site, the amount of Sr*" occupying A2-
site in Sr-rich compositions remains constant after
Ca-substitution, thus scarcely influencing the relax-
ation property of the samples.

Fig. 3 SEM image of fresh surface of CSBN-x ceramics: a x = 0.00; b x = 0.05; ¢ x = 0.10; d x = 0.15; e x = 0.20

@ Springer
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Fig. 4 The temperature dependences of dielectric constant and loss for CSBN-x ceramics at the range of 100 Hz to 1 MHz: a x = 0.00;
b x =0.05; cx =0.10; d x = 0.15; e x = 0.20; f dielectric properties of CSBN-x ceramics with different x at 1 kHz

Table 2 Dielectric parameters

for CSBN-x ceramics of Parameters Samples

different compositions x = 0.00 x =005 x=0.10 x=0.15 x =020
em(1 kKHz) 1672 2270 1930 1940 1855
exr (1 kHz) 1668 2055 1596 1380 1288
T,, (1 kHz)"°C 407 488 63.2 79.0 90.0
T,, (100 Hz)/°C 38.6 472 60.6 74.1 87.3
T,, (1 M Hz)°C 53.9 64.7 80.5 95.0 105.0
»(1 kHz) 1.78 1.72 171 1.85 1.76
AT 4102/°C 153 17.5 19.9 20.9 17.7

3.3 Ferroelectric and energy storage
properties

Figure 4a shows the polarization versus applied
electrical field (P-E) hysteresis loops of CSBN-x
measured under 200 kV/cm at 10 Hz and room
temperature and Fig. 4b demonstrates the variations
of P, Pyax, Prax-P, estimated from the loops. It can be
seen that all samples present slim hysteresis loops.
Compared with pure SBN sample, the introduction of
Ca has greatly elevated the maximum polarization
Pypax from 13.2pC/cm? for x = 0 to 17.9uC/cm? for
x = 0.15. Meanwhile, the remnant polarization P, and
coercive electric field E. also increase monotonically
in different degrees with increasing Ca content,
indicating that the ferroelectricity is significantly
enhanced by Ca addition. The value of P,,,-P, shows

a tendency of increasing first and then decreasing
and achieves the maximum at x = 0.05. It has been
reported that the ferroelectricity in SBN system is
determined by the atomic displacement (Az) of the
Nb>* which is linearly proportional to the ferroelec-
tric polarization [35]. Smaller Ca®* substituting Sr**
in Al-site could cause the twisting of the octahedral
framework and changes in the O-Nb-O bonds,
which probably gives rise to larger Az and thus an
enhancement in spontaneous polarization. The
important ferroelectric polarization features extracted
from P-E loops are summarized in Table 3 (Fig. 5).

The energy storage performance can be evaluated
by following equations:

@ Springer
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Table 3 Polarization features

and energy storage properties Parameters Samples

of CSBN-x ceramics x = 0.00 x =005 x=0.10 x=0.15 x =020

Prax (RC/em?) 13.20 17.20 17.00 17.90 17.30

P, (uC/em?) 0.69 1.03 1.59 2.85 3.14

Puax-P; (nClem?) 12.51 16.17 15.41 15.05 14.16

Wiotar (J/em*)/°C 1.09 1.38 1.39 1.52 1.52

Wee (J/em®)/°C 0.97 1.21 1.16 1.15 1.10

Wigss (J/cm?®) 0.12 0.17 0.23 0.37 0.42

n (%) 88.99 87.68 83.45 75.66 72.37
Prx CSBN-0 samples, while the n drops to 72.37% at
Wiotal = /0 Edp (3) x=020. In CSBN-5 samples, the energy storage
b efficiency # reaches as high as 87.68%, nearly equiv-
W, = / " Eap (4)  alent to the value of pure SBN. In the whole, CSBN-5
P, composition presents the optimal overall energy
Wisss = Wiotal — Wiee (5) storage properties with high W, (1.21 ]/ cm®) and n
(87.68%) at room temperature. Figure 6b benchmarks
n= IK]V”C x 100% (6) the energy storage performance of the filled and

total

where Wiy, Wy and 7 are the total energy density,
the recoverable energy storage density and the
energy storage efficiency, respectively. In ferroelectric
ceramic capacitors, due to noncoincidence of charg-
ing and discharging paths in hysteresis P-E loops,
Wiotal Tepresenting the total charged energy cannot be
released completely, while W, is the energy density
that could be totally discharged and utilized. The
Wiess equals to the difference between Wiy, and W,
which is wasted during the process and will generate
heat within capacitors degrading the properties of
capacitors. Energy storage efficiency 7 is the ratio of
the discharged energy density (W) to the charged
energy density (Wio,). Therefore, W, and 5 are
important metrics to evaluate dielectrics’ perfor-
mance in energy storage application. The energy
storage behaviors of CSBN-x ceramics are studied via
P-E loops as shown in Fig. 6. The important energy
storage properties are also listed in Table 3. Both
Wiorar and W, increase after Ca-substitution. Partic-
ularly, Wiya achieves the maximum values
(~ 1.52 J/cm®) in CSBN-15 composition, where W,
is 1.15J/ cm® at ambient temperature. W,,. achieves
the maximum values (~ 1.21 J/cm?) at x = 0.05 and
decreases slightly when further increasing the value
of x, of which the trend is fully in line with that of
P.ax-P,. Due to the elevation of P, by introduction of
Ca, the n shows a downward trend with increasing
Ca content. The maximum # = 88.99% is obtained in

@ Springer

unfilled TTBS ceramics systems in the recent litera-
tures [15, 23-25, 36—46]. In comparison with the filled
and unfilled TTBS ceramics systems, it is evident that
the CSBN-5 ceramics simultaneously achieve high
W, and high #, making it very attractive for energy
storage application.

The good thermal stability is also an important
parameter for practical energy storage application,
for which guarantee the reliable operation of energy
storage devices over a wide temperature range. To
evaluate the thermal stability performance of CSBN-5
sample, its hysteresis loops are measured in the
temperature range of 25 °C -20 °C at 200 kV/cm, as
shown in Fig. 7a. The slim hysteresis loops are
maintained throughout the testing temperature
range, with a slight decrease in P, and P,. Specifi-
cally, the P,,,, of CSBN-5 is 17.20 uC/cm? at 25 °C
while it still maintains 89.5% of the initial value at 120
°C (154 pC/cm?). In the meantime, the P, has
reduced from 1.03 pC/cm? around ambient temper-
ature to 0.70 pC/cm? at 120 °C. The difference
between P, and P, (P,,,,—P,) at each temperature
declines to a small extent over this range, implying
tiny reduction in recoverable energy storage density.
The Wi, Wipss and 5 of CSBN-5 composition at each
temperature calculated from the P-E loops are also
shown in Fig. 7b. The flat curve reflects the
stable W,,. value over the test temperature with a
maximum of 1.21 J/cm® and a minimum of 1.19 J/

cm®. Of particular interest is that the 5 slightly
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Fig. 5 The polarization versus applied electrical field (P-E)
hysteresis loops of CSBN-x measured under 200 kV/cm at 1 Hz
and room temperature: a x =0.00; b x=0.05; ¢ x=0.10;

increases towards elevated temperature due to the
declined P,. The room temperature 7 is 87.68% while
it reaches as high as 90.32% at 120 °C. Overall, the
variations of W,,. and # are respectively on the order
of <2% and 3% within the temperature range,
demonstrating quite good thermal stability perfor-
mance of this composition.
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4 Conclusions

Tetragonal tungsten bronze structure Ca,Srpzs_-
Bag »5Nb,Og (x = 0.00, 0.05, 0.10, 0.15, 0.20) lead-free
ferroelectric relaxor ceramics have been synthesized
via conventional solid-state reaction route. Enhanced
dielectric and ferroelectric properties with increased
ferroelectric transition temperature T, and maximum
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Fig. 6 a Energy storage performance of CSBN-x ceramics under 200 kV/cm; b Comparison of W,,. and n among CSBN-5 and other
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Fig. 7 a The hysteresis loops of CSBN-5 ceramics in the range of 25 °C—120 °C at 200 kV/cm; b the W,,.., W, and 7 values of CSBN-5

ceramics in the range of 25 °C-120 °C at 200 kV/em

polarization P,,,, are achieved in CSBN-x ceramics
due to the enhancement of structure distortion by
smaller Ca>" substituting Sr**. The optimal energy
storage properties, i.c. high recoverable energy stor-
age density W, (1.21]/ cm®) and energy storage
efficiency 5 (87.68%), ultrahigh temperature stability
(the fluctuations on W,,. and 5 are within 2% and 3%
over the range of 25 °C-120 °C, respectively) are
obtained in CagsSrg70BagasNb,Og composition,
unveiling the potential of CSBN-5 lead-free ferro-
electric relaxor ceramics for energy storage
application.
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