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Abstract

In this research, (I-x)(BaO.QSrO.,)7"i03-xBi(Mg2/3Nb,/3)03 (BST-BMN, where x = 0, 0.06, 0.08, 0.12 and 0.20)
powders were synthesized via a solid-state reaction method. The corresponding lead-free ceramics were ob-
tained at the optimal sintering temperature. For x > 0.06, the material formed dense, homogeneous pseudocu-
bic perovskite structures. The increase of the BMN content induces strong relaxor behaviours with diffuse
phase transition characteristics, enhancing the temperature stability of dielectric properties. Consequently,
the ceramics exhibited narrow polarization-electric field (P-E) loops and superior energy storage capabilities.
The composition 0.88BST-0.12BMN was found to be optimal, attributed to the improvement in breakdown field
strength, yielding a recoverable energy density of 2.504 Jjcm? and an efficiency of 90.2% under an electric field
strength of 250 kV/em. Furthermore, this ceramic composition retains consistent energy storage across temper-
atures ranging from 20 to 120 °C and frequencies from I to 100 Hz, underscoring its potential for application
in high-power pulsed capacitors.
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I. Introduction storage capacity impede their commercialization [4,5]. En-
hancing the energy storage density is crucial for meeting
the significant demands for power capacitors, with a spe-
cial emphasis on improving the energy storage capabilities
of dielectric materials. Scholarly endeavours are primarily
focused on minimizing remanent polarization (P,), maxi-
mizing maximum polarization (P,,,,) and improving elec-
tric breakdown strength (E}) to elevate the overall energy
densities of these materials. This targeted approach aims to
optimize the performance parameters critical for advancing
dielectric ceramics technologies [6,7].

BaTiO, (BT) based ceramics are prominent lead-free
alternatives, favoured for their high maximum polariza-
tion (P,,,,) under low electric fields. However, their en-
ergy storage capabilities are often limited by low elec-
tric breakdown strength (E,) and high remanent po-
larization (P,). Enhancing the energy storage perfor-

In response to sustainable development imperatives, the
urgency of addressing energy storage challenges is inten-
sified. Electrostatic capacitors, supercapacitors and batter-
ies constitute the primary components for electrical en-
ergy storage. Notably, dielectric capacitors, due to their
high-power density, are extensively used in applications
such as electric vehicles, damping technologies, various
microwave and electromagnetic devices [1-3]. Neverthe-
less, the practical application of these capacitors is hin-
dered by their relatively low energy storage capacities. The
limitations of low energy density and insufficient overall
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mance of BT-based ceramics involves creating solid so-
lutions that disrupt the long-range ferroelectric (FE) or-
der and increase the relaxor behaviour. Integrating BT
with SrTiO;, known for its minimal energy loss and
high Ej, is one strategic approach [8]. The addition of
Sr** ions disrupts the ferroelectric order, forming polar
nanoregions (PNRs), while simultaneously maintaining
high P, and reducing P,. Despite their advantages,
(Ba,Sr)TiO; (BST) ceramics face challenges such as
high sintering temperatures and relatively low Ej, in-
dicating areas for further improvement.

To enhance the performance of BST ceramics in energy
storage applications, prior research has explored the addi-
tion of Bi(M’,M")O, (where M’ includes Li", Mg>*, Zn**,
Ni?*, etc. and M” comprises Zr**, Ti**, Hf**, Sn**, Ta®",
Nb>*, etc.) to enhance the electric breakdown strength (E}p)
and suppress remanent polarization (P,) in dielectric ce-
ramics, thereby improving their overall performance. Solid
solutions formed between ABO; and Bi(M’,M")O; type
materials exhibit significant relaxor behaviour and electri-
cal properties, making them highly suitable for energy stor-
age applications. For instance, systems such as BaTiO;-
Bi(M’',M")0O, [9-12], Sr,,Bi,,TiO5-Bi(M’,M")O, [13,
14], NaNbO,-Bi(M’,M")O; [15,16], and K, sNa, sNbO;-
Bi(M’,M"")O; [4,17,18] are noteworthy due to the relaxor
behaviour of compounds containing Bi, which effectively
reduces P, and enhances energy storage capabilities. The
presence of Bi** ions in the A-site and complex ions in
the B-site disrupts the long-range ferroelectric order, lead-
ing to the formation of polar nanoregions [19]. These
PNRs significantly broaden and smooth the dielectric-
temperature response, contributing to a reduction in rema-
nent polarization and an overall enhancement in the energy
storage performance of these ceramics.

It had been reported that (1-x)(Ba,,Sr,)TiO;-
xBiMeO; ceramics exhibited excellent energy storage
performance, high effective density and high energy
storage efficiency [20,21]. In this study, Bi(Mg,;;Nb,3)O5
was chosen and mixed with Ba,, ,Sr,, , TiO; to form solid
solutions. Comprehensive analyses of phase structure,
microstructure, dielectric properties and energy storage
capabilities were conducted. Results indicated that BMN
addition markedly reduced remanent polarization (P,)
and improved electric breakdown strength (E}), thereby
benefiting energy storage density and efficiency. This
was attributed to the decreased grain size and enlarged
bandgap compared with the pure Ba,, ;Sr, ; TiO;. The find-
ings suggest that addition of BMN is an effective strategy
to enhance the performance of BST-based ceramics in
sophisticated energy storage applications.

II. Experimental

(l-)C)(B;l()gSerJ)TiO3-)cBi(Mg2/3Nbl/3)O3 powders,
where x = 0, 0.06, 0.08, 0.12, 0.20, were produced
via standard solid-state reaction method. Starting
materials included BaTiO; (>99.0%, Guoci Co. Ltd.),
Bi,0; (99.8%, Sinopharm Chemical Reagent Co. Ltd.),
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SrCO; (>99.0%, Sinopharm Chemical Reagent Co.
Ltd.), Nb,Oy (>99.5%, Sinopharm Chemical Reagent
Co. Ltd.) and MgO (>99.9%, Sinopharm Chemical
Reagent Co. Ltd.). The total sample weight was 30 g for
each composition. The raw materials for each sample
were weighed according to their stoichiometric molar
ratios, ensuring that the desired chemical composition
was achieved. These components were then mixed
with zirconia balls and milled in an alcohol-based
solution for 24 h. After calcining at 800 °C for 2h in
air, the powders underwent the second milling process
in anhydrous ethanol for 24 h. Subsequently, polyvinyl
alcohol (PVA) was added to improve their green
strength, resulting in a mixture containing 5% PVA
binder. This mixture was then uniaxially pressed under
a pressure of approximately 200 MPa to form disks
with a thickness of 1-1.5mm and a radius of 6 mm.
The binder was removed by heating to 600 °C, and the
disks were subsequently sintered in air at temperatures
ranging from 1200 to 1400 °C for 2h. To mitigate the
loss of Bi during sintering, the disks were encased in
their original powders.

The bulk densities were measured utilizing the
Archimedes’ principle with an electronic density bal-
ance produced by Shanghai Sunny Hengping Scientific
Instrument Co. Ltd. The phase purity and crystallinity
were assessed using a Bruker D§ ADVANCE X-ray
powder diffractometer (XRD) with a 26 range of 10°
to 80° operating at 40kV and 40 mA with Cu Ka radia-
tion (4 = 1.54056 A, Bruker, Germany). The sintered ce-
ramic samples were ground into powder for XRD mea-
surement. The morphology of the samples was scruti-
nized using a JEOL JSM-6510A scanning electron mi-
croscope (SEM, Japan) at an applied voltage of 20kV
and a magnification of 5000—12000x. Prior to conduct-
ing dielectric measurements, the surfaces of the sin-
tered ceramics were polished to ensure they were par-
allel and smooth. Electrodes were created by apply-
ing a silver paste and undergoing a co-firing process at
500 °C for 10 min. The variation in dielectric properties
with temperature was comprehensively evaluated using
a Wayne Kerr 6500B impedance analyser and a DMS-
2000 dielectric detector in Wuhan, China, over a tem-
perature range of —100 to 250 °C, while sweeping the
frequency from 100Hz to 1 MHz. For energy storage
evaluations, the 0.15 mm thick polished specimens were
outfitted with Au electrodes of a 1 mm radius. Lastly,
the polarization-electric (P-E) field response was inves-
tigated using a MultiFerroic II ferroelectric hysteresis
device (Radiant Technologies Inc.) positioned in a sili-
cone oil bath to facilitate measurements across various
frequencies and temperatures.

II1I. Results and discussion

3.1. Structural characterization

Bulk densities of the (1-x)BST-xBMN ceramics (with
x ranging from O to 0.20) sintered within a temperature
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range of 1125 to 1375°C are shown in Fig. 1. These
data were used to find the optimum sintering tempera-
tures for final ceramics. For the undoped BST ceram-
ics, high bulk densities are achieved within the temper-
ature range of 1300-1375°C. As the BMN content in-
creases to x = 0.06 and 0.08, the optimal sintering tem-
perature range remains broad, with peak bulk densities
achieved between 1175 and 1325 °C. Furthermore, for
the compositions with higher BMN fractions, ranging
from x = 0.12 to 0.20, the optimal sintering tempera-
tures are even lower, spanning from 1125 to 1250 °C.
At these temperatures, the ceramics exhibit remarkable
bulk densities, indicating the inverse relationship be-
tween optimal sintering temperature and BMN content.
This trend can be attributed to the presence of Bi,O, in
BMN, which has a low melting point. During sintering,
Bi, O, promotes the formation of a liquid phase that en-
hances mass transport and accelerates pore elimination
[22]. Consequently, faster densification occurs at lower
temperatures, leading to improved bulk densities.
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Figure 1. Bulk density of (1-x)BST-xBMN (x = 0-0.20)
ceramic powders

Room temperature XRD patterns (Fig. 2) of the ce-
ramic powders (1-x)BST-xBMN (where x ranges from 0
to 0.20) show a stable perovskite phase in all cases. The
XRD analysis verified that the undoped (Ba, ,Sr,, | ) TiO4
samples possess tetragonal symmetry, whereas sam-
ples with x > 0.06 exhibit cubic symmetry. The
shift of peak positions towards lower angles indicates
lattice expansion as the BMN content increases. For
(Ba, ,Sr, ,)TiO;, the average ionic radius at the A-site
(12-fold coordination) was calculated using the formula
r = 0.1 X rgpe + 0.9 X rg.+. Since ionic radii of Sr**
and Ba®* are 1.44 A and 1.61 A, respectively, the cal-
culated average ionic radius is 1.59 A. Thus, Bi** has
a smaller ionic radius (1.17 A) than the calculated value
of 1.59 A. On the other hand, the ionic radii of Mg?* and
Nb>* were 0.693 A, respectively, thus the average ionic
radius for BiMg, /3Nb1 /3)03 at the B site (6-fold coordi-
nation) calculated using r = 2/3 X ryg2+ +1/3Xrys+ was
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Figure 2. X-ray diffraction patterns of (1-x)BST-xBMN (x =
0-0.20) ceramic powders (a) and enlarged from 44.6 to 46.7
for 0 <x <0.20 (b)

0.693 A. Thus, the calculated ionic radius of 0.693 A is
larger than that of Ti** (0.605 A) at 6-fold coordination.
In the perovskite structure, the A—O bond length can be
approximately regarded as the sum of the effective ionic
radii of the A ion and the O ion, similarly, the B-O bond
length can also be approximately estimated by summing
the effective ionic radii of the B ion and the O ion [23].
The tolerance factor ¢ of 1 and rg/ro of 0.425 typi-
cally signify an ideal perovskite structure [24]. It is well
known that the octahedron BO; serves as the basic mo-
saic or unit for the perovskite structure. If one cation and
six anions form an octahedron, the ratio of their ionic
radii (rg/ro) is reported within a limited range [25]. In
ABO;-type perovskite, the ratio of the A and B ionic
radii (ra/rg) within the range of 1.5099 to 2.563 sig-
nifies the perovskite structure, and the electronegativity
difference between B and O is greater than 1.42 [26].
The tolerance factors are 0.738 for Mg?"/Nb>* substitu-
tion at the A-site, 1.01 at the B-site, and 0.907 for Bi**
substitution at the A-site and 0.823 at the B-site. Bi**
(1.17A) is significantly larger than Ti** (0.605 A). Ra-
tios rg/ro are 0.495 and 0.827 for Mg**/Nb°* and Bi**
substitution at the B-site, respectively. Ratios ra /rg are
1.934 for Bi** substitution at the A-site and 1.359 at the
B-site, whereas r /rg are 1.145 for Mg?*/Nb>* substitu-
tion at the A-site and 2.294 at the B-site. Predominantly,
Bi** and Mg?*/Nb>" ions are more likely to substitute
for Ba®" at the A-site and Ti** at the B-site, respec-
tively. This suggested that the unit cell expansion of the
(1-x)BST-xBMN perovskite structure is mainly gov-
erned by the BO; octahedra. The possible substitution
reactions can be shown as below [27,28]:

Bi,0; — 2 Biy* + 20, + 0, (1)
Bi,0, —2 2Big* + 20, + O, )
TiO,
MgO — Mg” + Oy + V,*° (3)
2Ti0,
Nd,05 —— 2Nd;;* + 40, + 0, ()
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Figure 3. SEM images of thermally-etched surfaces for (1-x)BST-xBMN ceramics, where x is: a) 0, b) 0.08, ¢) 0.12 and d) 0.20

Bi*" and Mg?*/Nb>* substitution may introduce cer-
tain defect types as shown above, resulting in higher
solubility in BST ceramics [29]. Therefore, the addition
of BMN to BST results in the (002) and (200) peaks
merging, and also the peak shifting towards lower an-
gles [30,31].

Figure 3 depicts the SEM surface morphology of the
(1-x)BST-xBMN ceramics (x = 0-0.20), each sintered
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at their respective optimal temperatures (1300 °C for
the samples having x = 0, 0.06 and 0.08, and 1250 °C
for the samples with x = 0.12 and 0.20). The undoped
BST ceramics exhibit polygonal grains, which is con-
sistent with previously reported literature [32,33]. Addi-
tionally, the undoped BST ceramics exhibited a notably
large average grain size [21,32].

Figure 4 displays the statistical distribution of grain
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Figure 4. Grain size distribution of (1-x)BST-xBMN ceramics, where x is: a) 0, b) 0.08, ¢) 0.12 and d) 0.20
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Figure 5. Dielectric constant and dielectric loss as functions of temperature at frequencies from 1 kHz to 1 MHz in
(1-x)BST-xBMN ceramics, where x is: a) 0, b) 0.06, c¢) 0.08, d) 0.12 and ¢) 0.20

sizes for the (1-x)BST-xBMN ceramics, analysed using
Nano Measurer software, offering insights into the in-
fluence of varying BMN content levels. The average
grain sizes for the (1-x)BST-xBMN ceramics were ap-
proximately 5.53 um for x = 0, decreasing to 1.17 um
for x = 0.12 and slightly increasing to 1.29 pm for x =
0.20. The reduction in grain size is primarily attributed
to the lower sintering temperatures and a decrease in
oxygen vacancies [20]. A slight increase in grain size,
from 1.17pum to 1.29 um, was observed as the BMN
concentration increased from 0.12 to 0.20. This increase
is due to the enhanced liquid phase formation during
sintering at higher BMN levels, facilitating grain growth
[33]. The liquid phase plays a dominant role in the sin-
tering process. Furthermore, SEM observations support
the XRD findings, revealing no evidence of a secondary
phase.
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3.2. Dielectric and ferroelectrics properties

The temperature-dependent dielectric properties of
the (1-x)BST-xBMN (x = 0-0.20) lead-free ceramics
across various frequencies are depicted in Fig. 5. The
addition of BMN to BST led to a rapid decline in
the characteristic dielectric peaks and a significant de-
crease in the maximum dielectric constant. Further-
more, the Curie peaks shifted to lower temperatures and
broadened, suggesting a transition from conventional
ferroelectric behaviour to a more diffuse and disper-
sive relaxor-like behaviour. The occurrence of diffusion
phase transition and frequency dispersion demonstrates
that BMN modified BST ceramics exhibit typical relax-
ation behaviour, which is due to the occupation of sim-
ilar positions in the crystal by different cations, result-
ing in the destruction of the long-range ordered structure
of ferroelectrics [34,35]. In (1-x)BST-xBMN ceramics,
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Figure 6. P-E loops (a) and P,, P, and AP (b) of (1-x)BST-xBMN ceramics (x = 0-0.20) at the electric field of 150 kV/cm
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Ba®* and Sr?* at the A site were replaced by Bi**, while
Ti** was replaced by Mg?* and Nb>*, leading to lattice
structure distortion and local charge imbalance, which
results in PNRs that participate in relaxation behaviour.
The XRD results reveal pseudocubic phase character-
istics in the x > 0.06 composites, which are consistent
with the observed relaxor-like behaviour. The pseudocu-
bic phase indicates a structural complexity and inhomo-
geneity within the material, which can facilitate the for-
mation of nanodomains and contribute to the diffuse and
dispersive nature of the dielectric response [32]. This re-
laxor behaviour is analogous to that observed in other
BaTiO;-BiMeO, systems [11] and is attributed to the
enhanced combined effect arising from the substitution
of Mg?*/Nb>* at the Ti-site and Bi*" at the Ba/Sr-site.

To assess the energy storage density of the BMN-
substituted specimens, hysteresis loops were acquired
for the (1-x)BST-xBMN ceramics (x = 0-0.20) sintered
at their respective optimal temperatures at a constant
electric field of ~150kV/cm, 10 Hz and ambient tem-
perature (Fig. 6). Hysteresis loops with a high P, were
observed for the samples with x = 0. For x > 0.06,
P-E loops became progressively slimmer and more lin-
ear, indicative of paraelectric behaviour likely due to the
increased cation disorder from Bi** substitution at A-
sites and Mg?*/Nb>* at B-sites. Ionic size and charge
variations weakened long-range dipole interactions due
to the local polar distortions in nanoregions [19]. The
formation of discrete PNRs stems from weak inter-
cluster coupling, a consequence of compositional non-
uniformity and charge variance, crucial for relaxor be-
haviour [36]. P, decreased with higher BMN concen-
trations.

Fundamental principles dictate that the energy den-
sity and efficiency of dielectric ceramics are quantified
by established equations [37]:

Poax
W= f E-dpP 5)
0
P
Whee = f E-dpP (6)
P,
Wiee
n= W - 100% 7

where W, W,,. and n signify the energy storage density,
recoverable energy storage density and energy storage
efficiency, respectively, E symbolizes the applied elec-
tric field, while P, and P, denote the remanent and
maximum polarizations, respectively.

Values of W, W,,. and n, calculated for all samples
using Eqgs. 5-7, are shown in Fig. 7. n and W, initially
decreased and increased as BMN content rose from 0
to 0.12. At a BMN concentration of 0.12, n peaked at
92.7%. Energy storage density (W) declined with in-
creased BMN amount. On the other hand, W,.,. was
slightly higher at x = 0.08 compared to x = 0.12 (1.392
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Figure 7. W, W,,. and 7 at the electric field of 150 kV/cm of
(1-x)BST-xBMN ceramics (x = 0-0.20)

vs. 1.129J/cm?). Thus, n and E;, were more favourable
atx=0.12(n=90.2%, E, = 250kV/cm) than at x = 0.08
(n=85.1%, E;, = 200kV/cm), enhancing energy storage
capability. This enhancement of properties is attributed
to the beneficial effects of BMN which enhances the
structural distortion due to the lone-pair electrons on
Bi** and the ferroelectrically active Mg>* and Nb>*, and
to the enhanced relaxor behaviour arising from the in-
crease of the local disorder and nanodomains effect.

To rigorously evaluate the applicability of the
0.88BST-0.12BMN ceramics in practical energy stor-
age, the dependence of its energy storage properties on
frequency, temperature and electric field is presented
in Fig. 8. Figure 8a illustrates the P-E loops of the
0.88BST-0.12BMN at an electric field of 100kV/cm
and room temperature over a frequency range of
1-100Hz, exhibiting minimal frequency dependence.
P,.ax, P, and AP exhibited a little change within a fre-
quency range of 1-100Hz (Fig. 8c). Correspondingly,
the calculated W, (1.101 to 1.193J/cm?®) and 717 (88.3%
to 94.4%) remain stable within a frequency range of 1-
100Hz (Fig. 8b). Notably, at the investigated tempera-
tures, a slender P-E loop is observed, with both P,
and P, exhibiting a marginal decrease as the tempera-
ture increases. As depicted in Fig. 8e, the calculated en-
ergy storage parameters of the 0.88BST-0.12BMN re-
veal that W,,. ranges from 1.096 to 1.176 J/em? and n
remains high, between 90.5% and 92.5%, across a broad
temperature range. These findings imply that the er-
godic relaxor phases remain stable within the measured
temperature intervals [38]. Figures 8g and 8i respec-
tively illustrate the P-E loops and the values of P,
P,, and AP (P4 — P,) at 10Hz and room tempera-
ture under different electric fields. It is evident that P,,,,
and AP significantly increase as the electric field am-
plitude is augmented. Concurrently, a minor rise in P,
suggests that elevating the applied electric field notably
enhances W,,. while maintaining a high . To substanti-
ate this observation, Fig. 8h presents the computed en-
ergy storage metrics of W, W, and n for the 0.88BST-
0.12BMN under different electric fields. It is observed
that the W, significantly increases, ranging from 1.110
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Figure 8. P-E loops (a,d,g), W, W,,. and 7 (b,e,h) and P, P, and AP (c,f,i) for 0.88BST-0.12BMN ceramics at different
frequencies (a,b,c), temperatures (c,d,e) and electric fields (g,h,i)

to 2.504J/cm?, while there is a slight reduction in 7,
from 92.7% to 90.2%, correlating with an increment
in electric field strength from 150 to 250kV/cm. This
finding confirms that the 0.88BST-0.12BMN exhibits
high W, and consistently high n within medium elec-
tric field ranges.

IV. Conclusions

This study focuses on synthesizing lead-free
(1-x)BST-xBMN ceramics using conventional solid-
state method, assessing their crystallographic phases,
microstructures, dielectric properties, and energy
storage capabilities in detail.

X-ray diffraction has confirmed the complete inte-
gration of BMN into the BST matrix. (1-x) BST-xBMN
ceramics presented highly diffuse dielectric peaks and
temperature-stable dielectric constant over a tempera-
ture range from —100 to 200 °C for different x values.
The addition of BMN results in the reduction of grain
size. This alteration significantly enhances the electric
breakdown strength (E}) to 250kV/cm, and achieves a
recoverable energy storage density (W) of 2.504 J/cm?
with an efficiency (1) of 90.2% at x = 0.12. The ceramics
exhibit remarkable frequency and temperature stability,
enhancing their suitability for advanced energy storage
systems. These findings emphasize the enhanced energy
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storage properties of ceramics, underscoring their po-
tential for application in sophisticated energy storage
systems.
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