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ABSTRACT

Lead-free BaggsCag.15Z10.10110.0003 (BCZT) ceramic with different BaO-Na,O-
Nb,Os-WO3;-P,05 (BNNWP) glass contents, forming (1-x)BCZT-xBNNWP
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27 April 2023 lead-free ceramics (abbreviated as BCZTx; x = 0, 2, 4, 6, and 8wt%) were syn-
thesized using the conventional solid-state processing route. The XRD investi-
© The Author(s), under  gation shows the coexistence of tetragonal and orthorhombic phases in BCZT

pure. Likewise, only the tetragonal phase was detected in BCZTx (x = 2-8 wt%)
ceramics. The SEM findings indicate that the average grain size decreases as the
amount of BNNWP glass additives increases. In addition, BCZT ceramics
modified with glass additions showed narrower hysteresis loops and a large
electric field. The BCZT4 showed the highest recovered energy density of 0.52 J/
cm? at 135 kV/cm with an energy storage efficiency of 62.4%, which is increased
by 6.6 compared to BCZTO (0.075 J/cm?). The energy density was also calcu-
lated using the Landau-Ginzburg-Devonshire (LGD) theory.
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and better thermal stability are required in modern
electrical and electronic equipment [3, 4]. The fun-

1 Introduction

Pulse power technology has found significant appli-
cation in electron beam, nuclear technologies, hybrid
electric cars, and medical defibrillators. As a result of
fast industrial development, it has continuously
progressed into industrial and civil fields [1, 2].
Capacitors with higher storage density, faster charge-
discharge rate, higher breakdown strength (BDS),

damental obstacle to their use in electrical and high
power systems is their poor energy density [5, 6]. The
energy storage density is affected by the material’s
dielectric constant and the electrical breakdown
resistance [7, 8]. Dielectric ceramics have a compar-
atively high dielectric constant and a low breakdown
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strength when compared to other energy storage
materials [3, 9].

Dielectric materials based on BaTiO; have been
widely investigated for energy storage systems due
to their high constant dielectric and low dielectric
loss [10-13]. Numerous recent research have dis-
cussed the impact of Ca®* and Zr** substituting for
Ba®" and Ti*" in BaTiO; ceramics to form Baggs.
Cag 15219 10Tip 0903 (BCZT) ceramic. The results show
that BCZT shows interesting piezoelectric and
dielectric properties due to the closeness to mor-
photropic phase boundary (MPB) [14-16]. Unfortu-
nately, pure BCZT ceramic displays low breakdown
strength and low energy efficiency, resulting in poor
energy storage properties and restricting its usage as
an energy storage device. Hence, numerous
researchers have developed several methods to
enhance the BDS of ceramics in order to ensure suf-
ficient energy storage performances [17-19]. The
findings reveal that these drawbacks can be over-
come by modifying the microstructure and the
chemical composition of the ceramics. For instance,
by adding additives like oxides and glasses to the
dielectric ceramics one can considerably hence the
breakdown strength (BDS) and hence improve the
energy efficiency [4, 9, 20]. The addition of glass can
significantly increase the breakdown resistance of
dielectric ceramics. An appropriate amount of glass
liquid phase will promote the rearrangement of grain
microstructure, decreasing the sintering temperature
and densifying the ceramics [4, 21].

Recent literature investigations found that BCZT
ceramics modified by glass addition presents
improved energy storage and BDS. Among various
reported glass systems, B,O3-5i0,-based glasses such
as B,03-AlL03-5i0,, BiO3-B,05-5i0,, and BaO-
B,O3-ZnO present the particular interest [2, 22, 23].
The BDS of BCZT ceramics with glass additions was
greatly improved by decreasing the grain size and
densifying the microstructure [2, 22]. However, a
little number of researches was allocated to use
phosphate glass with a low melting temperature
compared to the SiO, and B,O; glasses [24, 25]. In
addition, phosphate glasses exhibit a simple compo-
sition and good glass-forming ability [26].

In this work, BaggsCag15Zr0.10T10.9003 (BCZT)
ceramics with phosphate glass BaO-Na,O-Nb,Os—
WO;3;-P,05 (BNNWP) addition were synthesized
using the conventional solid-state technique. The
effect of BNNWP glass addition on dielectric and
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energy storage performances of BCZT ceramics was
studied. The main objective is to obtain (1-x)BCZT-
xBNNWP ceramics with enhanced energy storage
properties. Furthermore, the energy storage densities
were calculated wusing the Landau-Ginzburg-
Devonshire (LGD) phenomenological theory. The
modeling result confirms the experimental finding
for BaTiO3;-BaSnO; as described by Yao et al. [27].

2 Experimental procedure

2.1 Synthesis of (1-x)BCZT-xBNNWP
ceramics

A series of (1-x)BCZT-xBNNWP ceramics (BCZTx,
x=0, 2, 4, 6, and 8wt%) designated as BCZTO,
BCZT2, BCZT4, BCZT6, BCZT8 were synthesized via
the conventional solid-state technique. Meanwhile,
BCZT powders and BaO-NayO-Nb,Os-WO;-P,05
glass were prepared according to our previous works
[16, 26]. For BCZTx formation, both powders were
weighed according to the nominally (1-x) BCZT-
xBNNWP composition and then milled in an agate
mortar with ethanol. Subsequently, the obtained
powders were formed into 13 mm discs and sintered
in air for 7 h at temperatures between 1300 and
1250 °C. The BCZTx ceramics were sintered at tem-
peratures with the highest bulk density. The appro-
priate sintering temperature corresponds to the
highest density and the value is 1350 °C, 1300 °C,
1275 °C, 1250 °C, and 1250, respectively, when x = 0,
2,4, 6, and 8wt%.

2.2 Characterizations

The phase structure of BCZTx ceramics was analyzed
by the X-ray diffraction(XRD, PanalyticalTM X-Pert
Pro  spectrometer) using CuK, radiation
(4 ~ 15406 A). The density (d) of the BCZTx was
measured at room temperature by Archimedes
method. Scanning electron microscope (SEM, Tescan
VEGA3) was used to examine the morphology of
BCZTx ceramics. For electrical measurements, sin-
tered ceramics coated with a silver paste form elec-
trodes. The dielectric properties were measured by
using an impedance analyzer (LCR meter hp 4284A
20 Hz-1 MHz). The polarization—electric field (P-E)
hysteresis loops of a BCZTx ceramics with a thickness
of 0.25 mm were investigated with the CPE1701,
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PolyK, USA, with a high voltage power supply (Trek
609-6, USA).

3 Results and discussions
3.1 Phase structure evolution

Figure 1 depicts the XRD patterns of BCZTx ceram-
ics. The prepared ceramic BCZTO reveals the coexis-
tence of tetragonal (T) and orthorhombic (O) phases.
The splitting of the peaks at 20~44-46° confirms the
quadratic phase’s existence [16, 28]. Moreover, the
formation of the BCZT sample at the Morphotropic
Phase Boundary (MPB) is evidenced by the presence
of the triplet (022)5/(200)1/(200)o around 20~ 45° as
reported in our previous work [16]. However, the
MPB disappears after the BNNWP glass addition.
BCZT glass-modified only shows the existence of
tetragonal phase. This indicates that combining the
glass phase with the BCZT structure results in the
formation of the tetragonal phase instead of the
coexisting of two phases (O and T). It seems that the
introduction of the glass inhibits the crystal growth of
the orthorhombic structure and promotes the trans-
formation of the O phase into the more stable T
phase. Additionally, the peak intensity of secondary
phases (o) increases as the glass content rises.
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3.2 Microstructure analysis and density

Figure 2 illustrates SEM micrographs of BCZTx ce-
ramics. The inclusion of small amounts of BNNWP
glass reduces the average grain size of BCZTx ce-
ramics. It decreases from 6.4 to 1.25 um when x in-
creases from 0 to 8wt%. This decrease could be
attributed to the BNNWP liquid glass phase acting as
an inhibitor of grain growth and grain boundary
migration [2, 21, 29]. In addition, this reduction in
grain size could be beneficial in increasing the com-
pactness of ceramics. Moreover, the fine grain size
and highest density could improve the breakdown
strength, required for high-energy storage density
[4, 9]. Accordingly, the addition of glass enhances the
densification of BCZTx ceramics, as shown in Fig. 3.
The liquid BNNWP glass at high temperature
decreases the sintering temperature and increases the
density of BCZTx ceramics. The average relative
density of samples is between 93 and 97% of the
theoretical maximum density, indicating the
improvement of the material density and the reduc-
tion of pores.

3.3 Dielectric properties

Figure 4 displays the temperature dependency of the
dielectric constant (¢,) of BCZTx ceramics at various
frequencies. Table 1 provides the dielectric properties
obtained for all the ceramics. BCZTx ceramics exhibit
two distinct polymorphic phase transitions that cor-
respond to the orthorhombic—tetragonal (O-T) and

Fig. 1 XRD patterns of
BCZTx ceramics
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Fig. 2 SEM images of BCZTx ceramics

tetragonal-cubic (T-C) transitions. The dielectric
peak temperature of the O-T phase transition (To.t)
is about 35.0, 24.7, 22.3, 23.4, and 29.5 °C for BCZTO,
BCZT2, BCZT4, BCZT6, and BCZT8 ceramics,
respectively. In addition, the Curie temperature (T,)
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depends significantly on the glass content. The T,
drops from 92 to 63 and then increases to 86, 84, 80 °C
as the glass content rises from 0 to 2, 4, 6, and 8 wt%,
respectively. The drop in Tc may be ascribed to the
transition from a long-term to a short-term order [30],



] Mater Sci: Mater Electron (2023) 34:1051

55 98
5.4
- 96
53 9
ng =
S 529 7]
2 {94 §
= °
0
s 517 2
o ©
492 ©
5.04 o
494 *®
T T T T T a0
0 2 4 6 8
x(wt%)

Fig. 3 Density of BCZTx ceramics

which promotes the generation of polar nanoregions
(PNRs) [31] and the internal clamping originating
from the existence of an immobile non-ferroelectric
glass phase[32]. For instance, the value of the ¢, at T,
decreases significantly from 5400 for BCZTO to 524
for BCZT8 with increasing BNNWP glass ratio. In
addition, Table 1 indicates that the difference
between ¢, (1 kHz, Tc) and ¢ (1 kHz, 30 °C) for
BCZT ceramics decreases with increasing glass
addition. Hence, introducing the BNNWP glass
phase improves the thermal stability of the dielectric
constant which is advantageous for capacitor mate-
rials[33]. The temperature dependence of the dielec-
tric constant (¢,) of BCZTx ceramics at 1 kHz is
illustrated in Fig. 5. In addition, it is noticed that the
dielectric constant decreases gradually as the glass
content increases and the dielectric temperature
curves of BCTZ4 and BCTZ6 are almost coincided.
For instance, the dielectric constant of the pure BCZT
drops significantly from 2640 to 1587, 692, 630, and
488 for BCZT2, BCZT4, and BCZTS, respectively. This
behavior is associated with the dilution of the low e,
of BNNWP glass (¢, = 34) [22, 29]. In addition, this
decrease could be attributed to the ceramic’s grain
size reduction. It has been stated that smaller ceramic
grain size leads to a lower dielectric constant [4, 34].
Moreover, the similarity of the dielectric temperature
curves of BCTZ4 and BCTZ6 could be attributed to
the formation of similar bond defects and the
heterogeneous phase within these samples.

Figure 6 depicts the temperature dependence of
the dielectric losses (tan 6) of BCZTx ceramics at
1 kHz. A significant increase in tand is observed near
the O-T phase transition. This could be associated

Page 5 of 13 1051

with the increase in conductivity, the internal stress,
and space charge caused by the interface of BCZT
and glass phase [35]. Note that except for the BCZT2
composition, a small increase of tan J is noted beyond
40 °C. However, the values of the dielectric losses are
still low (< 0.15).

Figure 7 shows the frequency dependence of ¢, and
tand of BCZTx ceramics at room temperature. The
frequency evolution of ¢, reveals excellent dielectric
stability for all compositions except BCZTO and
BCZTS. Furthermore, tand decreases with increasing
the frequency in the range of 100 Hz-10 kHz. How-
ever, the evolution of tand remains stable in the fre-
quency range of 10 kHz-1 MHz. It is worth noting
that this result is beneficial for ceramics used in
electrical energy storage [22, 33].

3.4 Energy storage performances

Figure 8a—e illustrates the room temperature electric
field dependence of the P-E hysteresis loops of
BCZTx ceramics at 100 Hz. It is evident that BCZT
ceramics display typical ferroelectric behavior.
Additionally, the hysteresis loops get thinner and the
applied electric field increases as the glass content
increases. Furthermore, under the same electric field,
the polarization of the modified BCZTx ceramics is
less than that BCZTO because of the added BNNWP
glass’s low permittivity, as indicated by the dielectric
constant characteristics. Figure 8f displays the varia-
tion of the maximum polarization (P,,,), remnant
polarization (P,), and the maximal electric field (E, ;)
of BCZTx ceramics. It is noted that the P,,,, and E,,..
values of BCZTx ceramics increase to a maximum
and then decrease as the glass content increases.
Besides, P, value decreases steadily as glass content
increases. It is worthy to mention that the remnant
polarization of the ceramics coincides to the dielectric
constant’s variation. (Fig. 5). Despite the fact that the
dielectric characteristics deteriorate when more glass
is added, the drop in P, is critical for improving
energy storage density. This drop could be ascribed
to the formation of polar nanoregions (PNRs) as
observed in the behavior of the decrease of Tc. PNRs
have lower energy barriers and better thermal sta-
bility than typical ferroelectric domains, yielding in
thin P-E hysteresis loops with low P, and high
breakdown strength [31].

@ Springer
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Fig. 4 Temperature dependence of ¢, of BCZTx ceramics at the frequency range of 500-100 kHz

The energy storage performances of BCZTx ceram-
ics were determined from the recorded P-E hystere-
sis loops [26].

Figure 9 presents the evolution of W,,. and # as a
function of the applied electric field for all the sam-
ples. It can be seen that W, of BCZTx ceramics
increases as the applied electric field increases. This
indicates that the increase of the applied external
voltage can help to increase the recovered energy

@ Springer

density. However, a significant decrease in energy
efficiency was noted with this increase. This tendency
could be linked to the greater energy loss caused by
internal relaxation polarization in high electric fields.
Pure BCZT ceramic has a low energy efficiency when
compared to other ceramics. Nonetheless, adding the
glass improves the energy efficiency (n) of BCZTx
ceramics and keeps it at a higher level due to the
reduction of energy loss. For instance, it increases
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from 37% for BCZTO to 66.7% and 62.4% for BCZT2
and BCZT4, respectively.

Figure 10 presents the variation of Wiyss, Wi, and 5
as a function of the glass content for all the samples at
the maximum electric field. It is obvious that the
energy density rises and subsequently drops as the

Table 1 The dielectric constant and the peak temperatures of the
phase transitions of BCZTx ceramics

Sample To-r & T, Em

(°0) (30 °C, 1 kHz) §©) (1 kHz)
BCZTO 35 2640 92 5400
BCZT2 24.7 1587 63 1542
BCZT4 22.3 692 86 710
BCZT6 23 630 84 651
BCZTS 29.5 488 80 524
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Fig. 5 Temperature dependence of & of BCZTx ceramics at
1 kHz
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percentage of glass increases. It increases form 0.075
to 0.506J/cm®, 0521 J/cm?® 0.0884 J/cm®, and
0.0577 J/cm? for BCZTO0, BCZT2, BCZT4, BCZT6, and
BCZTS, respectively. The increase in W, is related to
the increase in the maximum applied electric field.
Likewise, it was enhanced substantially from 25 kV/
cm for BCZTO to 135 kV/cm for BCZT4, and then
decreases. However, BCZT6 and BCZTS8 ceramics
display a relatively large maximum electric field,
62 kV/cm and 57 kV/cm, respectively, compared to
pure BCZT ceramic. It is well known that a number of
variables, including porosity, grain size, the second
phase, sintering temperature, charge injection, and
interfacial polarization, have a significant impact on
the BDS of ceramics [36, 37]. By adding a glass, the
liquid phase develops between the grain boundaries
during the sintering of the ceramics, which favors the
microstructure densification and restrains the grain
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T = m BCZT 4
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Fig. 6 Temperature dependence of tand of BCZTx ceramics at
1 kHz
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Fig. 7 Room temperature frequency dependence of a ¢, and b tan 3 of BCZTx ceramics
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overgrowth, leading to dense ceramics with higher
BDS. The addition of glass to BCZT ceramics signif-
icantly refined the microstructure, as evidenced by
the SEM images. Previous research has suggested
that decreasing grain size improves BDS, as demon-
strated by the relation,Egps x G™°, where Epps is the
breakdown strength, G is the average grain size, and
c is a constant [38]. Furthermore, the glass-forming
phase at the grain boundary can aid to enhance the
BDS by preventing the grains from breaking at high-

@ Springer

applied voltage. One can notice that the BDS differ-
ences between the samples are so large and signifi-
cant. In fact, the BDS of BCZTx ceramics is suddenly
dropped from 135kV/em (x=4) to 60 kV/cm
(x = 6). Meanwhile, the BDS of BCTZ0 ceramics is
lower than 30 kV/cm. The enhancement of BDS was
associated with the decrease of the grain, the
improvement of homogeneous microstructure, and
the improvement in the density of BCZTx ceramics.
However, the decrease of BDS for BCZT4 and BCZT6
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could be associated to the decrease of the density of
samples and the formation of the impurity phase [39],
which is evident from Figs. 1 and 3. Moreover, this
degradation of BDS may be caused by the coarsening
of glass and formation of discontinuous grain
boundary precipitates in ceramics [35].

The optimum energy density is obtained for
BCZT4 ceramic with the highest maximal electric
field. It reaches 0.52 J/cm® at 135 kV/cm with an
energy efficiency of (1~62.4%), which is multiplied
by 6.6 compared to BCZTO the BCZTO (W, ~0.075 J/
cm®). As predicted, the addition of glass to
BCZTx ceramics can considerably increase the energy
efficiency and recoverable energy density.

Table 2 summarizes the ¢, W,,;, W,.., and # of other
glass-modified lead-free ferroelectric ceramics and
BCZTx samples at the high electric field. BCZT4

sample shows improved energy storage density than
other ceramics at room temperature, [40, 41]. Note
that a W, of 0.192J/cm® with an n of 78% was
achieved for Ba(Zrg,Tipg)O5-0.15(Bag,; Cag3)TiO3
ceramic [40]. Meanwhile, Wang et al.[22] reported a
large W, of 2.12 J/cm® and high n of 90.5% in
Baoig5C80415Zr0.1Tio_9O3/BizO3—B203—SiOz ceramic
under an applied electric field of 330 kV/cm.

3.4.1 Landau theory

Based on the Landau-Ginzburg-Devonshire (LGD)
phenomenological theory, more understanding of the
calculations of the energy density parameters (W,
Wi, ) can be obtained.

1 1
F = -aP* +-bP* — EP 1

7P+ : (1)
where a4 and b are quadratic and quartic factors,
respectively.

OF

In a state of equilibrium,5; = 0, which results in

E =aP + bP. (2)

The polarization dependence of electric field (E-P)
data can be fitted by Eq. (2), showing the validity of
the equation and enabling the extraction of the coef-
ficients a and b for each sample. For instance, these
latter @ and b coefficients are shown in Fig. 11 for
BCZT4 sample. According to the Landau model,
these a and b parameters are significant for energy
storage density [44] since they are involved in the
following expression:
0P 3

2 max

Pmﬂx
W= [ (aP+bP3)dp:1uP2
0

@ Springer
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Table 2 Comparison of the dielectric constant and the energy storage properties of BCZT ceramic with other BT-based ceramics modified

by glass addition reported in the literature

Samples & E iax Wior W,ee n Ref
(30 °C, (kV/ J/ J/ (%)
1 kHz) cm) cm’) cm®)
BCZT2 1587 100 0.758  0.506 66.7 This
work
BCZT4 692 135 0.834 0.521 624 This
work
Ba(Zr(,Tip g)O3—0.15(Bag 7Ca (3)TiO3—BaO—-SrO-TiO,—Al,03;—SiO,— 500 96 0.192  0.149 ~ 78 [40]
BaF,
Bay 9551905219 2 Tip 30 3-MgO—-CaO-Al,05-Si0, 1000 140 0.5 0.42 82.8 [41]
Bay 4Sr¢ Zrg 15Tip.g5 O3—SrO-B,03-Si0, 700 100 0.51 0.45 88.2 [42]
Bayg 95Cag 9521 3Tip 70— MgO—-CaO-Al,05— SiO, 1420 140 0.63 0.49 77.0 [43]
Bag g5Cag 152191 Tig.9O3 + B,03—-A1,03-Si0, 950 200 1.53 1.15 75 [2]
Bay g5Cag 15219 1 Tig 9O3—Bi03—-B,03-Si0, 895 330 2.34 2.12 90.5 [22]

Model ihyadn (User)
*x+b*x*3
120 4 Equation ~ a’x+!

Reduced 3.22634

Chi-Sqr
= Adj.R-Squa  0.9978
g Value Standard Er
I 80 a 25380  0.0378
i ED b 0.0468 3.12307E-4
o ——BCZT4
& ——Fit
=
Q
=
-
[&]
Qo
Ll

z T T T g T T T v T .
2 4 6 8 10 12 14

Polarization(uC/cm?)

Fig. 11 E-P hysteresis curves and the fitting parameters (2 and
b) during the discharge processes of BCZT4 sample

where P,,,, is the polarization at E,,;;x and a and b are
constant values. Equation (6) therefore tells us that
only three quantities completely govern the behav-
iors and values of the energy density, namely a, b,
and P,,,. Table 3 presents the parameter’s a and
b obtained and the experimental energy density (Wi,

@ Springer

and W) and theoretical energy density calculated
using Eq. (3).

4 Conclusion

Bag g5Cag 15219 1TigoO3 ceramics modified with the
BaO-Na,O-Nb,Os-WO;3-P,05 glass addition were
synthesized using the solid-state reaction technique.
The inclusion of glass results in smaller grain sizes
and a dense microstructure. The dielectric measure-
ments showed that the dielectric constant decreased
as the BNNWP glass content increases. Thin hys-
teresis loops with larger electric field were noticed for
modified BCZTx ceramics. The maximal electric field
of BCZT4 ceramic was remarkably improved for
almost five times with respect to the pure BCZT
ceramic. As a result, BCZT4 ceramic showed the
highest recovered energy density of 0.52]/cm® at
135 kV/cm with an energy efficiency of 62.4%. The
calculated theoretical energy densities from the Lan-
dau-Ginzburg-Devonshire (LGD) theory are com-
patible with the experimental findings.
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Table 3 The obtained
parameters (a and b), the Sample A(Wtot) b (Wtot) Wtot(exp) Wtot(th) Wrec(exp) Wrec( th) Hexp Nexp
Zigfnmsizzzl :ndart:;f;tr‘:al BCZTO 13275 0001448 0202 0173 075 070 37 403
W, gyw agndp ) BCZT2 2.65793 0.00681 0.758 0.721 0.50 0.492 66.72  68.2
recs Fltobs g BCZT4 8.95565 0.00878 0.803 0.782 0.52 0.512 62.4 65.47
BCZT6 14.51299 — 0.11058 0.165 0.160 0.84 0917 53.4 57.3
BCZT8  20.78449 — 0.39079 0.110 0.106 0.577 0.587 52.14 55.42

Importantly, the theoretical energy density parameters (W,.., Wiy, and ) calculated by the Landau

theory are in agreement with the experimental results
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