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Abstract

In this investigation, MgO-doped BaTiO; (BT) ceramics were prepared by a conventional solid-state sintering method.
Perovskite-structure was identified by an X-ray diffraction method. Relatively high volume density and relative density were
achieved with appropriate MgO contents. With MgO doping, the temperature stability of the dielectric constant of BT samples
was drastically improved when the temperature is below their Curie temperatures. It is very interesting that both the energy
storage density and breakdown electric field are enhanced by MgO doping compared to that of undoped BT. Particularly,
a high energy storage density (W,) of 0.9 J/cm?® can be achieved at 130 kV/cm with a high energy storage efficiency (17) of
73.3% in 0.25 wt% MgO doped composition. The detailed investigation and analysis can be found in the study.

1 Introduction

In the past decades, dielectric ceramic materials have
attracted much attention because of their large dielectric
constant and rapid charge and discharge rates, which makes
them suitable for the potential applications in pulse power
capacitors as the capacitive components [1-15]. Among the
dielectric ceramics, ferroelectric ceramics have been exten-
sively investigated for the potential pulse power capacitors.
Generally speaking, an excellent candidate of ferroelectric
ceramics for the aforementioned application must possess
large saturated polarization (P,), small remnant polariza-
tion (P,) and high breakdown electric field strength (E)
simultaneously, based on the characteristics of polariza-
tion—electric field (P—E) hysteresis loops [16]. On one hand,
since Pb(Mg,;Nb,,3)O; as the relaxor ferroelectric system
was first reported [17], a lot of excellent performances have
been discovered in Pb-based relaxor ferroelectrics. On the
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other hand, according to the theory the relaxor ferroelectrics
can fulfil the aforementioned requirements such as large P,,
small P, and high E,, they have hence been widely inves-
tigated potentially as the pulse power capacitors. Unfortu-
nately, due to the environment and human health concerns,
lead-free relaxor ferroelectrics have attracted a lot attention
in the past decade [13, 18-23]. Most recently, perovskite
structural lead-free (1 —x)BT-xBi(Me)O; (Me=Mg, Nb, Sc,
Zn, Ti, etc.) solid solutions have become a research topic
since their very excellent relaxor nature, especially the excel-
lent performance in energy storage [6, 9, 13, 24-26]. For
instance, energy storage densities of 1.13 J/cm® and 1.81 J/
cm® were reported in 0.9BaTiO,—0.1Bi(Mg,,;Nb,3)05 [9]
and 0.88BaTiO;—0.12Bi(Mg, ,Ti,,,)O5 [8] systems, respec-
tively. It is known that the (1 —x)BT—xBi(Me)Oj; systems are
not easy to synthesis because of the difference in sintering
temperatures between BT and Bi(Me)O;. Hence, a simple
relaxor system with better densification condition would be
very attractive in the energy storage applications, which will
benefit the manufacture.

Until now, the effects of MgO dopant on the microstruc-
tures and dielectric properties have been investigated and
reported by several research groups [27-30]. Unfortunately,
the energy storage properties in this system are still lacking.
Hence, we try to introduce MgO into BT ceramics in the
current paper, and the energy storage properties were inves-
tigated. The detailed results are demonstrated and discussed
in the current paper.
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2 Experimental procedure

Conventional electroceramic preparation route was
employed to fabricate BaTiO;—x wt% MgO (x=0, 0.25,
0.5, 0.75, 1 and 3) ceramics using BaTiO; (Sinocera Bar-
ium Titanate, 99%, Shandong) and MgO (Aladdin, 99.99%,
Shanghai) powders as the raw materials. The powders with
appropriate ratio were ball-milled in alcohol for 24 h. Pow-
ders after drying with 5 wt% PVA were die-pressed to obtain
the small green compacts with a diameter of 10 mm. The
green samples were debinded at 500 °C in air, and fired at
various sintering temperatures from 1300 to 1460 °C for
2 h. The densities of the sintered ceramic samples were
measured by the Archimedes’ method. X-ray diffractometer
(6100, Shimadzu, Japan) with monochromatic Cu Ka radia-
tion was utilized to check the phases with 20 ranging from
20° to 70°. Scanning electron microscope (JSM 6610, Jeol,
Tokyo, Japan) was employed to observe the fractured surface
of the ceramic samples. Electrodes were made on each side
of the sintered ceramics for electrical properties measure-
ment. The temperature-dependent dielectric properties were
measured at various frequencies from room temperature to
175 °C using a LCR meter (E4980AL, Keysight, USA). The
polarization—electric field (P—E) hysteresis loops under dif-
ferent temperatures were carried out with a Sawyer—Tower
circuit (TF analyzer 2000E, aixACCT, Aachen, Germany)
under 10 Hz within an environmental chamber.

3 Results and discussion

The XRD patterns at room temperature of the MgO-doped
and undoped BT ceramic samples are exhibited in Fig. 1.
When the 20 ranging from 20° to 70°, all the samples show
a single perovskite-structure without any second phase.
As displayed in Fig. 1, all the diffraction peaks are all
indexed clearly. So it can be observed that for undoped
BT, a tetragonal phase is identified as suggested by the
strong peak splitting at the 20 around 45°. In contrast,
for the MgO-doped BT samples, the peak splitting at the
20 around 45° cannot be detected, so a cubic symmetry
is suggested by the XRD patterns, also implying that the
lattice distortion has been decreased drastically. Jeong
and Han doped Mg ion in BT to replace Ti ion, and they
obtained Ba(Ti,_,Mg,)O;_, ceramics [28]. In their work, it
has been found that introducing Mg into the BT would still
keep the tetragonal symmetry for BT. Especially, when
the addition of Mg ion exceeds 2%, a second hexagonal
phase was formed. Unfortunately, in our case, it seems that
with extra MgO in stoichiometry BT, the transition of the
structures is different from that of Jeong and Han’ work.
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Fig.1 Room temperature X-ray diffraction patterns for ceramics with
different MgO contents from 20° to 70°
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Fig.2 Volume density and relative density as a function of MgO dop-
ing content

The volume density and relative density as a function of
MgO content are exhibited in Fig. 2. It is clear that both the
volume density and relative density are increased effectively
with MgO addition, and the highest value is achieved at the
composition with 0.5 wt% MgO. Further increase of MgO
leads to a decrease of density. Figure 3 shows the SEM pho-
tos and it reveals that the undoped BT has polygonal grains
with an average grain size around 10 um. In contrast, in
the 0.25 and 0.5 wt% MgO doped samples, irregular grain
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Fig.3 SEM images of MgO-doped and undoped BT ceramics. a x=0, b x=0.25, ¢ x=0.5,d x=0.75, e x=1and f x=3

boundaries are observed, as shown in Fig. 3b, c, indicating
that liquid phase appears during sintering in these composi-
tions. It is known that with the assistance of liquid phase
during densification, high volume density and relative den-
sity can be achieved. However, with further increasing the
MgO content, the grain growth is inhibited and densification
becomes difficult, resulting in a relatively loose structure.
This might be the reason for the decrease of volume density
and relative density of the compositions with higher MgO
concentrations.

Figure 4 shows the dielectric properties of the sintered
ceramics as a function of temperature determined at various
frequencies from room temperature to 200 °C. A typical
dielectric peak at the temperature of 130 °C can be observed
in Fig. 4a, which suggests a first order ferroelectric to parae-
lectric phase transition, and is also in good agreement with
previous report [31]. The corresponding dielectric loss also
exhibits an anomaly at a similar temperature. Moreover, once
the MgO is introduced into the BT system, the dielectric
constant at the peak decreases rapidly from 10,000 to 2300.
Because the ionic radius of Mg?* (0.72 A)is very close to
that of Ti** (0.64 A), it is highly likely that Mg?* ions will
substitute for Ti** to generate B-site acceptor doping behav-
ior. The presence of Mg acceptor defects in BaTiO; ceramics
leads to the formation of cubic structures, as indicated in the
Fig. 1. The cubic symmetry implies that the lattice distortion
has been decreased. It finally leads to the decrease of the die-
lectric constant. However, this change of dielectric constant
is beneficial to the improvement of temperature stability,
which is very consistent with previous reports. Regardless
of doping concentration, the 7 of these MgO-doped BT

samples is always around 128—130 °C. When the tempera-
ture decreases from 7. to room temperature, the decrease
of dielectric constant is not as obvious as that in pure BT
samples. A relatively low dielectric constant around 1800 is
observed in 0.25, 0.5 and 0.75 wt% MgO doped composi-
tions. Moreover, with further increase of MgO, the dielectric
constant is increased to around 2200 and 2000 for 1 and
3 wt% MgO doped samples, respectively. Therefore, based
on the comparison with pure BT, MgO doping has shown
obvious effect on peak broadening and depressing, which
is consistent with the aforementioned analysis. Especially,
M¢gO doping is effective to flat the dielectric constant below
their 7~ compared with pure BT. This feature is completely
different from the features observed in relaxor ferroelectrics,
where broad dielectric peaks with strong dielectric disper-
sions are observed at the same time [20, 32-34].

Beside the variations of the dielectric properties, the P—E
hysteresis loops of the prepared samples also show obvious
variations with respect to the MgO content. As shown in
Fig. 5a, typically square P—E hysteresis loops are observed in
undoped BT. A P, of 31.5 uC/cm? and a E, (coercive field)
around 5 kV/cm are observed at the maximum electric field
of 100 kV/cm. However, the large hysteresis in the P—E loops
makes BT not suitable for energy storage application, since
a large hysteresis would lead to a large energy loss [16]. It is
very interesting that with introducing MgO into BT, the cor-
responding P—E loops become slants. Both the P, and E, are
decreased as the MgO content increased, accompanying with
a large decrease of the hysteresis in P—E loops. The shapes
of these hysteresis loops for MgO-doped BT are very simi-
lar to those for relaxor ferroelectrics, although their dielectric
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Fig.4 Dielectric constant and dielectric loss as a function of temperature measured at various frequencies from room temperature to 200 °C. a
x=0,bx=0.25,¢x=0.5,dx=0.75,e x=1and fx=3

properties show obvious differences [20, 32, 35, 36]. In 0.25  MgO doping belong to the paraelectric phases rather than fer-
wt% MgO doped composition, the E, is increased to 130 kV/  roelectric phases, which will directly decrease the ferroelectric
cm, which is nearly 30% increase compared to that of undoped ~ properties of the BaTiO, samples.

BT. The reason is very clear the cubic structures formed by

@ Springer



Journal of Materials Science: Materials in Electronics (2018) 29:18859-18867

18863

Fig.5 Room temperature (a) 40
polarization—electric field (P-E) < x=0
hysteresis loops measured at g 20
different electric field strengths. I3)
ax=0,bx=025¢x=05,d 2
= — — c
x=0.75,ex=1and fx=3 % 120 -60 60 120
N
5
)
o
-40
Electric field (kV/cm)
(d) 40
& x=0.75
2 20
Q
=
C
kel
©
N
& -20
[e)
o
-40

Electric field (kV/cm)

With the P-E hysteresis loops, the energy storage density
(W,) and energy storage efficiency # can be calculated by the
following equations [37]:

Pmax
W, = / Edp, €))]
0
PV
Wy =~ / Edp. @
Pmax
W
n= Wd x 100%, 3)

c

where P, and P, stand for the maximum polarization and
remnant polarization, respectively. Figure 6a shows the W,
of MgO-doped BT ceramics as a function of the electric
field. For undoped BT, a maximum W, around 0.39 J/cm? is
obtained at an electric field of 100 kV/cm. In contrast, even
at the same electric field, MgO-doped BT ceramics show
superior W, (0.66 J/em?) over that of undoped BT. It is very
interesting that the 0.25 wt% MgO doped ceramic shows a
high W, of 0.9 J/cm? at an electric field of 130 kV/cm. The
n as a function of electric field for MgO-doped BT ceram-
ics is also shown in Fig. 6b. For the undoped BT, the 7 is
around 38-53% when the electric field is increased from 10
to 100 kV/cm. While, the # of the MgO-doped ceramics is
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enhanced effectively. At small electric field (10 kV/cm), a
high n (above 85%) is observed in all doped compositions.
Even the field is increased to 130 kV/cm, the 7 of 0.25 wt%
MgO-doped composition is still around 73.4%, indicating
a high energy storage efficiency. Figure 6¢ exhibits the W,
and # values at different electric fields. At an electric field
of 20 kV/cm, the W, seems independent with the electric
field. However, at higher electric field, such as 80 kV/cm,
the maximum W, (0.5 J/em?) can be observed in both 0.25
and 0.5 wt% MgO doped compositions. Meanwhile, the
maximum 7 (80%) is also obtained at the same composi-
tions, implying that these compositions possess the superior
energy storage properties over other compositions. Although
the dielectric and ferroelectric properties are not enhanced
for MgO-doped samples, the energy storage properties are
effectively improved. It can be explained by the following
part. According to Eq. (1), large dielectric constant (P,,,,)
and small E, are not enough to obtain a high energy storage
density. Oppositely, proper dielectric constant and strength
of electric fields can lead to better energy storage density.
When MgO was doped into BaTiO;, the dielectric constant
was decreased, but it can match well with the increased
strength of electric fields, finally leading to the improved
energy storage density. Moreover, the doping of MgO results
in the decrease of dielectric loss, which contributes much to
the improvement of energy storage efficiency.

Figure 7 shows the P—E hysteresis loops as a function of
temperature of the obtained BT ceramics. For the undoped
BT, its P—E loops become slim at first, and then broaden
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when the temperature is more than 125 °C. According to the
literature, it is likely that when the temperature increases, the
long-range order in ferroelectric phase would be disturbed,
and thus results in a decrease of polarization [16]. That
is why P-FE loops become slim as temperature increases.

@ Springer

When the temperature is beyond 7, the P—E loops normally
become slimmer according to previous reports. However,
as shown in Fig. 7a, the broadening of the P—F loops must
be correlated to a conductive contribution [38, 39], which
increase the dielectric loss at high temperature. Moreo-
ver, it is very interesting that although the P, ,, and P, are
decreased greatly, the temperature stability of the P—E loops
in all MgO-doped compositions is effectively enhanced.
Even the temperature is increased up to 200 °C, the P,
shows a little variation with respect to the temperature.
Of course, the increase of P, at high temperature region
(about 125 °C) is due to the same mechanism as indicated
in undoped BT ceramic.

Figure 8 shows the W, and 7 as a function of tempera-
ture from 25 to 200 °C measured at various electric fields
for undoped and doped BT ceramics. In general, for com-
mercial electronic devices, the working temperature is
normally below 125 °C. The W, and 7 of the undoped
BT samples vary from 0.15-0.22 J/cm® and 45.6-60.7%,
respectively, when the temperature increases from 25 to
125 °C with an electric field of 50 kV/cm. In contrast,
in all MgO doped compositions, the variation of W, and
n is smaller than that of undoped BT. For example, the
W, and 5 of 0.25 wt% MgO-doped BT from 25 to 125 °C
are 0.23-0.26 J/cm® and 85.6-87.5%, respectively. These
characteristics suggest that MgO doped BT ceramics can
be considered as potential materials for energy storage
capacitors.

4 Conclusions

In summary, the lead-free xMgO-doepd BaTiO; (BT) with
x=0, 0.25%, 0.5%, 0.75%, 1% and 3% ceramics were pre-
pared by a conventional electroceramic fabrication process.
Single phase perovskite-structure for all studied composi-
tions was identified by an X-ray diffraction method. With
introducing the MgO into BT, the temperature stability of
the dielectric constant was improved drastically when the
temperature is below their Curie temperatures; while the
Curie temperatures of these compositions are independent
to the MgO doping. A high W, of 0.9 J/em? and 5 of 73.3%
can be achieved at an electric field of 130 kV/cm within
0.25 wt% MgO doped BT samples. The temperature depend-
ent W, and 7 at different electric fields were also evaluated.
Highly stable W, and # below the Curie temperature demon-
strate that the MgO-doped BT ceramics can be a very useful
material for dielectric capacitors for potential applications.
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