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Abstract

The substitution effect of Sr for Pb at A-site was studied for the purpose of energy storage density optimization in ANb,Og—NaNbO;—
SiO, (A=[(1—x)Pb, xSr]) glass—ceramic dielectrics. At the point of x=0.6, nanostructured glass—ceramics with the highest dielectric
constant (~600) and a relatively high breakdown strength (36.7 kV/mm) were acquired, resulting in the highest energy storage density
of 2.27 JJem?, which is twice higher than those of the end-products (i.e., x=0 and x=1.0).
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1. Introduction

Glass—ceramic dielectrics have long been considered as
the most promising candidate for energy storage capacitors
[1-3], with the synergistic effect of high permittivity (from
the precipitated ceramic phases) [4] and high breakdown
strength (due to the pore-free inherence) [5]. Titanates and
niobates based glass—ceramic dielectrics are the most
studied materials. As an important titanates based system,
(Ba, Sr)TiO3 based glass—ceramics can exhibit high dielec-
tric constant and high breakdown strength though the
addition of the other oxide and fluoride components [6,7]
and the adjustment of Ba/Sr [3] and Ba/Ti [8] ratios.
However, the acquired values of their energy storage
density calculated by polarization hysteresis measurements
are low [3,9]. Gorzkowski et al. found high dielectric
constant of ~1000 and high breakdown strength of
80 kV/mm, but low energy density of 0.3-0.9 J/cm® in
(Ba, Sr)TiO5 based glass—ceramics [3]. For another attrac-
tive system, niobates based glass—ceramics, such as
PbO—NazO—szOS—SiOZ [4,5], BaO—Nazo—Nb205—Si02
[10,11], SrO-K,0-Nb,O5-SiO; [11] and PbO-BaO-SrO—
Nb,Os-B,05-SiO, [12] glass—ceramics, have also been
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investigated widely. Some of these glass—ceramics are
believed to have a great potential to achieve high energy
density for promising applications.

Element substitution is a common and effective method
to improve the microstructure and dielectric properties of
dielectric ceramics [13,14]. The improvement of the dielec-
tric properties through element substitution can result in
the optimization of the energy storage density of the
dielectric ceramics. Fletcher et al. studied the energy-
storage behavior of the sintered (Ba, Sr)TiOj; ceramics
and found the adjustment of the substitution fraction of Sr
for Ba could optimize the energy density in the dielectrics
and that the highest energy density was usually achieved
when about 80% Ba was substituted by Sr [15]. Most these
kind of substitution work are focused on improving
dielectric properties of sintered ceramics. However, few
details have been reported on the effect of the element
substitution on the energy-storage behavior of glass—
ceramic dielectrics. It is believed that the similar work
upon glass—ceramics would bring them considerable
improvements on energy storage density.

In this paper, the element substitution effect of Sr for Pb
was systematically studied for the purpose of energy storage
density optimization in ANb,OgNaNbO;3 —SiO, (4=[(1 — x)-
Pb, xSr]) nanostructured glass—ceramics dielectrics. The dielec-
tric constant and the breakdown strength were used to
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describe qualitatively the energy density behavior. The above
dielectric performance was analyzed and discussed from the
point of view on the phase development and microstructural
evolution for different substitution fractions x of the final
nanostructured glass—ceramics.

2. Experimental procedures

The nominal composition of 10[(1—x)PbO — xSrO]-
20Na,O—40Nb,O5-30Si0, (x=0-1.0) was used in this
study, which was predicted to form (504ANb,O¢+
50NaNbO3)ceramic+(Sio2)glass (A=[(1—x)Pb, xSr]) glass—
ceramics. Analytical reagent grade powders of SrCO;
(=99.5%), Na,CO3 (>99.5%), PbO (>99.5%), Nby,Os
(=99.5%) and SiO; (= 99.5%) were well mixed and then
melted at 1400 °C for 3 h in platinum crucible to form
molten glass followed by quick-casting into a preheated
stainless steel mold to form glass bulks. The controlled
crystallization was carried out at 850 °Cfor 3 h to result in
the final nanostructured glass—ceramic dielectrics.

X-ray diffraction was performed on high-resolution X’Pert
PRO diffractometer using Cuk, radiation. Microstructural
observation was carried out using a transmission electron
microscope (TEM: JEOL 2010F, 200 kV). The dielectric
measurements were carried out on glass—ceramic sheets of
0.20-0.25 mm in thickness with Au electrodes sputtered on
both surfaces. The polarization was measured at room
temperature using a ferroelectric tester (RT6000HVA, Radi-
ant Technology, Albuquerque, NM). The dielectric constant
was carried out using an Agilent 4284 A precision LCR
meter (Santa Clara, CA). The DC breakdown strength was
measured using a combination of Tektronix AFG 3021
Arbitrary/Function Generator (Beaverton, OR) and Trek
Model 30/20 A high-voltage amplifier (Beaverton, OR). All
samples were immersed in silicon oil to prevent surface
flashover.
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3. Result and discussion

The P-E curves measured under a unipolar E up to
breakdown for all the samples are shown in Fig. 1(a). It is
seen that the glass—ceramics, especially for the samples
with the substitution fractions of x > 0.4 exhibit almost a
linear P-E relationship even at high electric field, indicat-
ing excellent electric field stability of dielectric constant.
This is mainly due to weak ferroelectric properties of
dielectric particles in nanometer size [16] and paraelectric
glass phase. Energy density (Fig. 1(b)) was estimated from
the P-E curves, by integrating the area enclosed within the
polarization axis and the discharged curve. The energy
densities for both the end-products at x=0 and x=1.0 are
0.872 J/em® and 0.988 J/cm®, respectively. The highest
energy density of 2.27 J/em® is found at x=0.6, which is
more than twice as high as those of the end-products.
Qualitatively, it is known that the energy density of a
linear dielectric material in electric field E is given by
Upp=1/2¢0e,E%p [5], indicating the stored energy density
(Ugp) 1s proportional to the dielectric constant (¢,) and the
square of breakdown strength (Egp).

Fig. 2 shows the substitution fraction x dependence of
dielectric constant (measured at 1 kHz) and breakdown
strength of the glass—ceramics. The dielectric constant
exhibits a parabolic relationship with the substitution
fraction x varying from 0 to 1.0 and the maximum
dielectric constant of ~600 is located near x=0.6. For
sintered Pb,_,Ba,Nb,Og ceramics [14], a similar relation-
ship between the dielectric constant and Pb/Ba ratio was
also observed due to the existence of MPB region near
y=0.63. In general, the dielectric performance could be
largely enhanced at a composition near the MPB region.
Thus, the maximum dielectric constant for x=0.6 is
obviously related to the MPB phenomenon in the crystal-
lized tungsten—bronze particles. The powder x-ray diffrac-
tion (XRD) data for the glass—ceramics are shown in
Fig. 3. As can be seen, besides the perovskite NaNbOj;
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Fig. 1. (a) P—E curves measured under a unipolar E of 10 Hz up to breakdown for samples crystallized at 850 °C for 3 h. (b) Energy storage density as a

function of substitution fraction x of the glass—ceramics.
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phase found to exist in all composites, tungsten—bronze
AND>Og¢ (A=[(1—x)Pb, xSr]) is another principal dielectric
phase. When the substitution fraction x is less than 0.6, the
tungsten—bronze phase can be indexed in the orthorhombic
structure, while for the case of substitution fraction over 0.6,
the tungsten—bronze phase belongs to the tetragonal struc-
ture. It further indicates that an MPB between the orthor-
hombic and tetragonal tungsten—bronze phases exists near
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Fig. 2. Dielectric constant and breakdown strength as a function of
substitution fraction x of the glass—ceramics.
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x=0.6, although the glass—ceramics are prepared through
melt-quenching followed by controlled crystallization.

The breakdown strength of the glass—ceramics (shown in
Fig. 2) decreases from 44.6 kV/mm to 31.0 kV/mm when the
substitution fraction x is varied from 0 to 1.0. At x=0.6
corresponding to the composition of MPB region, the
breakdown strength of the glass—ceramic is 36.7 kV/mm.
The variation of dielectric strength was discussed from the
point of view on the microstructural evolution of the glass—
ceramics with different substitution fractions x.

The TEM micrographs of the as-prepared glass—ceramics
are shown in Fig. 4. The crystalline particles obviously exhibit
various shapes in the glass—ceramics with different substitu-
tion fractions x. Microstructure of the sample with x=0
(Fig. 4(a)) shows the shape of crystallized ceramic particles is
spherical and the size is in several tens of nm. Comparatively,
typical dendritic microstructures are observed in the glass—
ceramics with the substitution fraction of x=0.6, while the
sample with x=1 exhibits larger dendritic particles in length
than the sample with x=0.6. It is suggested that, as
substitution fraction x increases, the reduction of dielectric
strength is primarily due to the gradual variation of grain
shape from sphere to dendrite in the glass—ceramic dielectrics.
The effect of dendrites on breakdown strength in glass—
ceramic dielectrics has also been reported previously [3,8].
The results show that it is deleterious to the breakdown
strength due to a high field concentration at the tips of the
dendrites, causing premature failure.

As discussed above, when the substitution fraction x is
varied from 0 to 1.0, the variation of dielectric constant
and breakdown strength collectively optimized the energy
density. For the substitution fraction of x=0.6 near the
MPB region between PbNb,Og and SrNb,Og, the max-
imum dielectric constant and moderate breakdown
strength contribute to the highest energy density.

4. Conclusions

The substitution effect of Sr for Pb at A-site in
nanostructured ANb,Os—NaNbO3-SiO, (A4=[(1—x)Pb,
xSr]) glass—ceramic dielectrics is systematically studied
for the purpose of energy storage density optimization.

Fig. 4. Bright-field TEM micrographs for the glass—ceramics with (a) x=0, (b) x=0.6 and (c) x=1.
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The energy densities for both the end-products at x=0 and
x=1.0 are 0.872 J/em® and 0.988 J/cm®, respectively, while the
highest energy density of 2.27 J/cm® is found at x=0.6, which
is more than twice as high as those of the end-products.
The breakdown strength decreases from 44.6 kV/mm to
31.0 kV/mm when the substitution fraction x is varied from
0 to 1.0. The microstructure analysis indicates that the
reduction of breakdown strength is attributed to the gradual
variation of particle shape from sphere to dendrite. The
dielectric constant shows a parabolic relationship with the
substitution fraction, and the maximum dielectric constant of
~600 is located at x=0.6. Perovskite NaNbQj3, tungsten—
bronze ANb,Og (A=[(1— x)Pb, xSr]) phases and glass phase
coexist in the glass—ceramic dielectrics, and an MPB between
PbNDb,Og and SrNb,Og phases is formed near x=0.6,
resulting in the maximum dielectric constant, which was
believed to be the main contribution to the optimized energy
density.
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