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We synthesized BaTi0.8Zr0.2O3 (BZT)-based powders using the sol–gel method,
and introduced Li2CO3 with a low melting point (723�C) as a source of the
liquid phase to reduce the sintering temperature (Ts) and improve the
dielectric properties of the BZT-based ceramics. The x-ray powder diffrac-
tometer patterns exhibited a perovskite structure in all samples. The scanning
electron microscope images revealed that the sinterability of the BZT-based
ceramics was improved by adding an appropriate amount (3.0 wt.%) of
Li2CO3; Ts decreased from 1280�C to 1100�C. The BZT-based ceramics sin-
tered at 1100�C with 3.0 wt.% Li2CO3 met the Y5V requirements, with good
electrical properties: emax = 17987, er = 15950, and tan d = 0.02. The results
indicated that Li2CO3 can improve the dielectric properties and reduce the Ts

of BZT-based ceramics. Our method therefore represents a less expensive
approach for developing materials suitable for use in multilayer capacitors.
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INTRODUCTION

Multilayer ceramic capacitors (MLCCs) that meet
the Y5V specifications of the Electronic Industries
Alliance standard are among the most used and
highly developed ceramic capacitors in the world. In
the Y5V specification, their dielectric capacitance (e)
must be �82% £ [er (T) � er (25�C)]/er (25�C) £ 22% at
temperatures ranging from �30�C to 85�C.1,2 Y5V-
type BaTiO3 (BTO)-based ceramics with high dielec-
tric constants and high dielectric reliability are
widely used in MLCCs.3 Currently, BTO-based
powders are prepared using conventional solid-
phase methods or wet chemical methods, and

high-dielectric ceramics are prepared from these
materials using solid-phase doping technologies.4

These include BTO-based ceramics with a maxi-
mum dielectric constant (emax) of 15,000 and a grain
size larger than 10 lm.5 CaO and ZrO2 are added to
BTO-based ceramics to produce good dielectric
properties and a grain size of 7.5 lm.6

Unfortunately, the solid-phase method does not
achieve uniform mixing of the doping components,
and the average particle size of the prepared
ceramics is large, making them unsuitable for use
in high-capacity MLCCs with thin layers.6

Researchers have instead used liquid-phase meth-
ods to produce fine-grained ceramics or monodis-
persed nanopowders. BTO-based ceramics have
been prepared from these materials using a precip-
itation method, and the emax of the prepared ceram-
ics was less than 6000.7,8 Wang et al.9 constructed(Received March 12, 2019; accepted July 30, 2019;
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fine-grained BaZr0.1Ti0.9O3 ceramics using a wet
chemical approach and achieved an emax of 5800.
Nevertheless, the precipitation process requires
multiple washings, which can lead to segregation
of the components and deterioration of the dielectric
constant.8,9

BZT-based Y5V ceramics with a dielectric con-
stant of 20,000 have been prepared by our research
team using the sol–gel method, but the Ts was high
(1280�C).10 Thus, it was necessary to reduce the
sintering temperature (Ts) and improve the perfor-
mance of the BZT-based Y5V ceramics to make
them more suitable for use in MLCCs. Three main
approaches have been used to achieve low-temper-
ature sintering of ceramics: adding sintering aids,
synthesizing high-activity powders, and improving
the sintering process. A lead-free (1 � x) Na0.5Bi0.5-

TiO3-x BTO solid solution was prepared using the
sol–gel auto-combustion technique and sintered by
means of microwave sintering.11,12 However, the
equipment used in this approach is expensive and
not widely available, which has hindered the devel-
opment of microwave sintering technology. The
addition of sintering aids can effectively reduce
the Ts of ceramics.13 For example, adding Bi2O3-
B2O3-SiO2

14 and ZnO-B2O3-SiO2
15 glass to BTO

material can reduce the Ts to 850�C, but unfortu-
nately, this deteriorates the permittivity of the
ceramics below 1000. Sun et al.16 prepared BZT
ceramics sintered at 1250�C by means of solid-state
doping with CuO, and created ceramics with a
dielectric constant of 8000. Li2CO3 has a lower
melting point (723�C), and can effectively reduce Ts.
In addition, the Li+ cations (0.076-nm diameter) can
replace Ti4+ (0.0605-nm diameter) in BTO-based
ceramics, and this can improve the material’s
dielectric properties.17 Hee and Hyuk18 prepared
(Ba, Sr)TiO3 ceramics doped with Li2CO3 using a
solid-phase method and decreased the Ts of (Ba,
Sr)TiO3 from 1350�C to 900�C, but the dielectric
properties did not meet the Y5V standard.

A high-activity powder was fabricated using a
sol–gel method, permitting the production of Y5V
ceramic materials with a high dielectric constant,
but the Ts was high. The low melting point of
Li2CO3 was used to keep this material at the grain
boundary of BZT-based ceramics, where it formed a
liquid phase that promoted sintering of BZT-based
ceramics, and another advantage is that Li+ com-
pounds can be modified to improve the dielectric
properties of ceramics, making this an effective
strategy for the preparation of ceramics with a high
dielectric constant and low Ts. In the present study,
we therefore prepared BZT-based powders using the
sol–gel method to obtain high-performance powders,
and investigated the effects of the amount of Li2CO3

on the phase structure, microstructure, and dielec-
tric properties of the ceramics produced from the
powder. Our results provide a theoretical founda-
tion for improving the dielectric properties and
reducing the Ts of BZT-based ceramic materials.

EXPERIMENTAL PROCEDURES

We used the following analytical-grade raw mate-
rials: Ba(Ac)2 (99.0%), Zr(NO3)4Æ5H2O (99.5%),
Ce(NO3)3Æ6H2O (99.0%), Zn(Ac)2Æ2H2O (99.0%),
Cu(Ac)2ÆH2O (99.5%), Mn(Ac)2Æ4H2O (99.5%),
Li2CO3 (97.0%), and Ti(OC4H9)4 (99.0%). The BZT-
based powders were synthesized using the sol–gel
approach.10 The main component was BZT, with
0.3 wt.% MnO2, 0.3 wt.% CeO2, 1.5 wt.% ZnO, and
1.0 wt.% CuO added to improve the dielectric
properties of the ceramics. We prepared a series of
BZT-based ceramics with Li2CO3 added: BZTLx,
where x = 0 wt.%, 1.0 wt.%, 2.0 wt.%, 3.0 wt.%, and
4.0 wt.% Li2CO3. Li2CO3 was mixed with calcinated
BZT powders. The powders were pressed into pellets
approximately 7 mm in diameter and then calcined
at 1100�C for 4 h at a heating rate of 4�C/min. The
surfaces of the pellets were polished, and electrodes
were prepared with high-purity silver paint and
dried at 750�C for 15 min.

We used x-ray diffraction (XRD, D8 Advance,
Bruker, Germany) to examine the phase structure
of the powders and ceramics. We cleaned the
ceramics by means of 5 min of ultrasonication in
water to remove surface pollutants. We then
observed the microstructure of the natural surface
of the ceramics using a scanning electron micro-
scope (SEM; TM 3000, JEOL, Tokyo, Japan). We
characterized the morphology of the particles using
field-emission transmission electron microscopy
(FE-TEM; Tecnai G2 F20S-TWIN, FEI, Hillsboro,
OR, USA). We measured the P-E hysteresis loops
using a ferroelectric tester (Model 609B, Radiant
Technology, Seattle, WA, USA). We measured the
dielectric properties of the ceramics using an LCR
tester (Model HP4284A, Hewlett-Packard, Palo
Alto, CA, USA) with a high- and low-temperature
test chamber.

RESULTS AND DISCUSSION

Figure 1 shows the morphology and size distribu-
tion of the particles in the BZT-based powders. The
particles in the BZT-based powders were spherical,
with a mean particle size of 30 nm and grains
ranging from 23 nm to 38 nm in size (Fig. 1b). We
observed agglomeration, which suggests high activ-
ity of the powders prepared by the sol–gel method.

Figure 2 shows the phase composition of the BZTLx

ceramics. Figure 2a shows a perovskite phase struc-
ture without a secondary phase at Li2CO3 contents
less than 3.0 wt.%, indicating that the Li+ dissolved
completely in the BZT lattice to form a solid solution.
However, at x = 4.0 wt.%, a BaLi2Ti6O14 (JCPDS 54-
0936) phase appeared. This occurred because Li+ had
exceeded the solid solution limit and gathered at the
grain boundary to form the second phase.19 Figure 2b
shows the enlarged XRD patterns from 2h = 44�–46�
for the BZTLx ceramics. The split of the 002/200 peak,
which represents tetragonality, was consistent with
the c/a value calculated from the lattice parameters,
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with values of 2.4388 at 0 wt.%, 2.4453 at 1.0 wt.%,
2.4468 at 2.0 wt.%, and 2.4486 at 3.0 wt.% and
4.0 wt.% (Table I). This indicates that the tetragonal
phase content in the ceramic increased while x
remained less than 3.0. The position of diffraction
peak for the ceramic sample gradually shifted to a
lower value with increasing x below 3.0 wt.%. These
shifts demonstrate that the larger-radius Li+

(0.076 nm) entered the B-site to replace the smal-
ler-radius Ti4+ (0.0605 nm).20

To obtain further insights into the compositional
changes, we analyzed the changes in surface chem-
istry of the BZTLx pellets at the grain boundaries
for C 1s, Ti 2p, Zr 3d, O 1s, and Li 1s. Figure 3
shows the x-ray photoelectron spectroscopy (XPS)
spectra for the BZTL3 and BZTL4 pellets. We
quantified the XPS results using the following
equation:

C ¼ I=S ð1Þ

where I is the area of the Li 1s and S is the
sensitivity factor. It is apparent that the Li+ content

of BZTL3 is much lower than that of BZTL4 because
Li+ exceeds the solid solution limit in BZTL4 and is
distributed at the grain boundary.19 These results
are consistent with the XRD results, and confirm
that Li+ enters the lattice during the later sintering
stages, and can improve the dielectric properties of
the ceramics at less than 3.0 wt.% Li2CO3.

Figure 4 shows the surface morphology of the
BZTLx ceramics. The pure BZT ceramics in Fig. 4a
show a porous microstructure. The grain size first
increased and then slightly decreased with increas-
ing x. The average particle size in the ceramics was
6.7 lm, 7.6 lm, 8.5 lm, and 8.1 lm, respectively,
for x = 1.0, 2.0, 3.0, and 4.0. As x increased from 1.0
to 3.0, the densification of the ceramics improved
greatly, and the porosity of the ceramics compared
with the sample without Li2CO3. This is probably
because a liquid phase formed due to the low
melting point of Li2CO3 (723�C), and the liquid will
promote grain growth and densification by facilitat-
ing the dissolution and migration of the chemical
species.21 Li+ replaces high-valence Zr4+ or Ti4+ at
B-sites during later stages of the sintering process,
leading to the development of an oxygen vacancy to
maintain the charge balance. This is also beneficial
for the transport of species during the sintering
process, thereby promoting the growth and densifi-
cation of the ceramic grains.22 However, at
4.0 wt.%, more pores develop between the ceramic
grains and more ‘‘closed pores’’ form inside the
ceramics due to the increased liquid phase, which
leads to abnormal growth of the particles and the
formation of more CO2.23

The density of the ceramics increased from 4.48 g/
cm3 with no Li2CO3 to 5.34 g/cm3 at 1.0 wt.%, then
to 5.58 g/cm3, 6.72 g/cm3, and 5.62 g/cm3 at
2.0 wt.%, 3.0 wt.%, and 4.0 wt.%, respectively. The
corresponding relative densities were 88%, 92%,
94%, and 93%. The maximum relative density of
94% at 3.0 wt.% shows that the introduction of
Li2CO3 can effectively increase the relative density
of the ceramics. The decrease in the relative density

Fig. 1. TEM images (a) and grain-size distributions for BZT-based powder (900�C/2 h) (b).

Fig. 2. XRD patterns of the BZTLx ceramics with Li2CO3 sintered at
1100�C: (a) XRD patterns with Li2CO3 addition ranging from 0 wt.%
to 4.0 wt.% Li2CO3, (b) enlarged XRD patterns for 2h between 44�
and 46�.
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at 4.0 wt.% results from the fact that more of the
liquid phase is produced during the later sintering
stages, and more CO2 is evolved because of decom-
position of Li2CO3, resulting in increased poros-
ity.21,23 On the other hand, the closed pores between
the grains increase as the ceramic particle size
increases at Li2CO3 of 4.0 wt.%, which can led to the
decreased density.24

Figure 5 shows the temperature dependence of
the dielectric properties. Table II summarizes the
main properties of the BZTLx ceramics. The dielec-
tric constants of the samples at room temperature
(er) first increased and then decreased with increas-
ing Li2CO3, but the Curie temperature (Tc)
decreased. This may be caused by Li+ ions entering

B-sites in the lattice of ABO3, which affects the
stability of the octahedral phase.25

The change in the dielectric constant with
increasing Li2CO3 is consistent with the changes
in density and grain size. The 3.0 wt.% BZTLx

ceramics sintered at 1100�C exhibited good electri-
cal properties: emax = 17987, er = 15950, and tan
d = 0.02. It is obvious that generation of the Li2CO3

liquid phase facilitates mass transfer processes, and
that sintering of the ceramics was promoted by
increasing the Li2CO3 content, thereby increasing
the dielectric constant of the ceramics with increas-
ing average particle size and density.26 However,
the dielectric constant decreased with further
increases in the Li2CO3 content. On the one hand,

Fig. 3. XPS spectra and the expanded spectra of Li 1s for BZTL3 ceramics (a, b) and BZTL4 ceramics (c, d).

Table I. Summary of the parameters of the BaTi0.8Zr0.2O3-based ceramic materials

Li2CO3 (wt.%) a (Å) c (Å) c/a Density (g/cm3) Pr (lC/cm2) Pmax (lC/cm) Ec (kV/m)

0 5.7253 13.9635 2.4388 4.48 0.48 4.57 2.06
1 5.7189 13.9844 2.4453 5.34 1.54 12.15 2.92
2 5.7105 13.9726 2.4468 5.58 24.84 30.01 30.4
3 5.7013 13.9746 2.4486 5.72 27.29 33.15 32.0
4 5.7102 13.9820 2.4486 5.62 7.74 14.28 13.0

Pr, remanent polarization; Pmax, maximum polarization; Ec, electrical coercivity.
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the increase of the dielectric constant of the ceram-
ics results from the pinning effect of the domain
walls and the increased compaction of the ceramics.
There are more 90� domains in large ceramic grains,
which could help the domain walls flip more
easily.27 On the other hand, excess Li2CO3 increases
the porosity of the ceramics and leads to the
formation of a second phase (BaLi2Ti6O14) at
4.0 wt.%, thereby diluting the ferroelectric phase
and leading to deterioration of the dielectric
properties.28

Figure 6 shows the phase composition of the
BZTL3 ceramics after sintering at different Ts. It
appears that Ts had no significant effect on the
phase structure of the ceramics and that all samples
were perovskite-phase structures. This may be
because Li+ was solid-solved into the BZT lattice,

and no second phase was generated at 3.0 wt.% or
less.29

Figure 7 shows SEM images of the ceramics
sintered at various Ts. The grain size of the BZTL3

ceramics grew obviously, and the number of pores
increased as the sintering temperature increased.
The grain sizes after sintering at 1050�C, 1100�C,
and 1150�C were 5.8 lm, 7.6 lm, and 7.9 lm,
respectively. The increased grain size was conducive
to mass transfers in the material, as the increased
Ts can accelerate material transfers and increase
mobility at the grain boundary, leading to coarsen-
ing of the ceramic grains, usually accompanied by
the formation of polyhedrons with more distinct
edges and corners, which leads to growth of the
ceramic grains. When the sintering temperature
was 1150�C, the ceramic grains grew abnormally

Fig. 4. SEM images of the BZTLx ceramics sintered at 1100�C for 4 h: (a) no added Li2CO3; (b) 1.0 wt.% Li2CO3; (c) 2.0 wt.% Li2CO3; (d)
3.0 wt.% Li2CO3; (e) 4.0 wt.% Li2CO3.
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and there were more and larger pores, which would
decrease the dielectric constant.30 Therefore, choos-
ing appropriate Ts is particularly critical for pro-
ducing the optimal size and dielectric properties of
these ceramics.

Figure 8 shows the effect of Ts on the dielectric
properties of the BZTL3 ceramics. Table III summa-
rizes their main properties. er was 8122, 15950, and
14844 at Ts of 1050�C, 1100�C, and 1150�C, respec-
tively. That is, er of the ceramics first increased and
then decreased, and Tc shifted to a lower tempera-
ture. The dielectric properties of the ceramics are
closely related to their phase structure, microstruc-
ture, and grain size.21 After sintering at 1050�C, the

ceramic grains had a uniform size, and there were
fewer and smaller pores between the grains. When
Ts increased to 1100�C, the grain size of the ceramics
increased and became more uniform, which helps
movement of domain walls and improves the
ceramic’s dielectric properties. However, when the
temperature increased to 1150�C, the ceramic grains
grew abnormally, resulting in the appearance of
more pores between the grains, thereby deteriorat-
ing the dielectric properties.23 Figure 8a and
Table III show that the er of the BZTL3 ceramics
sintered at 1100�C was 15,950. The corresponding
dielectric loss was 0.02, and temperature capaci-
tance characteristic (TCC) met the Y5V standard.

Fig. 5. Temperature dependence of the (a) dielectric constant, (b) temperature capacitance characteristic (TCC), and (c) dielectric loss for BZT-
based ceramics with Li2CO3 added at 0–4.0 wt.% and sintered at 1100�C.

Table II. Main dielectric properties of the BZT ceramics with Li2CO3 added and sintered at 1100�C for 4 h

Li2CO3 (wt.%) tan d (25�C) er TC

TCC (%)

230�C Tc 85�C

0 0.01 8104 36.2 �58.0 20.0 �57.04
1.0 0.01 7594 38.8 �70.0 34.0 �62.90
2.0 0.01 10,785 36.8 �77.0 0.062 �69.05
3.0 0.02 15,950 30.8 �81.0 0.38 �64.53
4.0 0.04 13,517 30.2 �82.0 4.30 �64.27

er, dielectric constant at room temperature (25�C); Tc, Curie temperature; TCC, temperature capacitance characteristic.
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CONCLUSIONS

In this study, we synthesized BZT-based Y5V
ceramics with the addition of Li2CO3 and charac-
terized their properties. First, we prepared BZT-
based powders using the sol–gel approach, and then
introduced Li2CO3 with a low melting point (723�C)
to reduce Ts and improve the dielectric properties of
the BZT-based ceramics. We reduced the Ts of the
BZT-based ceramics from 1280�C to 1100�C by
adding Li2CO3. The dielectric constant of the BZT-
based ceramics first increased and then decreased
with increasing Li2CO3 addition when the powder
was sintered at 1100�C. The er of the BZT-based
ceramics was 15,950 at 3.0 wt.% Li2CO3, with an
average grain size of 7.6 lm and a dielectric loss of
0.02. These results indicated that Li2CO3 addition

Fig. 7. SEM patterns of the BZTL3 ceramics sintered at different temperatures: (a) 1050�C; (b) 1100�C; and (c) 1150�C.

Fig. 8. Temperature dependence of (a) the room-temperature dielectric constant (er) and (b) the temperature capacitance characteristic (TCC)
for BZTL3 samples and then after being sintered at different temperatures.

Table III. Main properties of the BZTL3 and then after being sintered at different temperatures

Sintering temperature (�C) Grain size (lm) tan d (25�C) er

TCC (%)

230�C TC 85�C

1050 4.3 0.01 8122 �74.0 34.0 �50.0
1100 7.6 0.02 15,950 �81.0 16.0 �64.5
1150 7.9 0.02 14,844 �81.0 15.5 �68.0

er, dielectric constant at room temperature; Tc, Curie temperature; TCC, temperature capacitance characteristic.

Fig. 6. XRD patterns for BZT-based ceramics with 3.0 wt.% Li2CO3

sintered at different temperatures: (a) 1050�C; (b) 1100�C; (c)
1150�C.
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can improve the dielectric properties of BZT-based
ceramics sintered at low temperatures, and is a
potentially inexpensive way to develop multilayer
capacitors.
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