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Abstract

Garnet-type Li,_;,Al,La;Zr,0,, (x=0.2) made of different ratios of powders with mixed pre-treatment conditions is pre-
pared by using a microwave oven. Cubic crystallographic structure is successfully achieved after sintered at 1150 °C for
only 30 min, which is much lower than the conventional sintering. The conductivity of the samples, which peaked at 60%
of powders treated at higher temperature, is comparable to the ones made at much higher temperature with longer dwelling
time in literatures. The comparable conductivity was attributed to the denser microstructure and lower activation energy
owing to the effect of powers with mixed pre-treatment conditions. The trend of the conductivity versus the ratio of powders
with mixed pre-treatment conditions fit well with the percolation model of dispersed ionic conductors. Therefore, powders
with mixed pre-treatment conditions could be used as precursors to prepare lithium ion conductors at lower temperatures
with less dwelling time, which is beneficial to retaining lithium stoichiometry and any other problems associated with high-

temperature procedure.
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1 Introduction

Lithium ion battery is becoming the main storage device
for commercial applications. However, its safety issues still
haven’t be resolved due to its organic liquid electrolytes
which are volatile and flammable. Inorganic solid lithium
electrolytes exhibit several advantages [1] over current liquid
organic electrolytes, such as excellent chemical and electro-
chemical stability, good safety, wide operating temperature
range and high resistance to shocks and vibrations. Therefore
inorganic solid state lithium ion conductors, including per-
ovskite-type La,;;_,Li; TiO5 (LLTO) [2], NASICON-type
Li,,Ge,_ Al (PO,); (LAGP) [3] and Li, ., Ti,_ AL (PO,);
(LATP) [4], and garnet-type Li;La;Zr,0,, (LLZO), have
attracted ever-increasing attention world widely due to
its great advantages. Polycrystalline materials consist of
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multiple grains, hence lithium ion conduction in polycrys-
talline materials are determined by both grains and grain-
boundaries. The migration of lithium ions across the grain
boundaries is normally twice slower than in the grains of
polycrystalline LLTO, LATP and LAGP, resulting in an
intrinsically low overall conductivity. The other drawback
of LLTO and LATP is the reduction of Ti** into Ti** in con-
tact with lithium metal. Of these alternatives, the grain and
grain-boundary conductivity in garnet-type Li;La;Zr,0,,
are similar and no Ti was involved in this material, which
suggests that LLZO could be a suitable candidate for solid
electrolytes.

Garnet-type Li;La;Zr,0,, compounds were initially
reported by Weppner et al. [5, 6]. Two polymorphs of LLZO
have been reported: cubic phase, which is only stable at
high temperature, and tetragonal phase, which is stable at
low temperature. The ionic conductivity of the cubic phase
is almost two orders of magnitude higher than that of the
tetragonal phase at room temperature. Supervalent cations
(e.g., AP*, Ga**, Fe’*, Ga**, Nb**, Ta’*, Te®") substitution
at Li, La or Zr position allows formation of cubic LLZO
at lower temperature and improves the ionic conductivity
[7-10]. The total conductivity of Al stabilized Li;La;Zr,0,,
is in the order of magnitude of 10~* S/cm. To obtain stable
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cubic LLZO, it normally requires high-temperature sintering
(e.g., 1230 °C) and long sintering time (e.g., 24 h), which
could render problems like the loss of lithium and destabili-
zation of cubic phase. Thus, developing a strategy to prepare
LLZO with higher ionic conductivity at even lower tempera-
ture would be very useful.

Microwave sintering can uniformly heat the samples
throughout the whole volume and may lower the sintering
temperature. Therefore, microwave sintering was used to
prepare LLZO electrolyte in this study. Starting powders
with different pre-treatment conditions were thought to
facilitate the lithium migration across the grain bounda-
ries. Hence starting materials were mixed and then ther-
mally treated at two different temperatures. The effect of the
ratio of powders with different pre-treatment conditions on
the conductivity, crystallographic structure and activation
energy was investigated.

2 Experimental

In this study, sample Li;_5,Al.La;Zr,0,, (x=0.2) was pre-
pared via solid state reaction. The starting materials used
were Li,CO; (>99.9%), AL,O; (>99.9%), La,05 (>99.9%)
and ZrO, (>99.9%), which were all purchased from Tianjin
Kemio Chemical Co. Ltd. Firstly, stoichiometric raw pow-
ders were weighed, mixed and ground thoroughly in a mor-
tar with a pestle. Then the mixed powders were subjected
to two different annealing approaches: the first one was to
treat the mixture powders at slightly higher temperature
of 1150 °C for 30 min in a microwave oven (INNOV-CS-
03M1600, Hunan Innvo-Tech Co. Ltd.), the resultant powder
was designated as HTP; the second one was to anneal the
mixture powders at slightly lower temperature of 850 °C
for 30 min, the resultant powder was designated as LTP.
HTP and LTP were mixed in different ratios and then used
to make LLZO pellets. The ratios (by weight) of HTP to
the mixture powder of HTP and LTP were 0, 20, 40, 60,
80 and 100%, respectively. A high speed blender (Royalstar
RZ-218A) was used to mix HTP and LTP to make sure that
the mixing was homogenous. Afterwards, the mixtures of
HTP and LTP were pressed into a small coin in a 15 mm
diameter and subsequently sintered at 1150 °C for 30 min
in the microwave oven. The sintered pellets made of mixture
powders of 0, 20, 40, 60, 80 and 100% HTP were designated
as S00, S20, S40, S60, S80 and S100, respectively.

All the sintered pellets were polished and painted with
silver paste on both sides for performing the electrochemical
impedance spectra (EIS) analysis. EIS measurements were
carried out using a Princeton Versastat3 station by applying
a stimulus amplitude of 10 mV over the frequency range of
0.1-1x 10° Hz at room temperature and elevated tempera-
tures. The conductivities ¢ were calculated as follows.
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c=d/R = A), (1)
where d is the thickness of the pellet, R is the impedance and
A 1is the electrode area of the pellet. The activation energy
for lithium ionic conduction was derived from fitting experi-
mental data by using the Arrhenius equation:

o = o, exp(—Ea/kT), )
where o, is pre-exponential factor, Ea activation energy for
ionic conduction, k is the Boltzmann’s constant. X-ray dif-
fraction (XRD, TD-3500X with Cu Ka radiation source)
was used for the phase identification of samples. The micro-
structures were observed by using a field emission scanning
electron microscope (JSM-7800F). The density of the sam-
ples was determined by the mass and the geometric volume.

3 Results

XRD patterns of samples S00, S60 and S100 are shown in
Fig. 1. All the main peaks can be assigned to PDF card of
40-0894, which is cubic garnet structure. It indicated that
microwave treatment was capable of making cubic garnet-
type lithium ion conductors at lower temperatures. A small
trace of LaAlO;, La,Zr,0, and Li,ZrO; was also found in
the samples. Cell volumes of samples S00, S60 and S100
were 2195.57, 2190.57 and 2186.1 A3, respectively. It can
be seen that the cell volumes of samples decreased as the
powders pretreated at higher temperature (HTP) increased.

The morphologies of lithium ion conductors made in
this study were observed and SEM photos of samples SO0,
S60 and S100 are shown in Fig. 2. It can be seen that
the morphologies of the samples with different amounts
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Fig.1 XRD patterns of samples S00, S60 and S100 (*LaAlO;,
*La,Zr,0;, *Li,Zr05)
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Fig.2 SEM photos of samples a S00, b S60 and ¢ S100

of powder HTP appeared to be quite different. Although
all the three samples exhibited polycrystalline structure,
the appearance of the grains seemed to change with the
amount of powder HTP. The big grains in sample SO0
were completely covered by a large amount of small
micron-size particles, which indicated that the growth
of the grains were not quite finished and it may evolve
into bigger grains if given time. The average grain size
was about 7-8 um. When the amount of HTP increased to
60%, the small particles found on the surface of grains of
sample SO0 had disappeared and evolved into flakes cov-
ering the big grains. No apparent gaps were found at the
grain boundaries and all the grains were well connected.
This was attributed to the presence of 40% LTP, which
was subjected to a thermal treatment at only 850 °C and
therefore acted as (as evidenced in inset in Fig. 2b) bridges
between the big grains originated from HTP, which were
already thermally treated at 1150 °C. The average grain
size was about 15 um. While for sample S100, the surfaces
of the grains were very smooth and no small particles or
flakes were found as did for S60 and S100, which proved

that the small particles and flakes on sample SO0 and S60
originated from powder LTP. The average grain size was
about 20 um. The grain size increased as the amount of
powder HTP increased. Since the densities of ionic con-
ductors normally play an important role in the ionic con-
ductivity, the densities of samples were also calculated.
The density of samples S00, S60 and S100 was 3.58, 4.09
and 4.04 g/cm?, respectively. The sample S60 achieved
the highest density among the samples being studied. This
was in well agreement with the observation of morphol-
ogies. LTP acted as bridges between big grains in S60
to achieve a denser microstructure. Sample S60 with a
denser microstructure was expected to exhibit a higher
ionic conductivity.

Complex impedance plots of samples are shown in Fig. 3.
It was found that all the complex impedance plots exhibited
a semicircle at high frequency range followed by a straight
line at low frequency range. The semicircle at higher fre-
quency was ascribed to the grain-boundary relaxation and
the straight line at lower frequency was due to the ionic
blocking Ag electrode response. The grain response wasn’t
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Fig.3 Complex impedance plots of samples

able to show at the frequency range swept in this study. All
these complex impedance plots showed that the samples
made in this study were all ionic conductors.

The trend of impedance against the ratio of HTP wasn’t
linear. The lowest impedance was obtained when the ratio
of HTP was 60%. According to Eq. (1), the conductivi-
ties of samples SO0, S60 and S100 were calculated and the
values at room temperature were 4.17x 1073, 1.15x 1074
and 3.29x 107> S/cm, respectively. The sample S60
achieved a total conductivity of 1.15x 10™* S/cm, which
is comparable to the value of 2.6 x 10™* S/cm reported for
Li¢ 4Al, ,La3Zr,0,, sintered at 1230 °C for 6 h [9].

4 Discussions

The samples made in this study could be thought to bear
comparative analogy to dispersed ionic conductors. The
grains originated from HTP corresponded to the normal
conductor in a dispersed ionic conductor and the grains
originated from LTP corresponded to the poor conductor or
insulator in a dispersed ionic conductor. According to the
percolation model for dispersed ionic conductors [11, 12],
the total conductivity of a dispersed ionic conductor could
be expressed as:

40, x p

Son

where 6,, 6,, p and I corresponds to the conductivity of
grains originated from LTP, grains originated from HTP,
the concentration of grains originated from LTP and the size
of grains originated from HTP. In dispersed ionic conduc-
tors, the ionic conductivity strongly correlates with the ratio
of the concentration p and the grain size 1 of the normal

+1, 3)
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Fig.4 Temperature dependent ionic conductivities

conductor. It will increase first and then drops down after
passing its maximum. That the conductivity peaked at 60%
HTP (i.e., 40% LTP) could be explained by the percolation
model for dispersed ionic conductors. From 0% HTP to
60% HTP and then to 100% HTP, the concentration p was
decreasing while the grain size | was continuously increas-
ing from 8 to 20 um. Therefore sample S60 exhibited the
maximum conductivity.

Compared to the preparation conditions of 1230 °C for
6 h in Rettenwander’s study, sample S60 which presented a
comparable total conductivity was only thermally treated at
1150 °C for 30 min in the microwave oven. The preparation
procedure adopted in this study exhibited two advantages
over the conventional sintering: one was the high efficiency;
the other one was the easier control of lithium content due
to the short dwelling time and low sintering temperature
employed.

The plots of the temperature dependent ionic conductivi-
ties are shown in Fig. 4 and the activation energy for the
total lithium conduction was derived from the fitting curves
by using Eq. (2). For the sample SO0 and S60, the activa-
tion energy over the entire temperature range studied was
constant. While the activation energy of the sample S100
exhibited two distinct values: 0.30 eV at low temperature
range and 0.28 eV at high temperature range. The transition
occurred at 130 °C, which indicated that the lithium migra-
tion pathway has changed at 130 °C. The activation energy
of the sample SO0 was 0.29 eV, which was similar to the
previously-reported values (0.3-0.37 eV) [13-15]. While
the sample S60 exhibited much lower activation energy of
0.21 eV, which was thought to be partially responsible for
the high ionic conductivity achieved for the sample S60.
And the denser microstructure of sample S60 described in
the previous section was thought to contribute to the highest
ionic conductivity as well.
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The transference number of solid electrolyte is used to
represent the weight of ionic conduction and the deviation
from 1 is thought to originate from the electronic conduc-
tion. The transference number of a pure lithium ion conduc-
tor should be close to 1. The Li transference number was
calculated using Eq. (4) [16].

t = 0ac/(Gac +0pc)- 4
Gpc, Tesulting from the contribution of the electron conduc-
tion, was measured by DC polarization method. 6 ¢, result-
ing from the combination of grain boundary and intragrain
ion hopping conductions, was determined by AC impedance
measurement. The transference numbers of samples SO0,
S60 and S100 were measured and the value was 0.999, 1
and 0.999, respectively. It showed that the samples made in
this study had a negligible electronic conduction and all the
conductions were attributed to the migration of lithium ions.

5 Conclusions

Garnet-type Li, _;, Al La;Zr,0,, with different ratios of pre-
treated powders was prepared by using a microwave oven.
XRD patterns showed that cubic garnet materials were suc-
cessfully obtained at a lower temperature. The sample S60
which consisted of 60% of powders pretreated at 1150 °C
exhibited a total conductivity of 1.15 X 10~* S/cm, which
was comparable to the literatures. The comparable conduc-
tivity of sample S60 obtained at lower preparation tempera-
ture was attributed to the denser microstructures and lower
activation energy owing to the use of powders with mixed
pre-treatment conditions. The samples made in this approach
were treated at 1150 °C for only 30 min, which was much
advantageous to conventional sintering at 1230 °C for 6 h.
Therefore, powders with mixed pre-treatment conditions
could be used to prepare lithium ion conductors at lower
temperatures with less dwelling time.
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