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The key point in this work is the use of spark plasma sintering to reduce the cost of consolidating the powder of lithium lanthanum
zirconium oxide solid electrolyte and to study its properties.

In recent years, solid-state electrolyte material such as lithium lanthanum zirconium oxide (LLZ0) has become a promising candidate for
application in electrical energy storage to replace the liquid electrolyte used in lithium-ion battery technology. Obtaining dense cubic LLZ0
requires heating of the sample in a furnace at higher temperature for a longer period. This could lead to unwanted evaporation of lithium and
excessive cost. Spark plasma sintering (SPS) is used in this study to obtain a dense ceramic cubic LLZO solid electrolyte at temperature as low
as 850 °C through solid-state synthesis. This is far lower than the sintering temperature for obtaining cubic LLZO reported in the literature.
X-ray diffraction (XRD) patterns exhibit a predominantly cubic phase with minor impurities of pyrochlore and unreacted La,0;. The phase com-
position of the impurities and their effect on ionic conductivity were investigated. The microstructural changes and the density of the pellets
obtained were analysed. The trend of the calculated lattice parameter was consistent with the refined lattice parameter. Pellets with relative
density as high as 99.9% were produced. The highest ionic conductivity of 4.9 x 10~ S/cm with activation energy of 0.18 eV was recorded for
the sample sintered at 950 °C for 30 min. Compared to the pressureless method of sintering, SPS appears promising for obtaining LLZ0 cubic
phase with higher ionic conductivity at relatively low temperature over a short period.
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considering practical application, and it lies in the stability of the
electrode materials and the internal interfaces. This suggests that
the electrolyte is a critical component of a battery system, which
limits the application of lithium-ion batteries in most emerging
technologies such as electric vehicles.

Discussion

® Lithium-ion batteries have become the preferred choice in many
battery technologies. Improving their robustness in terms of energy
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density and performance is important. This can be done by tack-
ling the chemistry-based issues related to lithium-ion batteries. In
fact, among the outstanding features of lithium-ion batteries are
their good cycling life and longer life span, which depend on the
electrode—electrolyte interface. Safety is another concern when

Lithium lanthanum zirconate is a solid electrolyte that looks prom-
ising compared to liquid-based electrolytes but has challenges
such as low ionic conductivity and poor interfacial contact with
the electrodes.
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Introduction

The recent overwhelming increase in the use of rechargeable
lithium-ion batteries for electronic devices such as laptop com-
puters, mobile phones, wearable watches and other miniature
electronic devices requires high-safety electrolyte materials
with high mobile lithium-ion conductivity. Because of its high
lithium-ion conductivity, the liquid organic electrolyte cur-
rently used in most lithium-ion batteries poses serious safety
challenges including flammability, toxicity and leakage. Solid
electrolytes have the potential to resolve these problems, with
advantages such as low toxicity, high mechanical performance
and safety, as well as design flexibility for batteries. However, the
low lithium-ion conductivity and electrochemical stability sig-
nificantly limit in their application in emerging technologies.'™

Among the Li-ion conducting solid electrolytes reported so
far, garnet-structured Li;La;Zr,0,4 (LLZO) is a promising can-
didate thanks to its high ionic conductivity at room temperature,
good chemical stability with lithium metal and low grain bound-
ary resistance.®’ Two types of crystal phases of LLZO have been
reported in the literature, cubic and tetragonal.g’w The ionic
conductivity of the cubic structure is almost three orders of mag-
nitude higher than the tetragonal crystal phase. Over the years,
solid-state electrolytes such as LLZO have been sintered through
the conventional sintering method. This method is usually
time-consuming, as it requires a higher sintering temperature
(1200 °C) for alonger period (about 18-36 h)"? and is therefore
not cost-effective. During this process, grains become larger,
which adversely affects the performance of the LLZO solid-state
electrolyte. For this reason, the current study uses spark plasma
sintering (SPS) as an alternative sintering technique for LLZO
solid electrolyte.

SPS is a fast sintering technique which uses relatively lower
temperatures and shorter times to produce a highly dense
body.> The technique has been extensively applied in the suc-
cessful preparation of dense transparent and structured ceram-
ics, magnetic materials®” and alloys.” The advantages of SPS
compared to conventional sintering include (a) the use of high
heating and cooling rates to reduce the sintering rate and thus
conserve energy, (b) ensuring the preparation of high-density
ceramic materials with suppressed grain growth at lower tem-
peratures and shorter times, and (c) relatively easy sinterability
without the need for sintering aids. During the sintering pro-
cess, direct current and pressure are simultaneously applied to
the graphite die. This produces an increase in the heating pro-
cess, enabling consolidation of samples within a shorter time at
arelatively low temperatures. Mei et al.'! reported the sintering
of Li,Lay,3-,, TiO3 (LLTO) solid electrolyte with relative density
of 98.5% and ionic conductivity of 5.8 x 107® S/cm at a sinter-
ing temperature of 1050 °C for 3 min. Recently, Zhang et al.'?
reported the sintering of LLZO phase and obtained a cubic
phase in a temperature range of 1100-1180 °C over a period
of less than 10 min. The study achieved maximum relative den-
sity of 99.8% with total ionic conductivity as high as 5.7 x 10
S/cm at a sintering temperature of 1150 °C. Similarly, Xue
etal." reported total ionic conductivity of 7.6 x 10 °S/cm when

Ta-doped LLZO was sintered by SPS at a fixed temperature of
800 °C, with applied pressure of 40 MPa and holding time of
5 min. In this study, cubic LLZO phase was obtained at areduced
SPS temperature range of 850-1050 °C with comparable total
ionic conductivity as high as 4.9 x 10 S/cm at 950 °C. The total
synthesis time was 90 min, which is comparatively short. This
study discusses the microstructure, properties and performance
of LLZO sintered by SPS.

Experimental

Synthesis

High-quality Li,CO5 powder (99.99%, Merck) was dried at
200 °C for 6 h. Excess of 15% in the form of lithium was added
due to the high evaporation of lithium during the heating pro-
cess. Similarly, LayO3 (99.9% Sigma-Aldrich) and ZrO, (Infra-
mat, 99.9%) were dried at 900 ° C for 6 h to eliminate any hydrox-
ides present. AlyO; was used as an Al source for the stabilization
of the cubic phase. A stoichiometric weighed quantity of the
starting powders was ground in an agate motor grinder (Retch,
RM200) using 2-propanol as grinding medium. The slurry
obtained after 90 min of grinding was dried in a rotary evapora-
tor and calcined at 1000 °C for 10 h in an alumina crucible at
heating and cooling rates of 3 °C/min and 5 °C/min, respec-
tively. For high homogenization and completeness of reactions,
the calcined powder was re-ground for 60 min with the same
medium and dried overnight in an oven at 130 °C. For the SPS
process, 5 g of the as-prepared powder was filled in the graph-
ite mould with layered carbon paper and placed between two
electrodes. The powder was sintered over a temperature range
of 750-1050 °C for 30 min with pressure of 13 kN applied. The
heating and cooling rates were set to 100 °C/min and 25 °C/
min, respectively.

Characterization

The phase identification was carried out with powder X-ray
diffraction (XRD; Rigaku MiniFlex 600). Data were acquired
at20=15°-55°,ascanrate of 1°/min and a step size of 0.02°
with Cu-Ka radiation of A = 1.5418 A. A scanning electron
microscope (Zeiss Supra 50VP) coupled with an energy-dis-
persive spectroscopy (EDS) system was used to investigate
the morphology of the pellets. The densities of the samples
were determined using the Archimedes method in 2-propanol
medium. In order to assess electrical properties, a thin film
of gold-palladium as Li" blocking electrodes was sputtered
on the samples for 40 s. Initially, the SPS samples were cut
into regular shapes for easy calculation of the area. High-tem-
perature ionic conductivity for the activation energy calcula-
tion was determined in a temperature range between 70 and
150 °C. Measurements were taken at temperature intervals of
10 °C and dwell time of 10 min. An alternating-current (AC)
impedance method was used in a frequency range from 1 Hz to
1 MHz, with AC perturbation voltage of 30 mV.rms.

MRS ENERGY & SUSTAINABILITY // VOLUME 10 // www.mrs.org/energy-sustainability-journal ™ 95



Results and discussion
XRD

It can be seen from Fig. 1 that tetragonal phase along with
cubic phase were observed for both the calcined powder and
the sample sintered at 750 °C, whilst cubic phase was predomi-
nantly observed for the sintering temperatures between 850
and 1050 °C, which was lower than pressureless sintering tech-
niques."? La,Zr,0; (pyrochlore) peaks (in dark grey) and unre-
acted La, O peaks (in orange) due to excessive lithium loss were
also present and increased with increasing sintering temperature.
It can be argued that the excessive evaporation of lithium from the
garnet framework during sintering might have led to the forma-
tion of pyrochlore, creating more lithium vacancies to allow the
incorporation of Alinto the garnet framework and stabilizing the
cubic phase. However, the lithium vacancy is too high to enable
the complete stabilization of the cubic structure.'*° It may also
be that the time was not sufficient to stabilize the cubic phase, and
prolonging the time could lead to lithium loss.

Rietveld refinement analysis was carried out to quantify the
phases using GSAS software.!! Table 1 shows the fraction of
phases present according to Rietveld refinement as a function
of temperature.

As seen from Table 1, the sample sintered at 750 ° C consisted
of 41% cubic and 53% tetragonal phases. However, samples sin-
tered at 850, 950 and 1050 °C showed high cubic LLZO phase
content, which correlated with the XRD patterns in Fig. 1. The
samples sintered at 850 and 950 ° C recorded the highest cubic
LLZO phase amount, with 84%. However, the amount of cubic
LLZO phase was decreased to 78% in the sample sintered at
1050 °C. The continual increase in Li deficit impurity phases
such as LayZry0,, LayO5 and LaAlO; could be attributed to the
increased lithium loss with increasing sintering temperature.

TNTE N

1050°C

Intensity (a.u.)

Figure 1. XRD patterns of the calcined powder and SPS samples sintered
at 750 °C, 850 °C, 950 °C and 1050 °C for 30 min. Dark grey indicates
La,Zr,0; and orange indicates La,0;.
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Tahle 1. Phase fraction of the phases present after refinement analysis.

Phase (%)
Temp (°C) clLz0  tLlz0  Lla,Zr,0, Las0, La(AlD),
750 41.0 53.0 7.0 - -
350 84.0 - 14.0 2.2 0.7
950 84.0 - 13.0 26 _
1050 78.0 - 18.4 3.9 _

¢ =cubic; t=tetragonal.

The lattice parameter as obtained from the refinement analysis
shows a similar trend (Table 2).

The measured Archimedes density values and lattice param-
eters are presented in Fig. 2. It is worth noting that data associ-
ated with 750 °C is excluded since it contains tetragonal LLZO
phase and could be misleading.

The increase in experimental density with increasing sinter-
ing temperature was expected during the SPS process, because
the occurrence of a high-temperature couple with Joule heating
could lead to the intensification of thermal diffusion and migra-
tion of the materials along the grains. This results in uniform
close contact of the materials and leads to higher densification
and sintering. This is also supported by the fractured surface
secondary electron images. Although the Archimedes density
value may not be the true representation of the actual density
due to the closed porosity, visual observations of fractured sur-
face images support the explanation.

The lattice parameter as observed in Fig. 2 decreases as the
sintering temperature increases, which confirms the decrease in
cell volume recorded after the Rietveld analysis, as seenin Table 2.

This could mean that the phase transformation from tetrago-
nal to cubic is accompanied by decrease in expansion of the
structure as seen in the values of cell volume and the higher
magnitude of the lattice parameter, which is consistent with the
literature (Fig. 3).13:16

The fractured surface secondary electron image of the sample
sintered at 950 °C appeared to show uniform grains with com-
pact distribution among the particles, whilst the sample sintered
at 1050 °C exhibits larger grains with few smaller grains. Except
for the sample sintered at 950 °C, all the samples showed inner
voids, which reflects the ionic conductivity recorded.

Electrical properties

The electrochemical impedance spectroscopy (ELS) response
obtained from the sample which showed a cubic phase is pre-
sented in Fig. 4.



Table 2. Rietveld refinement
values of lattice constant,

Rvalue
volumes, R, values, goodness o . i i3 9%
of fit (GOF) and the estimated Temp (°C) Lattice constant (A) Volume (A°) (Ryp) (%) GOF
standard deviation (esd) for the 750 a=13.061314 2176 17.36 2.06
samples sintered at 750, 850, esd c=12.755349 L1370
950 and 1050 °C for 30 min at a=0.003100
pressure of 13 kN. c=0.002580
850 12.969642 2182 16.68 1.90
esd 0.001838 0.928
950 12.965122 2179 15.19 1.64
esd 0.001435 0.723
1050 12.961090 2175 15.83 1.76
esd 0.000793 0.399

The italics is just to differentiate the esd from the actual values.The R values and the GoF values are to indicate how
the observed data align with the expected values after the rietveld refinement. The esd is the error margin or the
deviation from the expected values that is the lattice constant and volume

Figure 2. Experimental densities
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The fitting of the curves was carried out by the ZView pro-
gram with the equivalent circuit model consisting of three con-
stant phase elements (CPE) each in parallel connection with
a resistor, as shown in the inset of Fig. 4. As seen in Fig. 4, the
Nyquist plots showed two semicircles at high frequency for the
sample sintered at 850 °C, indicating the contribution of both
the bulk and grain boundary to the total ionic conductivity of
the samples. The 950 °C and 1050 ° C samples exhibited a single
semicircle. The appearance of the tail in the low-frequency region
of the response was due to the sputter coating of Au-Pd Li-ion
blocking electrodes. According to the fitted data obtained from
Nyquist curves, the total ionic conductivity values measured at
room temperature for the samples sintered at 850 °C, 950 °C and
1050 °Care2.5%107°S/cm,4.9x10™*S/cmand 5.5 < 10 S/cm,
respectively. The appearance of non-conductive impurities such
as LayZry0,, La,04 and the less conductive LaAlO;4 could have
dramatically decreased the electrolyte ion conductivity. According

to a similar study by Xue et al.,'? the decrease in ionic conductiv-
ity is primarily due to the formation of non-conductive LayZr,0,
impurity. In their article, Joong et al.'” also asserted that the for-
mation of LayZr,0; led to a higher activation energy of 0.67 eV
and a two- to three-order reduction in conductivity."® From the
results of first-principles calculations, the LayZr,O, pyrochlore
materials have very stable electronic properties with a wide band
gap, making them insulative.'” Castillo et al.!° also obtained high
activation energy values, resulting from the contribution of the
less conductive LaAlO; impurity. From Table 1, the sample with
the higher impurity values has the lowest ionic conductivity value,
which is in accord with results reported in the literature.

The grain boundary conductivity is lower than bulk conductiv-
ity for the sample sintered at 850 ° C. However, with increasing
temperature, the gap between bulk and grain boundary con-
ductivity increased. Such behaviour could be attributed to the
enhanced densification and relatively low contribution of grain

MRS ENERGY & SUSTAINABILITY // VOLUME 10 // www.mrs.org/energy-sustainability-journal = 97




Figure 3. Scanning electron
microscopy (SEM) images of
fractured surfaces of SPS samples
sintered at 750 °C, 850 °C, 950 °C
and 1050 °C for 30 min.
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Figure 4. Typical Nyquist plot for the sample sintered by SPS.

boundary conductivity to total conductivity. Figure 5b shows the
activation energy and total conductivity values as a function of
temperature.

The activation energy indicates the ease of Li transport in solid
electrolytes. Therefore, evaluation of activation energy is impor-
tant for complete evaluation of solid electrolyte performance. The
graphical representation of high-temperature ionic conductiv-
ity, asillustrated in Fig. 5a, indicates that all three samples share
common problems of low ionic conductivity caused by impurities.
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Also, it confirms the assertion that conductivity is thermally con-
trolled at high temperature, which may lead to a different degree
of interaction between defect pairs and differences in vacancy
concentrations. The Arrhenius curves as observed in Fig. 5a dis-
play a decrease in electrolyte ionic conductivity as temperature
increases, which suggests that the temperature increase ener-
gized the conductible lithium ion, enabling it to break through
the migration barrier. At higher temperature, the conductivity
observed decreases slightly, which indicates that at higher tem-
perature, the effect of temperature on ionic transport is non-
significant. At these temperatures, lithium has enough energy
to migrate. The calculated activation energy values are 0.94 eV
(850 °C), 0.18 €V (950 °C) and 0.46 eV (1050 °C), which are
similar to those reported previously.'*!62-*! The small activation
energy value recorded for the sample sintered at 950 °Cindicates
that the energy needed for lithium ion migration decreases, thus
increasing the ionic conductivity. The high value of impurities
recorded for the rest might have contributed to the increase in
the activation energies, which decreased the ionic conductivity.

Despite the presence of the Li-deficit phases in the Al-sta-
bilized LLZO sintered by SPS, the present study reported total
ionic conductivity of 4.9 x 10 S/cm for the sample sintered at
950 °C, which is one of the highest conductivity values reported
in the literature at temperatures higher than the 950 °C used in
this study.'+13-15
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Figure 5. (a) Arhenius type plots of high temperature ionic conductivities for the determination of activation energies of the samples and (b) graph
of total ionic conductivities and activation energy values as a function of sintering temperature.
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Conclusion

In this work, SPS was successfully used for sintering and
cubic phase stabilization, which was examined as a function of
sintering temperature. Gubic LLZO phase was observed at tem-
peratures as low as 850 °C, compared with higher temperature
reported in the literature. The lattice parameters calculated from
the Rietveld refinement analysis showed a decreasing trend as
the sintering temperature increased. The SEM micrographs
also show higher densification of particles with increased tem-
perature, highlighting the increase in relative density from 94
t0 99.9%. The ionic conductivity recorded in this work was
4.9 x107* S/cm, which is among the highest values reported in
the literature. Further optimization of the sintering parameters
to reduce Li-deficit phases may enable higher conductivity values
to be reached as well.
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