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Recently, solid-state electrolyte lithium lanthanum zirconium oxide garnet (Li;LasZr O, LLZO) has
attracted great attention due to its high room temperature conductivity of lithium ions and stability
against lithium metal electrodes. The Al-doped cubic garnet Lig4Alg2LazZroO, was synthesized by
a conventional solid-state method at different sintering temperatures. The influence of the sintering

process on the structure and ionic conductivity was investigated by X-ray diffraction, electrochemical
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impedance spectroscopy, and scanning electron microscopy. The results showed that Li vaporization

and relative density were affected by the sintering process. The synergistic effects of Li concentration
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1. Introduction

Although traditional lithium-ion batteries with liquid electro-
lytes have been widely applied in consumer electronics and
power sources, further development and improvement is diffi-
cult due to problems encountered such as poor safety, limited
voltage, lower energy density, and poor cycling performance.
Solid-state lithium batteries (SSLiBs) provide potential solu-
tions compared with the liquid lithium-ion batteries. Solid-state
electrolytes (SSEs) are the key factor for development of SSLiBs."
Thus, different types of ceramic electrolytes with ionic
conductivity similar to liquid electrolytes are used for realizing
SSLiBs, such as LizN,” LiPON, LISICON-type sulfides,®
NASICON-type phosphates,* perovskite-type titanates,® and Li,-
La;Zr,04, (lithium lanthanum zirconium oxide, LLZO) garnets.®
Among them, LLZO has been widely studied because of high
lithium-ion conductivity and good electrochemical and chem-
ical stability against lithium metal electrode. Murugan et al.”
first reported cubic LLZO and Geiger et al® investigated its
crystal chemical and structural properties. Up to now, three
different structural forms for LLZO have been reported, the high
temperature (HT) cubic phase with the Ia3d space group,® the
tetragonal structure with the I,4/acd space group,' and the low
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and relative density determined the Li* ionic conductivity. Compared with the relative density, the Li
concentration plays a more important role in determining the ionic conductivity via the solid-state method.

temperature (LT) cubic."*> The tetragonal structure is easily
obtained at lower sintering temperature (approximately 700-
900 °C) by solid-state synthesis without doping and liquid-state
methods. However, it shows lower ionic conductivity by two
orders of magnitude as compared to the HT cubic phase, which
cannot meet the demand for solid-state electrolytes. In addi-
tion, the low temperature (LT) cubic is less known and studied
due to the low lithium ion conductivity and instability above
800 °C. The lithium ionic conductivity of HT cubic garnet LLZO
is approximately 10°* S em ", and its high conductivity is
dependent upon the high sintering temperature (approximately
1100-1300 °C) and stable cubic structure. Generally, it is diffi-
cult to stabilize the HT cubic phase without element doping,
using such elements as Al, Ta," Nb,"* and Ga. The Al ion is
specifically doped to stabilize the cubic structure intentionally
added or resulting from contamination during sintering pro-
cessing. Chen et al.*® also found that Al can be a sintering aid
facilitating densification.

The solid-state method was most frequently used to obtain
LLZO due to its simplicity in processing and mass production.
However, the evaporation of lithium by high temperature sin-
tering should still not be neglected because it is a critical factor
that influences the lithium ion conductivity of LLZO. Addi-
tionally, the higher sintering temperature can increase the
relative density. It is necessary to balance these two factors with
the solid-state method.

Previous studies focuses on the effect of the sintering
temperature® or lithium concentration® on ionic conductivity
independently, but there are few researches which consider the
relationship between them. The sintering temperature is vary
with different researchers, so it is difficult to make it uniform.
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Moreover, the Li concentration is affected by the sintering
process, including sintering temperature, the amount of
mother powder, sintering time, and so on. In the present work,
the synergistic effect of lithium concentration and relative
density on the ionic conductivity was investigated. Instruction is
provided for synthetizing Al-doped LLZO with high ionic
conductivity. To produce cubic garnet LLZO using solid-state or
high temperature solution-based syntheses, a minimum
amount of Al (>0.5 wt%) is necessary as well as one-step calci-
nation at 1000 °C or above.'®'” This work was followed by one-
step sintering to prepare Lig4Alg,La3Zr,04, using commer-
cially desirable and more reliable procedures.

2. Experiments
2.1 Material synthesis

The nominal chemical formula Lig 4Aly ,LazZr,0;, compounds
were produced by the solid-state method, using stoichiometric
amounts of Li,COs, La,0; (heated at 900 °C for 10 h), ZrO,, and
Al,O;. An excessive amount of 10 wt% Li,CO; was mixed to
compensate for the lithium evaporation during the sintering
process. The raw materials were mixed through ball milling
with zirconia balls for 20 h in isopropanol in air, and then dried
at 65 °C. The obtained powder was calcined at 900 °C for 10 h,
reground, and then ball-milled for another 20 h with 1 wt%
polyvinyl butyral (PVB). Finally, the mixed powder was pressed
into pellets with 12.7 mm diameter at 160 MPa, followed by
sintering in the temperature range of 1100-1230 °C with
different sintering times (10 h, 15 h, and 20 h). Table 1 shows
the naming convention for all samples that will be used for the
rest of this study. The pellets were sandwiched between two
layers of the same powders in a small MgO crucible to suppress
potential volatilization of Li,O during the preparation.

2.2 Material characterizations

The X-ray diffraction (XRD) patterns were recorded using an X-
ray diffractometer (X'Pert3 Powder) with Cu-Ka radiation (A =
0.154178 nm) in the 26 range of 10-80° with a scanning rate of
4.2° min~'. Cu-Ka radiation was obtained from a copper X-ray
tube operated at 40 kv and 40 mA. JCPDS files were used to
identify the crystalline phases, and the lattice parameters were
obtained from Rietveld refinement. The morphology of the
obtained pellets was observed by scanning electron microscopy
(SEM, ZEISS EVO18). The relative densities of the obtained
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ceramic pellets were measured at 22 °C using the Archimedes’
principle and alcohol as the immersion medium. The theoret-
ical density of samples was calculated from the lattice param-
eters determined by XRD. The amounts of lithium and
aluminium were measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES, ICPA6300). The sample
was dissolved in aqua regia at 100 °C for 12 h in an enclosed
autoclave. After many trials, analytical results with good repro-
ducibility were obtained.

The ionic conductivity was measured with a CHI650D
impedance analyzer while the frequency ranged within 10 Hz to
1 MHz at an AC amplitude of 5 mV. Z-view software was
employed for data analysis. To test the ionic conductivity, a thin
film of Ag was pasted on both sides of the polished pellets,
which were then dried at 125 °C for 15 min following curing at
850 °C for 10 min. The samples then were loaded into a spring-
loaded Swagelok cell with stainless steel electrodes. The ionic
conductivity tests were carried out in the temperature range of
298-373 K. To ensure the accuracy during testing, the cells were
equilibrated for 30 min at the corresponding test temperature
before each test.

3. Results

The XRD patterns collected from the pellets crushed into
powders are presented in Fig. 1(a). All samples mainly showed
similar results, and the corresponding diffraction peaks were
indexed as a cubic garnet-like structure (PDF#45-0109). It was
difficult to observe the peaks corresponding to the tetragonal
phase, which is evident by the following analysis using the
Rietveld refinement. That result was also unable to detect the
tetragonal phase. Therefore, it suggests that the amount of this
phase, if it exists, is below the detection limit of XRD. This result
was in agreement with that of the Al-stabilized cubic phase re-
ported by previous studies.**>'® Rietveld refinements of XRD
data were conducted on the basis of a garnet-like crystal struc-
ture with the Ia3d space group for cubic samples. Fig. 1(b)
shows the Rietveld refinement of the XRD pattern for the
sample LLZALO-4. The final Bragg-R factor (R = 3.477) indicated
a good refinement. The lattice parameters of these samples with
different sintering temperatures are listed in Table 1. As can be
seen, the refined unit cell parameter is in the range of
12.96529(8)-12.97159(9) A, which is slightly different as
compare to that of the LLZO phase reported by Murugan (a =

Table 1 Summary of sample denotation, sintering conditions, and chemical compositions of the investigated samples

Li atomic Al atomic
Sample denotation Sintering conditions ratio ratio Relative density” (%) a(A)
LLZALO-1 1100 °C x 20 h 6.25 0.13 87.5 12.97131(9)
LLZALO-2 1150 °C x 20 h 5.69 0.15 87.9 12.97159(9)
LLZALO-3 1200 °C x 20 h 5.47 0.15 92.0 12.96794(7)
LLZALO-4 1210°C x 15 h 6.11 0.15 91.2 12.96529(8)
LLZALO-5 1220 °C x 10 h 5.88 0.14 94.0 12.96800(7)

“ Theoretical density obtained from XRD results is 5.257 g cm ™.
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Fig. 1 (a) XRD patterns of pellets crushed into powders and (b) XRD
Rietveld pattern for the LLZALO-4 sample. Vertical bars denote the
corresponding the Bragg reflection positions.

12.9682(6) A and Geiger (@ = 12.9751(1) A).* The atomic
coordinates are listed in Table 2. It is difficult to fix the occu-
pancy values of Li by Rietveld refinement analysis.” In addition,
Al ion was not taken into account in Rietveld refinements
because it is difficult to determine its position in the lattice by
XRD.

The measurement results of the relative density are listed in
the Table 1. The relative density increased with increasing sin-
tering temperature except for the LLZALO-4. It is reasonable
that shortened sintering time reduced the density for LLZALO-4
compared with other samples. The results of chemical compo-
sitions for the obtained samples are summarized in Table 1.
The La atomic ratio was fixed to 3 per formula unit due to the La
concentration exceeding the measured limits in a blank test. It
can be seen that the Li concentration is 11% lower than the
theoretical quantity in the pellet even at 1100 °C, indicating that
it is still necessary to perform Li evaporation. Obviously, the
evaporation of Li accelerated when the sintering temperature
was elevated. For LLZALO-4, the Li loss was moderate because

Ta_ble 2 Rietveld refinement results for LLZALO-4. Unit cell: cubic
la3d, a = 12.96529(8); Ry: 2.895; Reyp: 1.956; Ryp: 4.105; GOF: 2.099,
Rbragg: 3477

Atom Site x y z

La 24d 0.125 0 0.25
Zr 16a 0 0 0

(6] 96h 0.97808 0.048 0.147

This journal is © The Royal Society of Chemistry 2018
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the sintering time was decreased. The same trend occurred as
that which was observed for the relative density of LLZALO-4.
The Al concentration is almost the same for all sintered
pellets, at approximately 0.14 per formula units.

The influence of the sintering process on the relative density
can also be observed from the SEM micrographs shown in
Fig. 2. It is obvious that the cross-section of the pellets sintered
at 1100 °C shows a great number of pores, which leads to poor
density. As the sintering temperature increased, the number of
pores rapidly decreased with sintering temperature up to
1200 °C. From a microstructural perspective, higher relative
densities provide higher ionic conductivity.”® For LLZALO-3,
LLZALO-4, and LLZALO-5, there is little difference in the
density among them. Maximized density was observed for
LLZALO-5 given in Table 1.

The ionic conductivity of the samples was measured using
impedance spectroscopy. Fig. 3(a) shows Nyquist profiles for

2um

~10um

2pum

Fig. 2 The cross-sectional SEM images of the sintered pellets (a)
LLZALO-1, (b) LLZALO-2, (c) LLZALO-3, (d) LLZALO-4, (e) LLZALO-5,
and (f—j) represent the magnified SEM images of the respective
samples.
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sintered pellets at different processes at room temperature (25 °C).
The typical impedance plot is composed of part of a semicircle in

the high-frequency range, intermediate-frequency flattened
(a) 12000 / - —
/ / /
/ / /
[ /
8000 [ / J P
o ] / 7/
N ] / / J/
1 i / J/
4
4000 - YI i f/ sKkHz < —=—LLZAIO-1
7 & —e—LLZAIO2
v # o —A—LLZAIO-3
Hz & —v—LLZAIO-4
—e—LLZAIO-5
. .
0 2000 4000 6000 8000 10000 12000
o
(b) 800
o Experimental values
600 Fitting results
CPED. CPEgb  CPEel
Gl
o A Rb Rgb
= 4004
N o
o
200
04
T T T T
400 600 800 1000 1200
zI
(c)
%
L af
3
51
2
- = LLZALO-5
© LLZALO-3
A LLZALO-4
¥ v LzaLo2
<  LLZALO-1
1 1 1
26 28 3.0 , 32 34
1000/T(K")
4
(d) ‘' — . . . —pom
R
RN
En N
E3F [EANEEN Jo4s
] - SN N
I \ / e >
S \ . ') N g
5 \ PR i . Z
= o v S N N 040 =
= 2 ‘o7 AN ' N 2
B A ~ ! v 3
5 PN e, ¢, == Total Conductivity e
'E L \ ‘\/l,' ==~ Bulk Conductivity | 035 E
S v \ //’\ - @~ - Activation Energy | <
K] N \ '/I N -
L AN K \ === 030
Soseem b
N
v
T T T T T 025
LLZALO-1 LLZALO-2 LLZALO-3 LLZALO-4 LLZALO-S
Fig. 3 (a) Typical room temperature (25 °C) AC impedance plots of

LLZALO pellets sintered at different temperatures, (b) the impedance
data for LLZALO-4, with the corresponding fitting curve (solid line) and
an equivalent circuit shown in the inset, (c) Arrhenius plots for the total
(bulk + grain — boundary) Li* conductivity of samples sintered at
different temperatures measured in the temperature range from 25 °C
t0 100 °C, and (d) the compositional dependencies of bulk and total Li*
conductivity measured at 25 °C and activation energy.
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semicircle, and a spike below 3 kHz. The first incomplete semi-
circle corresponds to the bulk resistance, and the second flattened
semicircle presents the grain-boundary resistance. The low-
frequency spike is the contribution of the electrode. Fitting was
based on the equivalent circuit (shown in the inset of Fig. 3(b))
consisting of (R,CPEp) (Rg»CPEgp,) (CPE.) components using the
Zview software, where R stands for the resistance, CPE is the
abbreviation for the constant phase element, and their subscripts
“b”, “gb”, and “el” refer to the bulk, grain-boundary, and electrode
contribution, respectively.

For LLZALO-1, LLZALO-2, and LLZALO-5, the impedance
plots showed a short arc below 3 kHz, which can be attributed to
the electrode effect. The ionic conductivity of samples at 25 °C is
listed in Table 3. Among the investigated samples, the highest
total ionic conductivity of 2.10 x 10~* S cm™ " was observed for
LLZAO-4, which is comparable to the total ionic conductivity
values for only Al-doped cubic LLZO. The lowest conductivity
was 1.54 x 107> S ecm ™' for LLZALO-2 with sintering at 1150 °C.
Arrhenius plots for the total electrical conductivity of LLZALO
are shown in Fig. 3(c). The Arrhenius equation was used to
calculate the activation energy E,:

_E,
oT = A exp {kBT] . (1)
Where 4, kg, and T are the pre-exponential parameter, Boltz-
mann's constant, and the absolute temperature, respectively.
The results show that the E, values fell in the range of 0.286-
0.414 eV. Such a high variation with different samples suggests
a strong influence of transport properties on the microstruc-
ture. Fig. 3(d) shows the total conductivity and bulk conductivity
for samples. It can be seen that the value of Ry1,/R¢otal decreased
with the increase of the sintering temperature, except that
LLZALO-4 is the lowest. From Fig. 3(d), it also can be seen that
the activation energy and ionic conductivity are correlated with
each other, and the samples with a higher ionic conductivity
had lower activation energy and vice versa. The lower activation
energy suggests the higher-level disorder of lithium ions, which
enables greater enhancement of the mobility of lithium ions.*

4. Discussion

When 0.2 mol Al was added to the LLZO, all samples exhibited
a cubic phase, which is consistent with previous results
reporting that Al element plays a critical role in the stabilization
of the cubic phase (Fig. 4). The atomic values for Li and Al are
provided for comparison. The results show that the reduced

Table 3 Summary of ionic conductivity data of the investigated
samples

total bulk

Sample o395 k (S em™) o35k (Sem™")  E, (eV) Rgp/Riotal
LLZALO-1  8.78 x 107° 1.85 x 10~* 0.366 0.52
LLZALO-2  1.54 x 10°° 3.19 x 107° 0.414 0.49
LLZALO-3  2.80 x 10° 3.91 x 10°° 0.373 0.28
LLZALO-4 2.0 x 10™* 2.33 x 107 0.286 0.11
LLZALO-5  1.32 x 10°* 1.77 x 10°* 0.306 0.26

This journal is © The Royal Society of Chemistry 2018
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sintering temperature and shortened time results in lower
lithium evaporation, hence, the higher Li concentration in
sintered pellets. Rangasamy et al.'® suggested that the lower
lithium evaporation should lead to higher conductivity and
a corresponding lower activation energy. Higher sintering
temperature, on the contrary, yielded higher density and
improved the ionic conductivity. The cross-section of the pellets
sintered at higher temperature shows much greater density
than that of lower temperature, while the difference was not
obvious when the sintering temperature reached 1200 °C. The
effectiveness of sintering temperature during the densification
process is clearly demonstrated.

The conductivity of a material with multiple conducting
species is given by

o = niziey; (2)

where n; is the ionic concentration, e is the charge of active ions,
and u; is the mobility of the conducting species. It can be seen
that the lithium ionic conductivity is determined by the
concentration of active lithium ions and the mobility.

The Li" mobility at 24d sites is characterized by a powerful
jumping capability that mainly determines the bulk conduc-
tivities of garnet-type electrolytes.® This intrinsic structure
dominated the Li" mobility. The XRD results showed that all the
samples exhibited the same cubic structure and similar lattice
parameters. The effects of structure on ionic conductivity can be
attributed to the Li concentration, which affects lithium ionic
conductivity by changing the Li* occupational and positional
disorder in the grain. From the results of ICP-OES, the lithium
concentrations of the samples decrease with the increasing
sintering temperature at the same sintering time, while the
sintering time has a reverse effect on those parameters. It is
indicated that the volatilization of lithium can be governed by
regulating the sintering process. Therefore, in the current study,
the ion conductivity is determined by the synergistic effect of Li
concentration and relative density.

Previous studies showed that the Li concentration is often
less than 7 per formula units when obtaining high-conductivity
LLZO.”*** The Li concentration in the present work is at a range
of 5.47 to 6.25 per formula units, which is the proper Li
concentration and has a direct influence on the lithium ionic
conductivity. However, higher sintering temperature yielded

| LLZO
|
| |

JJ H | 1. Uj “

LLZALO

i

Cubic garnet

Intensity(a.u.)

Tetragonal phase

T T T

20 30 40 0 60 7
2-Theta(degree)

Fig. 4 The XRD patterns of LLZO and LLZALO.
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slightly higher relative density. The dense microstructure with
higher relative density is expected to increase the total lithium
ion conductivity by decreasing the grain-boundary resistance.
Furthermore, it is expected to suppress the formation of lithium
dendrite on the lithium metal electrode. Fig. 5 shows the
synergistic effect of Li concentration and relative density on
ionic conductivity. It can be seen that the range of change for Li
concentration is 12%, which is larger than that of the relative
density, 4.9%. It is the mutual restriction of both Li concen-
tration and relative density that affects ionic conductivity. The
change of Li concentration is more sensitive to that of sintering
temperature, indicating that Li concentration is more effective
at altering ionic conductivity than the relative density, especially
at higher sintering temperature. The influence of Li concen-
tration on ionic conductivity was investigated by Zhang et al.*®
through the hot pressing method, which can maintain the same
relative density. The detailed relationship of these parameters is
still being investigated.

The samples with a higher ionic conductivity had lower
activation energy and vice versa. This was not surprising, as the
microstructure affected both ionic conductivities and activation
energies. In this study, these samples showed lower activation
energies than the reported values for the Al-doped LLZO (0.32-
0.40 eV), which suggests the occurrence of facile Li" transport in
them that is attributed to the excellent sintering property of the
ceramic pellets, and this can be verified by SEM and relative
density results. From the above results, it can be conclude that
Li concentration plays a significant role in enhancing the
lithium ionic conductivity for Al stabilized cubic LLZO. For
LLZALO-4, the high ionic conductivity and low activation energy
may be attributed to two interconnected factors: the Al-doped
effect, and the synergistic effect of Li concentration and rela-
tive density. Firstly, LLZALO-4 exhibited the pure cubic garnet
structure with Al doped at 0.2 mol. Secondly, because LLZALO-1
has the highest lithium concentration and the lowest density,
the increased resistance limited the mobility of Li". Hence, the
lithium concentration and relative density are like two sides of
a balance. For LLZALO-4, the ionic conductivity reaches
a maximum because lithium concentration and relative density
maintain their equilibrium.

2.50E-04

2.00E-04 -

1.50E-04 -

1.00E-04 -

Ionic conductivity(S-em™)

7

5.00E-05 -

0.00E+00 “ f
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Li atomic ratio

Fig. 5 The schematic illustration of the synergistic effect of the rela-
tive density and Li concentration.
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5. Conclusions

The nominal Lig 4Al, ;LazZr,04, with lithium ionic conductivity
of 2.10 x 10~* S cm™ " was synthetized by a solid-state method at
the sintering temperature of 1210 °C. The relative density is
91.2%. The different sintering process affected the lithium
volatilization and relative density. The results show that the
synergistic effects of Li concentration and relative density
determined the Li" ionic conductivity. Compared to relative
density, Li concentration plays a major role in determining the
ionic conductivity via the solid-state method.
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