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LizLa3Zr, 04, electrolytes doped with different amounts of Al (0, 0.2, 0.7, 1.2, and 2.5 wt.%) were prepared
by a polymerized complex (Pechini) method. The influence of aluminum on the structure and conductivity
of LiyLasZr, 04, were investigated by X-ray diffraction (XRD), impedance spectroscopy, scanning electron
microscopy (SEM), and thermal dilatometry. It was found that even a small amount of Al (e.g. 0.2 wt.%)
added to Li;La3Zr, 04, can greatly accelerate densification during the sintering process. SEM micrographs
showed the existence of a liquid phase introduced by Al additions which led to the enhanced sintering rate.
The addition of Al also stabilized the higher conductivity cubic form of Li;LasZr,04; rather than the less
conductive tetragonal form. The combination of these two beneficial effects of Al enabled greatly reduced
sintering times for preparation of highly conductive Li;LasZr, 04, electrolyte. With optimal additions of
Al (e.g. 1.2 wt.%), LizLasZr,04; electrolyte sintered at 1200 °C for only 6 h showed an ionic conductivity
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0f 2.0 x 1074 Scm~! at room temperature.
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1. Introduction

The application of lithium ion batteries for electric vehicles
needs safe electrolyte materials with high lithium ion conductiv-
ity. The commonly used organic and polymer electrolytes have
potential safety issues such as flammability, as well as operat-
ing temperature limitations. Solid electrolytes are considered an
alternative to these common electrolytes. However, the conductiv-
ity of solid electrolytes is typically not as high as that exhibited
by liquid electrolytes. After decades of research, the conductiv-
ity of several solid electrolyte materials is now approaching that
of organic electrolytes [1-5]. Among the solid electrolytes, the
so-called stuffed lithium garnet Li;La3Zr,01;, recently reported
by Weppner’'s group [6], has attracted much attention due to
its relatively high ionic conductivity (3 x 10~4Scm~! at 25°C).
It has been reported that this material has high chemical and
electrochemical stability with lithium metal [7,8]. Members of
the lithium garnets are the subject of a recent review by Cussen
[9].

The garnet structure of Li;LasZr,0q, has two symmetries:
tetragonal and cubic [10,11]. The conductivity of the tetragonal
phase is two orders of magnitude lower than the cubic phase [11].
To synthesize the more conductive cubic phase of Li;La3Zr,015,
long sintering at temperatures of 1200°C and above has been
thought to be the key factor controlling the transformation from
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tetragonal to cubic. Therefore, to obtain the highly conductive
cubic phase, 36h of sintering at or above 1200°C was usually
applied to synthesize this material [6-8,12,13]. Recently, Geiger
et al. [14] reported that Al contamination from the crucible may
be the key aspect in stabilizing the cubic phase, rather than the
long sintering time. They suggested that Al might be introduced
to the garnet crystal by a reaction between the molten pre-
cursors (Li;CO3 or LiOH) and the crucible wall during the heat
treatment.

In order to find an improved synthesis process, it is impor-
tant to know how Al affects the structure and conductivity of
the LiyLa3Zr,013(LLZO) electrolyte. Thirty-six hours of sintering
above 1200°C could be a major obstacle for use of this solid
electrolyte. In particular at these temperatures Li loss becomes
a major concern. In the reported work to date, solid state
processing has almost exclusively been used. In the conven-
tional solid state synthesis method, repeated heat treatments
and intermittent grinding are necessary to ensure the oxide
precursors react thoroughly. The polymerized complex method
(also referred to as the Pechini process) begins with liquid
precursors, so provides molecular level mixing of the compo-
nents [15]. The result is that precursors can react completely at
lower temperatures and in shorter times, without the need for
intermittent grinding, and this synthesis route typically yields
finer powders with a more uniform size distribution [16-18].
In the present work, Pechini processing is applied to synthe-
size LLZO powders with different amounts of Al. The sintering
of these powders was studied to investigate the influence of Al
on processing, structure and conductivity of the LLZO electro-
lyte.
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2. Experimental
2.1. Preparation of LizLazZr,01;

LiNO3 anhydrous (99%), La(NO3)3-6H,0 (99.9%), ZrOCl,-8H,0
(99.9%), and Al(NO3)3-9H,0 (98.0-102.0%), all purchased from Alfa
Aesar, were used to prepare nitrate precursor solutions. The molar
ratio between Li, La, and Zr was controlled as 7.7:3:2. Excess Li (10%)
was added to compensate for expected Li loss during high temper-
ature heat treatments. 0.2, 0.7, 1.2 and 2.5wt.% of Al were added
to LiyLa3Zr,04, by adding AI(NO3)3-9H,0 to the nitrate solution.
These weight percents were based on the calculated Li;La3Zr;01,
product weight. Citric acid (99.5%, Aldrich) and ethylene glycol
(Fisher Chemical), in the ratio of 60:40 mol were added to the
nitrate solution as complexing agents. The overall metallic ion to
organic ratio was 38:62 mol, which was used to achieve the desired
foaming behavior without self-ignition followed by pyrolysis [16].

The organic solution was poured into the stirred nitrate solution.
The mixture was heated at around 130°C until a solidified white
foam formed. The foam was crushed, and then calcined at 900°C
for 6 h (ramp rate: 5°Cmin~1)in air in an alumina crucible to react
the precursors. After the calcination, the powder was pressed into
a 1 cm diameter pellet in a uni-axial press (Carver Inc.) with a load
of 40 MPa for 5min. The pellet was sintered at 1200°C in air for
6h (ramp rate: 5°Cmin~!) on an alumina plate. A 2.4 cm diameter
LLZO pellet made by conventional solid state method with no Al
added was put between the small pellet and the alumina support
plate to prevent interaction between the small sample pellet and
the plate. The small pellet was covered by additional LLZO powder
toreduce Li loss at high temperature. An alumina crucible was used
to cover entire pellet assembly to help further reduce Li losses.

2.2. Characterization of LizLa3zZr,015

The X-ray structural analysis of the LiyLazZr,01, powders was
performed by powder diffractometry (Bruker powder X-ray diffrac-
tometer, CuKa, 40 kV, 40 mA) at room temperature. Sintered pellets
were crushed to yield powder for XRD. Powder was extracted from
the center region of the pellet to avoid near surface effects such as
Li deficiency. The reference powder diffraction spectra of cubic and
tetragonal LLZO were simulated from cif files [10,11].

The microstructures of the electrolyte pellets were observed by
scanning electron microscopy (SEM) (EVO 50 Series, Zeiss). Before
SEM observation, the sintered pellets were polished using diamond
paste on a polishing wheel (MultiPrep, ALLIED high tech products
Inc.) The composition distribution of the elements was measured
in the SEM by energy dispersive X-ray spectroscopy (EDS) (INCAx-
sight Model 7636, Oxford Instruments).

Electrochemical impedance spectroscopy measurements were
performed with an impedance analyzer (1260 Impedance/Gain-
Phase analyzer, Solartron) combined with a dielectric interface
(1296 Dielectric Interface, Solartron). Silver paint was applied on
each side of the electrolyte pellet to make the current collector lay-
ers. Leads to the sample were made by attaching Cu wires to the
painted ends. Impedance spectra were collected by sweeping the
frequency from 13 MHz to 5Hz with a voltage set at 10 mV. Ionic
conductivity values were calculated from the complex impedance
plots using ZView2 (Scribner Associates) for analysis. To test the
electrolyte performance in a cell, cathode (LiMn;04) and anode
(Li4Ti5012) films were deposited on each side of a polished 0.5 mm
thick 1.2wt.% Al-doped LLZO slice. Pulsed laser deposition (PLD)
was used to deposit the films, while the substrate was maintained
at 200°C. Post-deposition annealing in air at 400 °C for 5 min was
applied to improve the films’ crystallinity. Ag films were thermal
evaporated on top of the electrode films as current collectors. A
potentiostat (Voltalab PST050, Radiometer Analytical) was used to
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Fig. 1. XRD spectra of Li;La3Zr,01, with 1.2 wt.% of Al after different steps during
synthesis: (a) simulated pattern of cubic LLZO based on structure from Ref. [11], (b)
LLZO calcined at 900°C for 6 h, (c) LLZO sintered at 1200°C for 1h, and (d) LLZO
sintered at 1200°C for 6 h (*, LaAlOs; -, LayLig5Alp504).

test the cell performance of the battery. The charging and discharg-
ing current density was 1 pAcm—2.

High temperature dilatometry (L75, Linseis) was used to observe
the sample shrinkage associated with sintering as a function of tem-

perature. The pellet was ramped to 1250 °C at a rate of 10°C min~!.

3. Results and discussion
3.1. XRD results

Fig. 1 shows the X-ray diffraction patterns of the Li;LazZr,01,
powder with 1.2 wt.% added Al after different heat treatment steps.
After the first heat treatment (calcination at 900°C for 6 h), the
major phase in this powder can be determined as cubic LLZO, which
indicates the precursors have reacted completely with each other in
this calcination process. LaAlO3 appears as a second phase in this
powder (corresponding peaks denoted by asterisks in Fig. 1(b)).
The second step of heat treatments is sintering at 1200 °C. Fig. 1(c
and d) shows the patterns for LLZO sintered at 1200°C for 1 h and
6 h, respectively. Comparing with the pattern in Fig. 1(b), after 1-h
sintering at 1200°C, the peaks from impurity phase shift, indi-
cating a new phase formed. The peaks from the new impurity
phase match well with the pattern of lanthanum lithium aluminum
oxide (LayLig 5Alp504). This phase could be formed by the reaction
between LaAlO3 and the Li in the LLZO at 1200°C. As the sintering
time increased to 6 h, the XRD pattern shows the powder is well
crystallized cubic LLZO, with any Al-containing second phase being
below the detection limit. The absence of Al-containing impurity
phase in this XRD pattern is likely the result of more complete reac-
tion with LLZO during the 6-h sintering, resulting in an Al-doped
LizLa3Zr;015.

Fig. 2 shows XRD patterns of LLZO electrolytes sintered at
1200 °C for 6 h with different amounts of added Al. Without adding
Al the LLZO sintered at 1200 °C for 6 h can be determined as a mix-
ture of tetragonal LLZO, La,03, and Lag 5Zrg 501 75 (Fig. 2(b)). After
the addition of Al, even as low as 0.2 wt.%, the tetragonal LLZO phase
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Fig. 2. (a) Simulated pattern of tetragonal Li;LasZr, 01, based on structure from Ref.
[10], (b) undoped LLZO sintered at 1200°C for 6 h (v, Lay03; ®, Lags5Zro501.75), (C)
0.2wt.% Al doped LLZO sintered at 1200°C for 6 h (v, La,03), (d) 0.7 wt.% Al doped
LLZO sintered at 1200°C for 6 h, (e) 1.2 wt.% Al doped LLZO sintered at 1200°C for
6h, and (f) 2.5 wt.% Al doped LLZO sintered at 1200 °C for 6 h (*, LaAlOs).

is partially transformed to cubic LLZO. When the Al content is low
(0.2 and 0.7 wt.%), the peaks from cubic LLZO are broad and have
shoulders (Fig. 2(c and d)). The shoulder peaks are diffracted from
tetragonal phase LLZO. Therefore, the LLZO with low content of Al is
amixture of cubicand tetragonal phases. As the Al contentincreases
to 1.2 wt.%, the broad peaks become sharp, indicating the formation
of awell crystallized cubic LLZO phase (Fig. 2(e), the same picture as
Fig. 1(d)) without residual tetragonal LLZO. Impurity phases, such as
La,03, and Lag 5Zro 50175, gradually disappear with the increasing
of Al addition.

By continuing to add Al to the level of 2.5 wt.% (Fig. 2(f)), in addi-
tion to the cubic LLZO phase, a new impurity phase, LaAlOs, appears
in the XRD pattern (peaks from this phase are marked by aster-
isks in Fig. 2(f)). The presence of LaAlO3 suggests the 2.5 wt.% value
exceeds the optimized doping value of Al in LLZO, with excess Al
appearing in the form of LaAlO3. However, the impedance mea-
surements show that this impurity phase does not greatly affect
the electrolyte conductivity at this level.

Since the sintering time for all the pellets are the same, the tran-
sition of LLZO tetragonal to cubic in Fig. 2 is due to the varying Al
doping level. Geiger et al. [14] suggest that Al atoms occupy a Li
site in the garnet structure and stabilize the cubic phase at room
temperature. The XRD data verify that the addition of Al promotes
the transformation of LLZO from the tetragonal phase to the cubic
phase.

3.2. Impedance measurement

Table 1 summarizes the density and lithium ion conductivity
of the LLZO pellets with different Al contents sintered at 1200°C

x 10"

a

imag

. 2.5 3 3.5
z.real e X 101

1 1.5 2

z 10 x10°

real

Fig. 3. (a) Impedance spectra of the Owt.% Al Li;La3Zr,04, electrolyte (frequency
range: 13 MHz-5Hz.) (thickness (mm) of the pellet: 5.4; diameter (mm): 10.46;
estimated R (Ohms) of the small circle at high frequency part: 5.118 x 106), (b)
impedance spectra of the 1.2 wt.% Al Li;La3Zr, 04, electrolyte (high frequency part:
13 MHz-4.5 x 10% Hz) (thickness (mm) of the pellet: 3.2; diameter (mm): 8.26; esti-
mated R (£2): 3031).

for 6 h. Density measurements were simply preformed by weight-
ing the pellets’ mass and measuring their diameter and height. The
pellet without Al has a very low density compared to the theo-
retical value (5.098 gcm~3 [11]). Particles are not well bonded to
each other as they can easily be scraped off from the pellet. The
impedance spectrum (Fig. 3(a)) of this pellet shows a grain bound-
ary semicircle in the middle frequency range which is likely caused
by these poorly joined particles. The high frequency semicircle is
from the bulk LLZO electrolyte. The impedance spectra of all the
other Al-doped Li;La3zZr,01, samples have only one semicircle in
the high frequency range and a line in the low frequency range due
to the Li blocking electrodes.

The density of the LiyLa3Zr,0q, pellets jumps from 2.6 to
4.4gcm~3 by adding Al and does not change significantly with
variations in the Al content. The conductivity of the LLZO pellets
increases with Al content up to ~1.2 wt.% showing the beneficial
effect of Al additions. However, when the amount of Al increases
to 2.5wt.%, the Al in the LLZO is saturated and an impurity phase
(LaAlO3) forms at levels detected by XRD, which may cause the
slightly reduced conductivity of this pellet.
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Table 1
Density and conductivity of LLZO pellets with different Al contents, sintered at 1200°C for 6 h.
No Al added 0.2 wt.% Al 0.7 wt.% Al 1.2wt% Al 2.5wt.% Al
Mass density (gcm—3) 2.6 4.4 4.5 4.4 4.5
25°C Li* conductivity (Scm™") 1.2x1077 22 %107 3.5%x107° 2.0x 107 1.96 x 104

3.3. Al microstructure effects

The effect of Al additions on LLZO sintering was investigated
through dilatometry and microstructure observations. A dilatome-
ter was used to measure the change of length of a 1.2 wt.% Al-doped
LLZO pellet during heating to 1250°C. An onset temperature for
pronounced shrinkage was found at 1052 °C. Based on the sud-
den dimension change observed in the dilatometer, the sintering
appears to be enhanced by the presence of a liquid phase.

To confirm the sintering mechanism in Al-doped LLZO, two
pellets (0.2 and 1.2 wt.% Al) were sintered at 1200°C for 1h and
quenched to room temperature prior to observation. The densi-
ties of these two pellets were: 4.3gcm™3 (0.2 Al) and4.6gcm—3
(1.2 Al). These density values are close to those of the 6-h sintered
pellets, indicating that densification of the pellets occurs rela-
tively quickly. However, the conductivities of the pellets (9.5 x 10~6
and 4.2 x 10~> Scm™!, respectively) are not as high as the pellets
sintered 6-h, suggesting that sintering occurs more rapidly than
establishment of the optimal Al-stabilized crystallographic struc-
ture.

SEM observations (Fig. 4) shows the presence of a second phase
(distinguished by the lighter shade of grey in Fig. 4) in both of the
pellets. The second phase exists at the intersection of the particles
and appears like a liquid wetting particle surfaces. The evidence
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Fig. 4. SEM picture of microstructures (a) 0.2 wt.% Al Li;LasZr,01, pellet sintered
at 1200°C for 1h, and (b) 1.2 wt.% Al Li;La3Zr, 01, pellet sintered at 1200°C for 1 h.
The magnification of all the pictures are 4kx.

suggests this phase plays the role of a liquid phase during sintering
of LLZO resulting in accelerated pellet densification. During liquid
phase sintering, when the temperature reaches the melting point
of the liquid phase, wetting of particle surfaces by the liquid phase
results in capillary forces that facilitate particle rearrangement and
enhanced diffusion that accelerates densification [19].

Significant porosity is evident in the microstructures, some of
which may result from the polishing process (e.g. pull outs dur-
ing polishing). Compositions of the matrix phase and the minority
phases were characterized by EDS, and are summarized in Table 2.
Comparing the composition differences between them, the Al and
La levels are higher in the minority phase (points 1 and 3) while the
Zr content is lower. Based on the XRD pattern in Fig. 1(c) shows, it is
likely that the second phase in the 1.2 wt.% Al doped LLZO (Fig. 4 (b))
is LayLig 5Alg504. However, the exact composition of this phase is
not known as Li cannot be detected by EDS, and matrix effects, due
to the X-ray penetration depth in EDS, can also affect the apparent
composition.

The formation of a liquid phase during sintering may initially
occur by a reaction between Li,O and Al,03. The phase diagram
shows a eutectic liquid forms at 23 mol% Al,03 that has a melt-
ing point of 1055 °C [20], which corresponds well with the 1052 °C
shrinkage onset temperature observed by dilatometry. During sin-
tering, dissolution and reprecipitation will occur in the presence of
the liquid which likely results in incorporation of La and Zr in the
liquid.

It appears that Al additions to LLZO play two significant roles.
As suggested by Weppner and co-workers [14], small amounts of
Al appear to stabilize the cubic structure relative to the tetrago-
nal structure. Secondly, from a processing standpoint the liquid
phase that develops as a result of Al additions serves to promote
densification and shorten sintering times. In typical solid state pro-
cessing in alumina crucibles, some Al incorporation occurs through
interactions with the crucible. However, this is typically insuffi-
cient to promote either significant densification or stabilization of
the cubic structure, so very long sintering times are needed at high
temperatures [6-8,12,13]. It is not clear what the optimal level of
Al incorporation in LLZO is for cubic structure stabilization. Some
amount in excess of this level is need for liquid phase sintering,
as the liquid does not appear to be transient, so some Al remains
behind along grain boundaries in the frozen liquid. There is also an
optimal liquid content so as to sufficiently promote rapid sintering
without reducing LLZO grain to grain contact too much. If an exces-
sive amount of liquid forms, the pockets of liquid will reduce the
grain boundary area available for Li-ion conduction.

Reducing the processing time needed at elevated temperature is
important in limiting the extent of Li loss. The enhanced densifica-
tion rate provided by the liquid is significant, for reasonably dense
pellets can be processed in much shorter sintering time. Devel-
opment of a liquid will also accelerate the cubic LLZO formation

Table 2
EDS result of the points in the SEM pictures (all results in atomic %).
Al Zr La 0
Point 1 0.5 0.9 36.0 62.6
Point 2 0.2 11.6 16.5 71.7
Point 3 2.4 4.6 26.1 66.9
Point 4 0.1 10.4 14.7 74.8
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Fig. 5. Charging and discharging profile of a LiMn,;04/Al-doped LLZO/Li4TisO1, cell
at the current density of 1 wAcm~2.

through enhanced diffusion. The polymerized complex method is
also beneficial in this regard as it produces finer particles than solid
state processing.

What remains to be clarified is the minimum residence time
at high temperature for incorporation of Al into the LLZO lattice
and stabilization of the cubic structure. The mixed phase structures
(cubic and tetragonal) seen in Fig. 1 suggest this may be the process
time determining factor.

3.4. Cell performance

To verify the feasibility of using LLZO as the electrolyte in
solid state lithium ion batteries, LiMn; 04 and Li4Ti5O1, films were
deposited on each side of a polished 1.2 wt.% Al-doped LLZO slice
by PLD. Fig. 5 shows the charging and discharging behavior of the
battery at the current density of 1 wAcm~2. The battery could be
successfully cycled in the expected voltage range of (1.0-3.2V).
The low charge and discharge capacity result from the low mass of
the PLD films (~0.5 wm thickness for both electrode films). In each
cycle, anirreversible capacity could be observed. It is likely that this
low coulombic efficiency (increased from 30% to 60% after 3 cycles)
is due to the internal and interfacial resistance of this battery. Thin-
ner and better polished electrolyte slices will be prepared in the
future to fabricate improved solid state lithium ion batteries. The
lack of an obvious discharging plateau (should be at ~2.5 V) could be
caused by the low crystallinity of the electrode films deposited by
PLD. An optimized post-annealing treatment, to ensure complete
crystallization of the electrode films while avoiding deleterious
interactions with the electrolyte, is needed for enhanced cell per-
formance.

4. Conclusions

LizLa3Zr,01; electrolytes with various Al contents (0, 0.2, 0.7,
1.2, and 2.5wt.%) were prepared by the polymerized complex

method. It was observed that the phase transformation from tetrag-
onal to cubic occurred most readily when a certain level of Al
was added to Li;La3Zr,01,. Moreover, even small amounts of Al
(e.g. 0.2wt.%) can greatly increase the density of LiyLa3zZr,0q;
pellets after sintering. SEM observations of Al-doped pellets ver-
ified the existence of a liquid phase. Dilatometry showed pellet
densification accelerated around 1055°C suggestive of forma-
tion of a Li;O-Al,03 eutectic. By addition of a proper amount
of Al the synthesis of highly ionic conductive cubic Li;La3Zr,015
can be greatly simplified. 1.2wt.% Al-doped LiyLazZr,01, with
2x1074Scm~! conductivity at room temperature was pre-
pared with 6h of sintering at 1200°C. Cell performance of the
LiMn;04/Al-doped LLZO/Li4 Ti5O1; battery shows that Li;La3Zr, 01,
is a prospective electrolyte material in solid state lithium ion
batteries.
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