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Abstract

A solution-based process was investigated for synthesizing cubic LiyLa3Zr,015 (LLZO),
which is known to exhibit the unprecedented combination of fast ionic conductivity, and
stability in air and against Li. Sol—gel chemistry was developed to prepare solid metal-oxide
networks consisting of 10 nm cross-links that formed the cubic LLZO phase at 600 °C.
Sol-gel LLZO powders were sintered into 96% dense pellets using an induction hot press that
applied pressure while heating. After sintering, the average LLZO grain size was 260 nm,
which is 13 times smaller compared to LLZO prepared using a solid-state technique. The total
ionic conductivity was 0.4 mS cm—! at 298 K, which is the same as solid-state synthesized
LLZO. Interestingly, despite the same room temperature conductivity, the sol-gel LLZO total
activation energy is 0.41 eV, which 1.6 times higher than that observed in solid-state LLZO
(0.26 eV). We believe the nano-scale grain boundaries give rise to unique transport phenomena
that are more sensitive to temperature when compared to the conventional solid-state LLZO.

1. Introduction

Keeping up with the demands for vehicle electrification
requires a revolutionary change in electrochemical energy
storage [1-3]. Li-S, Li-air, solid-state, and high-voltage
Li-ion batteries are potential candidates to meet the demands;
however new electrolytes are required to enable these
technologies [2, 4]. Specifically, solid ceramic electrolytes
are a promising class of materials to enable new battery
chemistries [5]. Ideally, the ceramic electrolyte should have
the following properties: (i) fast ion conductivity with a
transference number of 1, (ii) non-flammable, (iii) stable in
air and over a wide electrochemical potential range, and (iv)
relatively simple to synthesize in powder form for subsequent
sintering into a dense membrane or integration into a
polymer composite membrane [6]. Numerous solid-state
oxide Li-ion conductors have been investigated, such as
LiSICON, perovskites and garnets [5, 7, 8]. Of these the cubic
garnet with a nominal composition of LiyLazZr, 01, (LLZO)
has one of the highest ionic conductivities (> 107*Scem™ (9,
10] and is believed to be stable against metallic Li [11].

0957-4484/13/424005+08$33.00

Recent work has involved the solid-state synthesis of
LLZO [9-14]. Solid-state synthetic techniques are facile and
convenient for investigating new materials in a laboratory
setting where relatively small (10 g) sample batches are
required. However, to commercialize LLZO, flexible, scalable
and low-cost synthetic techniques are required. Solid-state
synthesis typically does not offer the flexibility to make
nano-dimensional particles with high sinterability nor the
ability to coat/protect electrode powders. By developing a
solution-based process to synthesize LLZO, the fabrication
of several battery components/designs can be improved
or enabled (figure 1). First, Li—S, Li-air, solid-state or
other Li-metal anode battery configurations require a
solid electrolyte membrane that is electrochemically, and
mechanically stable against Li (figure 1(a)). To prevent the
catholyte from reacting with Li and to suppress Li dendrite
penetration, the membrane must be dense. Typically, the
LLZO is prepared using a solid-state technique that produces
micron-scale grains that must be sintered at >1150°C [14]
to eliminate interconnected porosity. One problem with
conventional high-temperature synthesis is Li loss. Thus,

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. The ceramic electrolyte Li;La3Zr, O}, (LLZO) may enable numerous new battery components, such as: (a) membranes for use in
Li—sulfur, Li-air or solid-state batteries, (b) a high-voltage protective coating to enable high-voltage cathodes, and (c) an ionically
conductive additive to suppress Li dendrites in polymer electrolyte membranes.

means to reduce the sintering temperature are needed. One
possible approach is to use small particles, such as nano-scale
particles, that can be sintered at lower temperatures compared
to powders prepared through the conventional solid-state
process [15]. Second, there is significant interest in integrating
high-voltage cathodes into Li-ion batteries [16]. However, the
lack of electrolytes that are stable at high voltage hinders
their widespread implementation. Likewise, developing a
sol-gel approach for coating high-voltage cathodes could
enable their use (figure 1(b)). Third, an alternative approach
for fabricating solid-state batteries could involve LLZO
powder/solid polymer electrolytes (figure 1(c)) [6]. In this
approach, the purpose of the polymer electrolyte is to enable
low-temperature fabrication (compared to the approach shown
in figure 1(a)) while the purpose of the LLZO powders is to
act as a stiff matrix to suppress Li dendrite penetration. By
developing a sol-gel process, the LLZO particle size can be
precisely tuned, from the nanometer to the micron scale, to
form a percolative, sufficiently stiff [17], and tortuous network
to block Li dendrite penetration while maintaining high ionic
conductivity in polymer/particle composite electrolytes.

In this work, a sol-gel technique capable of synthesizing
LLZO is described. A Zr-alkoxide is combined with soluble
Li, La, and Al cations capable of hydrolyzing and condensing
into a continuous solid network forming a metal-oxide
network at room temperature. We believe the ability to control
the poly-condensation of multiple cationic species into an
oxide network is unique to this sol-gel process. In addition
to the envisioned uses described in figure 1, the ability to
form a metal-oxide network at room temperature could also
allow calcination (phase formation) in an inert atmosphere.
Thus, the ability to integrate LLZO into composite anodes
with materials that are highly air sensitive, such as nanoSi,
could be enabled.

Below, the new sol-gel process is described for
synthesizing cubic LLZO. To analyze the native LLZO
network, supercritical fluid extraction was used to preserve the
nano-scale features and allow for vibrational spectroscopy to
characterize the types of bonding. X-ray diffraction data as a
function of calcination temperature is reported to evaluate the
phase formation. Lastly, the sol-gel powders were sintered,
using uniaxial hot pressing, to prepare dense specimens for
electrochemical impedance spectroscopy.

2. Experimental details

2.1. Sol-gel synthesis

LiNO3 - xH20 (x = 0.5,99.999% Alfa Aesar), La(NO3)3 -
6H>0 (99.9% Alfa Aesar), and Zr(OH7C3) (70% w/w in
n-propanol, Alfa Aesar) were used as the gel precursors.
1-propanol (ACS 99.5% Alfa Aesar) was used as the di-
luting solvent and acetic acid (Glacial ACS 99.7% Alfa Aesar)
was used as a chelating agent. 0.24 moles of aluminum was
added using aluminum oxide (50 nm, Merck) to the precursor
solution before gelation occurs. The process flow diagram,
along with the precursor compositions, is shown in figure 2.
The precursors were separately dissolved in n-propanol. The
precursor solutions were then mixed along with the addition of
aluminum oxide powders. Gelation occurred in approximately
30 min, which was followed by 24 h of ageing to assure the
reaction was complete. The gels were subsequently ambient
dried for 48 h followed by heat treatment at 450 °C in air
to remove organics. The dried powder was cold pressed into
0.5” diameter pellets using a stainless steel die at 40 MPa.
The cold pressed samples were calcined in air at 600, 800,
900 and 1000°C in air for 4 h using a heating rate of
100 °C h™! (Thermo Scientific Lindberg Blue M Mini-Mite).
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Figure 2. Process flow diagram describing the sol-gel synthesis of LizLazZr,O1, gels.

The hatched section of the flow diagram indicates

that the supercritical process was only used to characterize the native gel network before the porosity is collapsed during drying.

Zirconia-coated crucibles were used for calcination. The
sample powders were analyzed using x-ray powder diffraction
(Bruker AXS D8 Advance with Da Vinci) for identification
of crystal phases. To determine the concentration of cations,
inductively coupled plasma (ICP) chemical analysis was
conducted by Galbraith Laboratories (Tennessee, USA),
which was the same procedure used in previous work [10].

2.2. Supercritical drying

To prepare for supercritical drying, wet gels were washed
with pure ethanol. Three ethanol washes were used, where
each wash was at least 10 times the volume of the gel, and
the gels were submerged for 24 h each wash. Following the
ethanol washing, the gels were placed in a 1 liter critical
point dryer (Pressure Products Inc). The ethanol within
the gel pores was exchanged with ultra-high purity liquid
carbon dioxide (Airgas). Once the ethanol was replaced
by liquid carbon dioxide, the temperature and pressure
were raised to 45°C and 10 MPa, respectively, to establish
supercritical conditions. The temperature was maintained
at 45°C while the pressure was decreased to ambient
conditions. Supercritically dried gels were then stored in a
0.5 ppm moisture, 0.2 ppm oxygen, argon-filled glovebox
until further testing. This was done to prevent reactions with
moisture in ambient air that could affect the nitrogen sorption
measurements. Brunauer-Emmett—Teller (BET) surface area
and pore volume characterization was performed by nitrogen
adsorption (Micromeritics ASAP 2020). Ultra-high-purity
helium and ultra-high-purity nitrogen were used to measure
free space and surface area, respectively. Samples were
degassed under vacuum at 80°C for twelve hours to
remove residual water vapor before nitrogen adsorption was
initialized.

2.3. Material and electrochemical characterization

Supercritically dried sol-gel samples were cut into approx-
imately 1 mm?® cubes and osmium coated for imaging.
Scanning electron microscopy (SEM) images were obtained

with a field emission JEOL 7500F electron microscope.
Grain sizes on SEM fractographs were calculated using linear
intercept analysis. Briefly, lines of known length were drawn
on the SEM fractographs. The number of grains were counted
per line. The line length was divided by the number of grains
intersected by the line to obtain the average grain size.

Thermogravimetric/differential scanning calorimetry
(TG/DSC) was performed on sol-gel synthesized LLZO.
To reduce the mass loss contribution for solvents and other
organic compounds, the gels were pre-heated at 450 °C in air
for 4 h before performing TG/DSC analysis. A Netzsch STA
449 TG/DSC analyzer was used under flowing air.

After calcination, the powders were hot pressed at
1000 °C under 40 MPa pressure for 1 h under flowing argon.
The pellet density was determined by measuring the weight
and geometric volume of a parallelepiped. Li-ion conductivity
was determined using AC electrochemical impedance
spectroscopy (EIS) with a VersaSTAT4 potentiostat over a
frequency range of 10 Hz-800 kHz and potential amplitude
of 100 mV. The Arrhenius measurements were made using
a load frame to apply 340 kPa pressure while heating. The
12.7 mm diameter electrode pins that made contact with
the specimen were instrumented with 0.5 mm diameter.
Type K thermocouples to measure the temperature. For
electrochemical measurements, the sintered pellets were
coated with Au films of an approximate thickness of 105 nm
using sputter coating. A load frame applied a constant
0.34 MPa pressure during EIS measurements. Arrhenius
measurements were conducted by placing the specimen and
assembly into an oven. Type K thermocouples were inserted
into each of the 12.7 mm diameter metal electrode pins that
applied pressure against the specimen. The temperature was
varied between room temperature and 70 °C.

3. Results and discussion

3.1. Gel characterization

Typical sol-gel systems require a controlled change in
pH to enable poly-condensation after hydrolysis of the
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(h)

Figure 3. High-resolution scanning electron microscopic analysis
of supercritically dried Li;La3Zr, 01, gel: (a) 25000 and (b)
100000 x%.

alkoxide precursor [18, 19]. However, owing to the high
reactivity of Zr-alkoxides, spontaneous hydrolyzation and
poly-condensation can occur in the parent solvent even in
the absence of pH change [20]. In some cases this reaction
has been found to be so rapid that precipitation results [21].
Because of the multiple cationic species that comprise LLZO,
a method for slowing or controlling the condensation rate of
the Zr-alkoxide was necessary to achieve uniform gelation. In
this work, acetic acid was added as a chelating agent to slow
down the hydrolysis and to control the poly-condensation
reaction of Zr in the Li-La—Zr—Al containing sol (figure 2).
Two separate cation solutions were prepared. One solution
contained Li and La cations with 50 nm aluminum oxide
particles in suspension. Aluminum (from the aluminum oxide)
is necessary to stabilize the cubic phase [10, 12], and
was added in solid rather than solution form to simplify
the sol-gel chemistry. The second solution contained the
zirconium alkoxide chelated by acetic acid. The two solutions
were stirred separately for 30 min before combination. After
combination, the mixture or Li, La, Zr, alumina gelled to form
rigid transparent gels.

To evaluate the gel in its native or as-gelled state,
supercritical fluid extraction was conducted to analyze the
solid network and pore morphology. SEM images of the
supercritically dried sol-gel (aerogel) (figure 3) illustrate the
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Figure 4. Fourier transform infrared spectra of supercritically dried
Li7La3Zr2012 gel.

highly interconnected solid network consisting of cross-links
approximately ten nanometers wide. BET analysis of the
dried gel revealed a high surface area (292 m?> g~!) with a
large fraction of microporosity (33%). In order to confirm the
presence of Zr—O-Zr bonding, the supercritically dried gel
was characterized using Fourier transform infrared (FT-IR)
spectroscopy. The FT-IR spectrum (figure 4) indicates
absorbance peaks at 666 cm~!, characteristic of Zr—O-Zr
bonds, as has been observed in other zirconia gels [22-24].
These studies also indicate the absorbance peaks observed
between 1300 and 1700 cm™' are characteristic of the
bidentate ligands, confirming the presence of CH3COO™
within the structure [20]. There are other absorbance peaks
at approximately 1000 and 800 cm~!, however, that could
not be clearly identified at this time. Nevertheless, the FT-IR
spectrum confirms the presence of Zr—O—Zr bonds; a feature
we believe is unique to the sol-gel process.

The supercritical fluid extraction process describe above
preserved the gel’s native morphology and chemistry in the
dry state as if it were wet. This enabled high-resolution
SEM, BET, and FT-IR analysis of the gel network. However,
as observed by other groups, solution-based approaches for
synthesizing LLZO require heating to obtain the cubic garnet
crystal structure [25, 26]. Thus, x-ray diffraction analysis as a
function of calcination temperature is presented and discussed
in the next subsection.

3.2. Effect of calcination temperature

The previous subsection characterized sol—gel derived LLZO
in the supercritically dried state; a form that is useful for
preserving morphology, but not representative of a material
dried by practical means. Conventional drying, such as
heating or calcination in air, is a more practical method
for drying gels. This subsection characterizes the effect
of calcination temperature on gels that were pre-heated
to 450°C in air for 4 h, which was sufficient to drive
off solvents and organics. LLZO, with the space group
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Figure 5. X-ray diffraction analysis of sol-gel synthesized
Li;La3Zr, Oy, powders. The bottom spectrum (450 °C) indicates the
presence of semi-crystalline LayZr, O7 (pyrochlore, highlighted by
symbol ¢). All other spectra were obtained from calcining at the
indicated temperature, in addition to heating to 450 °C for 4 h.
Cubic LLZO (garnet) is the primary phase present when heating to
600 °C or higher.

Ia3d, is the desired crystallographic form known to exhibit
0.4 mS cm~! conductivity at room temperature [9-11].
Likewise, confirming the presence of this phase was assessed
using x-ray diffraction as a function of calcination temperature
in air.

The x-ray diffraction data as function of calcination
temperature are shown in figure 5. After heating at 450 °C in
air for 4 h, nanocrystalline La;Zr,O7 (pyrochlore) is present.
According to the Scherrer equation [27], the crystallite size
of the pyrochlore phase is 10 nm. It is also important to note
that, in general, at the lower temperature where the pyrochlore
is the only crystallographic phase detected, there is significant
noise in the spectra [25, 26]. It is believed that the noise is a
result of attenuation from a significant volume fraction of an
amorphous Li-containing phases, i.e. unreacted Li. When the
LLZO gel is calcined at 600 °C or above, the desired cubic
LLZO (garnet) phase is formed. After calcining at 600 and
800 °C, there are still trace amounts of LayZr,O7, but after
calcining at 900 and 1000 °C only cubic LLZO is present.

From the above x-ray diffraction data, several obser-
vations can be made. First, the reaction pathway for the
sol-gel LLZO in this work is similar to that observed in the
Pechini [25] and citrate-nitrate method [26], in that LayZr; 07
is the first crystallographic phase formed upon heating. In
this work, however, the La;Zr,O7 reacts with Li to form
cubic LLZO at 600 °C, whereas the same reaction occurred
at 650 and 700°C for the Pechini [25] and citrate-nitrate
method [26], respectively. Secondly, the LLZO that was
synthesized with the Pechini method was not stable at 1000 °C
and transformed into tetragonal LLZO (garnet), which is
the minimum temperature to achieve a reasonable density.
Because Al was not present in the LLZO prepared using
the Pechini method, the LLZO transformed into tetragonal
LLZO above 800°C. In this work, we added 0.24 moles
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Figure 6. Thermogravimetric/differential scanning calorimetric
(TG/DSC) curves for sol-gel synthesized LizLa3Zr,O, powder.

of Al to stabilize cubic LLZO upon formation (600 °C) up
to 1000 °C (the sintering temperature). The absence of peak
doublets [10] in figure 5 confirms the presence of cubic LLZO
up to 1000 °C. Thirdly, because poly-condensation occurs,
the sol—gel derived materials consist of M—O bonding after
gelation, thus calcination can be conducted entirely in an inert
atmosphere to form the cubic garnet phase (x-ray diffraction
analysis confirmed this, but the data is not shown for gels that
were heated from the as-gelled state to 1000 °C in argon). This
is in contrast to the Pechini and citrate-nitrate methods, which
may require heating in air to provide oxygen to form cubic
LLZO. Perhaps the most obvious advantage of this process
can be envisioned in figure 1(b). Because cubic LLZO can
be synthesized through the liquid state and calcined in an
inert atmosphere, air sensitive electrodes, such as nanosilicon,
can be coated by this process. The LLZO coating could be
relatively thin, and protect the nanosilicon from excessive
solid electrolyte interphase formation, thus improving the
performance.

The TG/DSC analysis in air of sol-gel LLZO is shown
in figure 6. The powder was pre-heated to 450°C for 4 h
in air to dry the sample (before TGA/DSC analysis), as
was the case above. First, an endothermic peak occurs
at approximately 250°C. Because there is no coinciding
weight loss and LayZr,O7 does not go through a phase
change below 800°C, the origin of the peak at 250°C
is not known at this time. Above approximately 500 °C,
significant weight loss occurs up to approximately 650 °C.
Coinciding with the significant weight loss, the onset of a
significant endothermic peak is observed at approximately
600 °C. The endothermic peak is believed to represent the
formation of cubic LLZO, which agrees with the x-ray
diffraction analysis above. Above 650 °C, little weight change
and no significant endo/exothermic peaks are observed,
indicating the cubic LLZO phase is stable once formed.
Additionally, inductively coupled plasma (ICP) chemical
analysis confirmed the concentration of cations was in good
agreement with the intended formulation. ICP determined that
the cation formulation was Li = 6.28, La = 3.0,Zr = 2.0
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Figure 7. A scanning electron image of an intentionally fractured
sol—gel LizLa3Zr,O1; hot pressed specimen.

and Al = 0.24. This is also in close agreement to what was
intended, and similar in composition to the material prepared
using solid-state synthesis [10].

3.3. Sintering and electrochemical impedance
characterization

If the desired battery component is a dense membrane 90%
minimum with closed porosity [28] (figure 1(a)), sintering
to achieve high density is necessary. In this work, sol-gel
synthesized LLZO powders were hot pressed at 1000°C
under 40 MPa. A fracture surface of the hot pressed sol—gel
LLZO specimen is shown in figure 7. Relatively little
porosity was observed, which agrees with the geometric
density measurement of 96% relative density. Additionally,
the average grain size was 260 nm. Compared to solid-state
synthesized cubic LLZO powders (solid-state LLZO), with
an average grain size of 3.3 um after hot pressing [10], the
sol-gel LLZO grains were 13 times smaller. Additionally,
fracture in the sol-gel LLZO was primarily intergranular,
compared to mixed inter- and intragranular observed in the
solid-state LLLZO sintered under the same conditions [10].
The ability to control the particle size down to the hundreds
of nanometer scale or less could enable tuning to achieve
optimum conductivity and mechanical properties. It is known
that the grain size and fracture strength are inversely related,
ie. the smaller the grain size the higher the fracture
strength [15, 28]. A ceramic electrolyte membrane should
be in the 10-100 pum thick range if it is to be considered
practical for solid-state, Li—S or Li-air batteries [4], thus the
fracture strength must be adequate to enable fabrication and
handling. By using sol—gel synthesized powders, the grain
size can be significantly reduced, compared to the solid-state
synthesized powder, to increase fracture strength and facilitate
the development of LLZO ceramic electrolyte membrane
technology.

Figure 8 shows the Arrhenius plot of the total Li-ion
conductivity of the sol-gel synthesized LLZO as a function
of temperature. For comparison, solid-state LLZO data from
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Figure 8. Arrhenius analysis of sol-gel synthesized, hot pressed
Li;La3Zr,Oq,.

previous work (which has a similar Al and Li content as
mentioned above) is also included [10]. The activation energy
was estimated from the slope of the line in the temperature
range 25-70 °C. From figure 8, several important points can
be made. Firstly, at room temperature the total conductivities
for the sol-gel and solid-state LLZO are nearly the same,
~0.4 mS cm~!. Secondly, as temperature increases the total
conductivity for the sol-gel material is higher than that for
the solid-state material. Thirdly, the activation energy for the
sol-gel LLZO material is higher (0.41 eV) compared to the
solid-state LLZO material (0.26 eV).

It is known that the total conductivity is a function of
the lattice conductivity and the grain boundary component.
Since the Al and Li content are the same it would be expected
that the lattice conductivity for both sol-gel and solid-state
materials should be same, in which case the difference in
total conductivity is due to the difference in the conductivity
of the grain boundary component for each material. In
general the conductivity of the grain boundary component
is influenced by the density, grain size and chemistry at
the grain boundaries [29, 30]. Both of these materials have
roughly the same density, thus, any difference in density is
not likely the cause for the difference in conductivity shown
in figure 8. It is known, for grain sizes in the micron region,
that as the grain size increases the grain boundary conductivity
increases [31, 32]. Thus, one expects in a first approximation
that the solid-state LLZO material with larger grain size
(5 um) compared to the sol-gel LLZO material (260 nm)
would have a higher grain boundary conductivity and, hence,
a higher total conductivity. However the opposite trend is
observed in figure 8. It has been shown for LiNbO3 [33],
LisTisO12 [34], ZrOy [35], CeO; [36] and TiOy [37] that
as the grain size changed from the micron to nanometer
scale that the total conductivity of the nanocrystalline material
was higher than that for the microcrystalline material, in
agreement with results of this study. In general the lattice
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conductivities of the nanocrystalline and microcrystalline
materials were similar, suggesting that the higher total
conductivity of the nanocrystalline materials was associated
with higher grain boundary conductivity in the nanocrystalline
material compared to the microcrystalline material [34, 36,
37]. It was suggested that in the nanocrystalline material,
because of its larger grain boundary area, that this resulted
in a lower impurity segregation (impurities act to block
Li-ion conduction) on the grain boundaries, leading to higher
conductivity grain boundaries compared to grain boundaries
in the microcrystalline material [36-38]. It is likely that a
similar phenomenon occurs for the case of nanocrystalline
versus microcrystalline LLZO. To confirm this would require
detailed electron microscopy examination of grain boundaries
for the two grain size materials.

It would be expected because the total conductivity of the
nanocrystalline material is higher than for microcrystalline
material that in a first approximation the activation for
total conductivity for the nanocrystalline material be would
equal to or lower that for the microcrystalline material if
the grain boundaries are free of impurities. However the
activation energy for the nanocrystalline material is about
1.6x times that for the microcrystalline material. Reasons
for this discrepancy are not apparent. One possible reason
could be a difference in the impurities at the boundaries,
since these were made with different starting materials and
involved different processing steps. Another possible reason
could be that even though the Al and Li content are the same
there could be a difference in purity which could affect not
only grain boundary but also lattice conductivity. In order to
investigate these possible reasons a detailed characterization
of the chemistry of grain interiors and grain boundaries is
required.

In any case it has been shown that the total conductivity of
sol—gel synthesized LLZO is equal to that of solid-state LLZO
at room temperature, and becomes higher as the temperature is
increased. Consequently, because the fracture strength scales
with decreasing grain size, sol-gel synthesized LLZO offers
conductivity and strength advantages compared to solid-state
synthesized LLZO.

4. Conclusions

A novel sol-gel process was investigated to enable the
synthesis of a nano-scale fast ion conducting ceramic
electrolyte technology based on cubic Li;La3Zr,01, (LLZO)
with the garnet structure. The sol-gel chemistry was
tailored to synthesize a solid metal-oxide gel network at
room temperature, allowing calcination in inert atmospheres.
Supercritical fluid extraction preserved the gel network in
the as-gelled state, allowing the detailed morphological
and chemical analysis. The as-gelled metal-oxide network
consisted of an interconnected network of approximately
10 nm wide cross-links. Forming the preferred cubic LLZO
phase required heating to a minimum temperature of 600 °C,
above which no phase transitions occurred up to 1000 °C.
Sintering the sol-gel powders was achieved using a novel
induction hot press technique that achieved 96% dense

specimens with a grain size of 260 nm. Interestingly, despite
a 13-fold decrease in grain size, the total conductivity of the
sol-gel synthesized material was the same, 0.4 mS cm™! at
25°C, as the solid-state synthesized material. Furthermore,
even though they exhibited the same room temperature
conductivity, the sol-gel LLZO activation energy (0.41 eV)
was much higher than the solid-state LLZO activation energy
(0.26 eV). We believe the nano-scale grain boundaries give
rise to unique transport phenomena that are more sensitive to
temperature and could create opportunities to further enhance
the conductivity of LLZO.
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