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Abstract

Lis La,/;  TiO; is a promising ceramic electrolyte for high energy density Li-batteries. The material is usually
prepared from solid state reactions between Li,CO3, La,03, and TiO,, but the hydroscopic nature of La,O; leads
to inconsistencies in formulation and synthetic outcome which can impact the phase formation and corresponding
Li-conductivity of the final ceramic. To address this issue, La carbonate and hydroxides have been evaluated as starting
materials for solid state synthesis of Li;, La,/;_ TiO; powders and sintered ceramic. The different La-starting materials
are all prepared from precipitation reaction as high surface area powders. These are characterized for phase, particle
size, particle morphology, and ceramic yield (by thermal gravimetric analysis). The La starting materials are then
mixed with the desired stoichiometric amounts of Li,CO; and TiO,. The mixtures are calcined at 1100 °C for 1 h before
being pressed into green parts and sintered at either 1200 or 1300 °C for 6 h. Under nearly all conditions investigated,
the formulations using the La-carbonate-based starting material lead to ceramics with the highest bulk density,
the highest degree of cubic superstructure formation, and the highest lattice Li*-conductivity. Total conductivity,

however, appears largely insensitive to the La starting material used.
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I. Introduction

In lithium-air batteries, metallic lithium serves as the an-
ode and O,, diffusing from the atmosphere through a
porous or semi-permeable support, acts as the cathode 1.
The design offers the potential for high theoretical spe-
cific energy densities which are estimated to range from
3000-10000 Wh/kg, depending on design and efficiency
assumptions 234, The low end of this range is a full order
of magnitude above the current state of the art for Li-bat-
teries. Because of the high reactivity of the Li metal anode,
the design requirements for device integrity, safety, and
stability are very high, particularly if a rechargeable bat-
tery is desired, and conventional electrolyte systems typ-
ically do not meet these criteria. Several groups have ex-
plored novel electrolyte systems for use with metallic Li
anodes, such as gel electrolytes with non-volatile plasticiz-
ers %, ionic liquids ¢, and laminate structures made of sep-
arate glass-ceramic and polymer-ceramic composites 3.

Solid state ceramic electrolytes would offer unique ad-
vantages in this application because of the combination of
several desirable properties such as fast lithium ion trans-
port, impermeability towards liquid co-electrolytes, low
electronic conductivity, high mechanical strength, and ex-
cellent chemical stability 7>8. The strategy allows for the
use of co-electrolytes to enhance both Li* transport and
cell stability, because, due to the impermeable solid state
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separator, different liquid electrolytes can be used which
are optimal to the needs of the different electrodes (i.e.
non-aqueous for contact with the Li metal anode and
aqueous for diffusion of O, cathode) !. One of the chal-
lenges in optimizing candidate ceramic electrolytes is that
their ionic conductivity is typically characterized by two
parameters: the lattice conductivity, which describes the
Li+ conductivity within the crystal structure, and the total
conductivity, which includes grain boundary resistance.
The former serves as a theoretical maximum for a given
sample and is typically governed by the intrinsic chemistry
and crystal structure. The total conductivity is what would
be manifest in the workings of an actual electrochemical
device, and this is a function of impurities (or lack thereof)
at the grain boundaries, the amount of residual porosity
in the ceramic (i.e. maximized grain to grain contact) and
grain size. For optimized device performance, total con-
ductivity should be as close to lattice conductivity as pos-
sible. As such, control of both ceramic powder synthesis
and subsequent sintering to full density should be stud-
ied in tandem to achieve consistently optimized and re-
produciblelattice and total conductivity fora ceramic elec-
trolyte.

Lithium Lanthanum Titanate (LLTO) (stoichiometry
LizLa(/3)41103) is a perovskite-based Li*-conducting
ceramic under consideration as a ceramic electrolyte for
Li-air batteries ?, as well as other advanced battery ap-
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plications such as all-solid state Li-ion batteries 1011,
One reason for the interest in LLTO is that among Li+
conducting ceramics it has some of the highest report-
ed values for room temperature lattice conductivities at
~1.0:10-3S/cm 12,13, Additionally important for this ap-
plication is that the material has a high stability in aqueous
environments 2. LLTO has been the subject of consid-
erable study in order to understand the major chemical
and structural factors contributing to optimized conduc-
tivity 13. The highest lattice conductivity can be attained
when x ~ 1.0, but this is not guaranteed solely on the basis
of composition. For these stoichiometries, LLTO can pri-
marily form one of two polymorphs. The high tempera-
ture form, which s typically stabilized by rapid quenching
from >1150°C, is nearly an ideal ABO; cubic perovskite
structure with Li* and La3+ cations randomly distributed
among the A-cation sites. When slow-cooled or annealed
at lower temperatures, the Li* and La3* cations segregate
into alternating layers of the A-site oriented perpedicular
to the c-axis; this ordering manifests itself as a doubling of
the c-axis (relative to the idealized cubic perovskite struc-
ture), a slight shrinking of the a-axis, and the occurence of
tetragonal superstructure peaks in the powder diffraction
pattern 13. The lattice distortion in the formation of the
tetragonal superstructure leads to restrictions in the Li*
conduction pathways which in turn decrease Li+ lattice
conductivity. The transition between the two phases is not
always sharp, and the degree of cation ordering giving rise
to the tetragonal superstructure can be determined based
on the relative intensity of the characteristic peaks in pow-
der X -ray diffraction experiments. As a guiding prinicple,
the higher the degree of cubic character to the superstruc-
ture (and concurrently, the lower the degree of tetragonal
character), the higher the Li* lattice conductivity.

Most commonly LLTO powders are prepared from
the direct solid state reaction of Li,COj3, La,O3, and
TiO, at >1150°C for extended periods of time (>24h)
and through one or more regrinding and refiring steps.
This adds a further complication to the reaction since Li
loss, due to Li,O volatilization at high temperatures, can
reach as high as 20 % % and could retard Li*-conductivity
through a reduced number of carriers. Typically, Li loss
is accounted for by addition of an empirically determined
excess of Li,COs3, and once sintered to a high density,
Lit-conductivity of LLTO appears fairly insensitive to
either repeated thermal annealing cycles 15 or extended
sintering times 16. As alternatives to the high temperatures
of solid state reactions, solution-derived methods to pre-
pare LLTO have also been explored. Wohrle ez al. 17 and
Kitaoka et al. 18 prepared LLTO via sol-gel synthesis us-
ing Ti-alkoxides and soluble Li* and La3+ organic salts,
but the products still required calcining at 1300 °C to form
phase-pure LLTO. Pham ez al. have developed a Pechini-
style synthesis of pre-ceramic polyesters which under the
proper synthetic conditions results in the formation of
phase-pure LLTO at as low as 350 °C 19. These methods
are somewhat limited by difficulties associated with scale-
up or the expense of starting materials, and so solid state
reactions are still preferred for the synthesis of the 100-s
of grams of LLTO powder needed for device research and
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development, particularly since the issues of Li* loss can
be ameliorated.

Considered to a much lesser degree in the open litera-
ture has been the influence of the nature of the TiO, and
La,Oj5 starting materials. For example, the phase identi-
ty of the TiO, starting material, whether anatase, rutile,
or a mixture thereof, is rarely stated, and so its potential
influence on the reaction outcome is unknown. The na-
ture of the TiO, polymorph was recently found to have
a significant impact on the formation of LijTisO, from
solid state reaction 20. La,O3 presents its own challenges
in that the material is hygroscopic to the extent that if left
open to theatmosphere for extended periods the oxide will
chemisorb asignificantamount of moisture, converting, in
part or in total, to La(OH);. Procedures to guard against
this occurence are often alluded to in published reports.
For example, starting powders are heated before use and
stored in a moisture-free environment if not used imme-
diately. However, the rapidity with which the hydrolysis
takes place raises concerns that unless careful procedures
are consistently applied, chance contamination of starting
material or systemic contamination on prolonged storage
may be a source of significant synthetic error. This could
have a consequence in stoichiometric reproducibility, as
the amount of hydrolytic contamination could vary with
exposure, or could present sources of sintering inhomo-
geneity and residual porosity if hydroxide is not complete-
ly and uniformly removed before the ceramics achieve a
significant amount of closed porosity. In order to have a
more stable starting material to use for large-scale reac-
tions, several alternative La-containing starting materials
were prepared, and their impact on LLTO phase forma-
tion, ceramic density, and conductivity (both lattice and
total) was studied.

II. Experimental

(1) Starting materials

The following were used as-received in the described
syntheses: Li,CO3 (99.0%, Alfa Aesar, Ward Hill,
MA, USA); La,O3 (99.99 %; PIDC, Ann Arbor, MI,
USA); TiO, (99.8 % Alfa Aesar, Ward Hill, MA, USA);
HNO; (68-70 %, A.C.S. reagent grade, Mallinckrodyt,
Phillipsburg, NJ, USA.); NH,OH (28-30%, A.C.S.
reagent grade, Sigma-Aldrich, St Louis, MO, USA), HCI
(37 %, A.C.S. reagent grade, Sigma-Aldrich, St Louis,
MO, USA), NaOH (97 %, A.C.S. reagent grade, Sigma-
Aldrich, St Louis, MO, USA). The amount of moisture
and other volatile impurities were determined for TiO,
by a loss-on-ignition procedure in which 1-2g of sam-
ple was loaded into alumina crucibles, and sample masses
were determined before and after firing under a ramp rate
of 5°Cmin! to 900 °C with a 1-h hold. For La,O3, the
ceramic yield was determined by means of thermogravi-
metric analysis (described below) under flowing N, to
prevent re-absorption of atmospheric moisture on cool-
ing. The results from the ceramic yield determinations
were used as correction factors in the stoichiometric cal-
culations.
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(2) Lastarting materials synthese

Lanthanum Hydroxide Nitrate Hydrate, La(OH),-
NO3-xH,0 - 50¢g of Lay,O3 was added to 200 g of stir-
ring deionized water. 58.4 mL of concentrated HNO;
was added slowly to dissolve the La,Oj3 to a nearly clear
solution. The solution was vacuum-filtered through a
nitrocellulose filter with 0.2 um particle retention to re-
move insoluble residue. To the stirring solution was added
80 mL of concentrated NH,OH, producing a white, fine
precipitate. Stirring was continued for 1h after the ad-
dition, and the precipitate was recovered by means of
vacuum filtration using nitrocellulose filters with 0.2 um
particle retention. The precipitate cake was redispersed
in 500 g of deionized water, and the slurry was stirred for
several hours. The solid was again collected by filtration,
and the washing was repeated with two more 500 g por-
tions of deionized water. The solid was recovered and
dried under dynamic vacuum until water was complete-
ly removed (~2d). Powder X-ray diffraction revealed
La(OH),(NO3)-H,O (PDF# 46-346) as the sole crys-
talline product. To account for excess physisorbed water,
the ceramic yield was determined by means of thermal
gravimetric analysis as described below.

Lanthanum Tribydroxide, La(OH)3;—25 gof La,O3 was
dispersed in 200g of stirring deionized water. 40.8 mL
of concentrated HCI was added slowly to dissolve the
La,0j3 to a clear solution. The solution was vacuum-fil-
tered through a nitrocellulose filter with 0.2 um particle re-
tention to remove insoluble residue. To the stirring La3+
solution was added a solution of 18.91 g of NaOH dis-
solved in 100 g deionized water, and a fine, white precip-
itate immediately formed. After stirring for 1h, the pre-
cipitate was recovered by vacuum filtration and washed
five times with 400 mL portions of deionized water, as de-
scribed above. The precipitate was left in a loosely cov-
ered container for several days to completely air dry. Pow-
der X-ray diffraction revealed La(OH)3 (PDF# 36 — 1481)
as the sole crystalline product. To account for excess ph-
ysisorbed water, the ceramic yield was determined by
means of thermal gravimetric analysis as described below.

Lanthanum Carbonate Hydrate, Lay(CO3)3xH,0 —
25 g of La,O3 was dispersed in 200 g of stirring deionized
water. 40.8 mL of concentrated HCl was added slowly to
dissolve the La,O3 to a nearly clear solution. The solu-
tion was vacuum-filtered as above. A solution of 26.98 g
of Na,CO;3 (10 % stoichiometric excess) dissolved in
100 g deionized water was added to the stirring La3* so-
lution, producing a white, fine precipitate. After stirring
for 1h, the precipitate was recovered by means of vacu-
um filtration and washed five times with 400 mL portions
of deionized water, as described above. The precipitate
was left in a loosely covered container for several days
to completely air dry. Powder X-ray diffraction revealed
La,(CO3);-8H,0 (PDF# 25— 1400) as the sole crystalline
product. Thermal gravimetric analysis was used to deter-
mine the full amount of physisorbed moisture remaining
on the material in excess of the eight waters of hydration
in the crystalline formula.
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(3) LLTO powder synthesis and sintering

Combinations of Li,COj3, TiO,, and the desired La-
containing starting material were slurry-mixed via mag-
netic stirring in amounts necessary to form one of two
Compositions, Lio'29L30.57TiO3 or Li0.35Lao'55TiO3,
which in the general formulation correspond to x=0.097
and x=0.117, respectively. No other dispersants or addi-
tives were employed. When La,O3 was used, the slurry
was prepared using ethanol which had been stored over
water-absorbing molecular sieves. Slurry formulations
based on all other La starting materials used simple deion-
ized water. The slurries were prepared at 30-40wt%
solids loading (based on starting materials) with intended
yields of 25-100g LLTO. The slurries were stirred for
approximately 1-2h to homogenize. Once mixed, the
slurry was transferred to a rotary evaporator where the
bulk of the solvent was removed. The powder mixture was
coarsely broken and transferred to a clean, loosely cov-
ered container where it was left to stand for a period of one
to two days to allow for complete solvent volatilization.
After drying, the powder was sieved through a 58-mesh
nylon screen and calcined in a high alumina crucible un-
der ambient atmosphere in a closed box furnace. Samples
were heated at 5°Cmin-! to 1100°C, held at that tem-
perature for 1 h, and cooled back to room temperature at
5°Cmin-l.

LLTO powders were pressed into pellets in a 13-mm di-
ameter stainless steel die with a uniaxial hydraulic press.
Each sample was pressed under 68 MPa for approximately
10s. Green samples were subjected to further consolida-
tion using a cold isostatic press under 207 MPa pressure.
Samples were packed in a bed of sacrificial LLTO powder
inside alumina crucibles, and sintering was performed un-
der ambient atmosphere in a closed box furnace. Samples
were heated to 1200 °C or 1300 °C at 5 °C min-1, held there
for 6 h, and cooled at a rate of 5°C min-1.

(4) Characterization methods

Ceramic yields of all La-containing starting materials
were determined by means of thermogravimetric analy-
sis using 2 TA Q9000 Thermal Analyzer. Approximate-
ly 10-20 mg of sample was used for each trial. Samples
were heated under flowing N, at a rate of 10°C/min to
1000 °C. The ceramic yield was determined from the total
mass lost from room temperature to 1000 °C, and the av-
erage of three trials for each material was taken to be used
in subsequent stoichiometric calculations.

Particle size distributions for synthesized powders were
measured using a Horiba LA-910 Light Scattering Par-
ticle Size Distribution Analyzer. Samples were prepared
by pre-dispersion of 0.1 g powder into 10 g of deionized
water with the container immersed in an ultrasonic bath
(Li,COj was dispersed in ethanol). Samples were added
drop-wise to a blanked sample holder containing deion-
ized water under magnetic stirring until instrument re-
sponse fell into the optimum measurement range. Values
of D5gand Dgg are reported on a volume distribution ba-
sis.

The surface area of starting and synthesized powders
was measured using a computer-controlled Micromerit-
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ics ASAP 2010 using an 11-point BET analysis protocol.
One gram of sample was loaded into a dry sample tube
and stored open in a dynamic vacuum furnace at 75°C
overnight to ensure physisorbed species were removed
from the samples’ surface. Nitrogen gas was used for the
adsorbing agent.

Powder X-ray diffraction analysis was employed to de-
termine the crystalline phases in the starting powders, cal-
cined LLTO, and sintered LLTO ceramics. Powders of
sintered pellets were prepared by grinding fragments in a
glass mortar and pestle to avoid crystalline contamination.
Measurements were taken using a computer-controlled
Rigaku Minflex operating at 30kV and 15 mA with a step
size of 0.03° 20 and scan rate of 5° 20/min, scanning over
5-60°. Powder samples were loaded directly into low-
background amorphous Si sample holders.

A Hitachi 4700 Scanning Electron Microscope was used
to observe the morphology of starting powders, synthe-
sized LLTO powders, and sintered ceramic grain struc-
ture. An accelerating voltage of 2kV and beam current of
~10 mA were used throughout this procedure to minimize
charging. Samples were applied to double-sided carbon
tape and attached to an aluminum sample holder.

The Archimedes method was used to determine the
bulk density of the sintered pellets. Each pellet was first
weighed to obtain the dry mass. They were then placed
under vacuum in a closed vessel for 1h. The vessel was
backfilled with de-ionized water, and samples were left
submerged for a few minutes to allow absorption of water
into any available open porosity. The pellets were removed
and wiped with a damp cloth to remove residual surface
water. The wet pellets were then weighed immediately
(before significant water evaporation could occur) in air
(wet mass) and in a water-submerged basket (submerged
mass) using a Mettler Toledo AX205 balance. Using these
values, the bulk densities (ppyji) were calculated as fol-

lows:
P _ mdry N
Bulk— H,O
. Mwet~Mgybmerged ’

where m is the mass of the dry, wet, and submerged pellet
(asnoted in the subscript) and pp, o is the density of water.

Samples were prepared for electrochemical characteriza-
tion by applying a gold coating of ~ 50 nm to the electrode
contact surfaces with a Denton Desk IV vacuum cold-
sputtering/etch unit. Dimensions of the samples were
measured using a Vernier caliper. Averages of five diam-
eter and five width measurements from opposing points
around the pellets were used in subsequent calculations.
A Solatron SI 1287 Electrochemical Interface was used to
measure the AC impedance of the LLTO samples 21,22,
All samples were measured under a 100mV AC potential,
from an initial frequency of 1.0x106 Hz to a final frequen-
cy of 1.0Hz using a logarithmic scale in a Teflon sample
holder. All measurements were conducted in a dry-room
with negligible humidity at room temperature. Electronic
resistance of each of the samples was measured using a
Keithly 6517A High Resistance Electrometer with 8009
Resistivity Test Fixture. All samples were left overnight in
the test fixture and final electronic resistivity was reported
from the equilibrated value.
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III. Results and Discussion

Rather than source multiple La-containing starting ma-
terials from different suppliers, the decision was made to
prepare simple La salts in-house from the same La,Oj
source. This approach reduces the risk of variability by re-
taining control over as many factors of synthesis as possi-
ble. Additionally, the targeted starting materials were cho-
sen because they would not be a source of carbonaceous
contamination during solid state reaction (as would or-
ganic salts such as oxalates or acetates) and because they
should not be prone to moisture absorption from the at-
mosphere. The synthesis of La(OH),(NO;)-xH,0O was
actually unintended; the intended product was La(OH);,
but the full exchange reaction of hydroxide for nitrate did
not occur. Rather than discard the mixed hydroxide/ni-
trate, it was incorporated into our LLTO study, and the
full hydroxide was alternately prepared from a chloride
solution as described.

Table 1: Measured surface area and particle size distribu-
tions of as-prepared La starting materials.

Size distri-

Surface | bution by dynamic
area /m?/g | light scattering

Dso/ pm | Dgo/pm

Lay(CO3);8H,0| 9.71£0.17 |10.5+0.6|20.5+1.0
La(OH); 769104 | 92+04 1131
+16.1

La(OH),(NO;)- | 19.8+0.2 | 7.4 £2.6 |50.4 £ 9.6

XHzO
La,O5 395+1.06 |141+£1.1(37.9%6.8

St NPEe ™
gig. 1: Representative electron micrograph of La,Oj starting pow-
€r.

The results of surface area measurements and particle
size analysis by means of dynamic light scattering are giv-
en in Table 1. The agglomerate sizes estimated from the
light scattering measurements are generally confirmed by
the scanning electron micrographs (SEMs), which also
provide more detail about the primary particle size and
morphology. La,O3 appears porous and heavily necked
(Fig. 1), which likely has consequences for the reactivi-
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ty and subsequent sintering of LLTO produced from it.
Both the mixed hydroxide/nitrate and the trihydroxideare
high-surface-area powders where the primary particles are
in the 100s of nanometers; these then form agglomerates
over a broad size distribution (Fig. 2). The morphology of
La,(CO3);3:xH,O particles is of two-dimensional plates
(Fig. 3). These form agglomerates whose D54 is higher than
that of the hydroxide-containing materials, but the size
distribution is much narrower in that the Dgq is only ap-
proximately twice the D 5. Although variations in particle
morphology could have implications for optimized reac-
tivity, for the purposes of material screening, the La start-
ing materials were used in their as-prepared form without
additional particle size refinement.

Fig.2: Representauve electron mlcrographs of as- prepared
La(OH); starting powder.

Flg 3: Representatlve electron micrograph of as-prepared

La,(CO3)3-xH,O starting powder.
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Fig.4: X-ray diffraction patterns of LLTO, x=0.097, calcined at
1100°C for 1 h prepared from (a) Lay(CO3);xH,0; (b) La(OH)3;
(c) La(OH),(NO3)-xH,O; and (d) La,O3. The (a) pattern contains
peaks solely from LLTO (“*” marks peaks shared by the cubic and
tetragonal cells; “t” marks peaks due to the tetragonal superstruc-
ture) whereas the other patterns also contain mixtures of La,Ti,O,

LizTi3O7, and La(OH)3

(b)
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Fig.5: X-ray diffraction patterns of LLTO, x=0.117, calcined at
1100 °C for 1 h prepared from (a) Lay(CO3)3xH,O; (b) La(OH)s;;
(c) La(OH),(NO3)-xH,O; and (d) La,O3. The (a) pattern contains
peaks solely from LLTO (“*” marks peaks shared by the cubic and
tetragonal cells; “t” marks peaks due to the tetragonal superstruc-
ture) whereas the other patterns also contain mixtures of La,T1,07,

LizTi307, and La(OH)3.

As described in the procedures section, two compo-
sitions of LLTO were prepared using each of the La-
starting materials. Figs.4 and 5 show the XRD patterns
of powders calcined at 1100 °C for 1h for the entire se-
ries fOI' LiolszaO.57TiO3 (X = 0097) and Lio_35La0.55TiO3
(x=0.117), respectively. For both formulations, the LLTO
prepared using La,(CO3)3xH,O (Figs. 4a and 5a) exhib-
ited near total conversion to the tetragonal LLTO super-
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structure; neither unreacted starting materials nor side
products were observed. Note that it is the observation of
the smaller superstructure peaks (marked “t”) that con-
firms the presence of the tetragonal superstructure [Space
Group P4/mmm; PDF# 53-109]. The higher intensity
peaks (marked “*”) are shared by both the tetragonal and
cubic cells, so itis the absence of the tetragonal superstruc-
ture peaks which would indicate a high degree of LLTO
stabilized in the cubic structure [Space Group Pm-3m;
PDF# 46—465]. Each of the other starting materials ex-
hibited only partial conversion to the final product; in
addition to LLTO diffraction peaks, each product con-
tains varying degrees of the intermediate phases La,Ti,0
and Li,Ti30; and residual unreacted La(OH); (which
was presumably originally present in the calcined mixture
as La,Oj3 but formed via hydration on standing). Table 2
shows the measured surface area and size distributions of
the calcined powders. While the surface areas were sim-
ilar from sample to sample, the light scattering measure-
ments revealed broad differences in agglomerate size dis-
tribution, which were generally confirmed by direct ob-
servation using SEM. A typical micrograph of x=0.117
prepared from La(OH)js is given in Fig. 6, showing an ap-
proximate 20 pm agglomerate in which large pores and a
highly necked morphology are evident. This is consistent
with the D5y measured for this sample of 24.9 um. Fig.7
shows a representative SEM of the same LLTO formula-
tion prepared from Lay(CO3);-xH,0O; agglomerates can
be seen which are 10s of um in diameter, but there is also
a significant population of either smaller agglomerates or
unagglomerated individual particles. This may be an in-
direct indication that this starting material forms a looser
agglomerate structure on calcining which could be milled
to finer particle size with relatively little effort.
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Fi. 6: Representative electron microraph of LLTO calcined pow-
der, x=0.117, prepared using La(OH)s.

925 - D\ 5y .
Fig. 7: Representative electron micrograph of LLTO calcined pow-
der, x=0.117, prepared using La(CO3);-xH,O.

Table 2: Measured surface area and particle size distributions of Liz La, /3 TiO3 (x=0.097 or 0.117) from different La

starting materials.

La staring material X Surface area /m?2/g distribution by dyif;ic light scattering

Dso/pm Dgyo/pm

Lay(CO3)3-8H,0 0.097 2.15+0.12 47402 362+2.1
0.117 1.34 £ 0.22 3.0+x01 83+1.7

La(OH); 0.097 1.96 £ 0.03 305+1.8 76.6 £12.5

0.117 2.02 £0.34 249+ 13.6 73.7 £36.7

La(OH),(NO;)- xH,O 0.097 1.93 £0.02 457 £ 1.1 95.9 + 0.4
0.117 2.14£0.60 8.0x£0.7 26.7 £4.8

La,O5 0.097 1.43 £0.02 10.2+0.5 242+t1.6
0.117 4.16 £0.02 1.3+£0.2 2.7+0.1
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For use as an impermeable ceramic electrolyte, sintering
of LLTO to near full density is required both for maximum
ceramic strength and to maintain the integrity of the elec-
trochemical boundary. The bulk densities measured for
sintered parts from the current LLTO powders are given
in Fig. 8. As no further particle size refinement on the as-
calcined powders were performed, these results serve as an
indication as to which of the formulations holds the most
promise for further sintering optimization. The highest
bulk densities are achieved for samples prepared from ei-
ther Lay(CO3)3-xH,0 or La,Oj5. Theoretical full densi-
ty for LLTO is ~5.0g/cm3 (depending modestly on the
relative amounts of tetragonal/cubic superstructure for-
mation) so these values represent 90-95 % of full densi-
ty. The samples prepared using hydroxide-containing La
starting materials generally remained below this level of
density.

5.0 -I—>F ull theoretical density of LLTO
§ 45 H - £
o0
Zaot [
@xn
: l
o
S35 H
=
=
/M

3.0 - T T T T T )

L"z( CO La( Oy, Lag Op, L"’zOJ
ey, T ) /3 2(N03)x
: 0

Fig.8: Bulk densities of sintered LLTO prepared from different
starting materials (white bar: x = 0.097 sintered at 1200 °C; light gray
bar: x=0.117 sintered at 1200 °C; dark gray bar: x=0.117 sintered
at 1300°C).

Flg 9: Representative electron mlcrograph ofa pohshed and etched
surface of LLTO, x=0.117, prepared using La,(CO3);-xH,O sin-
tered at 1200 °C.

The grain structure of sintered LLTO was investi-
gated with electron microscopy on samples polished
to 0.25 micron finish with diamond slurry and ther-
mally etched at 1000°C for 1h. A representative
view of the x=0.117 LLTO sintered at 1200 °C using
La,(CO3);3xH,0 is given in Fig.9. Residual porosity
is easily located in these and other samples, and the
average grain size, calculated using the standard lin-
ear intercept method 23, is 3.1 £0.2um. When sintered at
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1300 °C, the grain size increases to 8.6+ 0.1um. Samples
of x=0.117 LLTO prepared using La,O3 have a similar
average grain size (3.4£0.1 mm) to that of the compara-
ble La,(CO3);3-xH,O-derived sample, but there are also
isolated examples of grams much larger than the average
(Fig. 10). When the sintering temperature is increased to
1300°C, the size and occurrence of these larger grains
increase, and the average size becomes 18.0+£4.0pm. As
with the bulk density, LLTO prepared from either of
the hydroxide-containing La-starting materials is no-
tably different in microstructure from either the carbon-
ate or oxide source. At 1200 °C the grains have a glassy
appearance with few clear grain boundaries. When sin-
tered at 1300°°C, the grain boundaries become more well
defined, and similar average grain sizes of 11.2+0.6um
and 10.4%0.4um were determined for x=0.117 LLTO
prepared from La(OH); and La(OH),(NO3)-xH,O, re-
spectively.

Fig. 10: Repreentative electron micrograph of polid
etched surface of LLTO, x=0.117, prepared using La,Oj5 sintered
at 1200°C.

The LLTO structure which formed after sintering
showed a dependence on the La source material, com-
position, and sintering temperature. Fig.11 shows the
XRD’s of x=0.097 LLTO prepared from different La-
sources and sintered at 1200°C. Under these condi-
tions, the different samples have actually all progressed
to a similar LLTO structure on sintering. Second phas-
es have been largely eliminated, and the diffraction pat-
terns show major peaks which are shared by both the
cubic and tetragonal superstructures (labeled with “*” in
Fig. 10a) and the characteristic weaker peaks that are as-
sociated solely with the A-site ordering of Li* and La3+
cations which gives rise to the tetragonal superstructure
(labeled “t” in Fig. 10a). The degree of ordering, as esti-
mated from the relative intensity of these peaks 24 appears
similar despite the different starting materials. Increas-
ing the Li content (that is, increasing x to 0.117) causes
notable changes to the phase formation on sintering at
1200°C as seen by the XRD patterns shown in Fig. 12.
Neither hydroxide-containing La-source has produced a
phase-pure product; although diminished from their lev-
els in the calcined powders, diffraction peaks primarily
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of La,Ti,03 are clearly still present. Both La,O3 and the
La carbonate have not only maintained full conversion
to LLTO, but the intensity of the tetragonal superstruc-
ture lines is greatly diminished. In the case of LLTO from
La,(CO3);3xH,0, the tetragonal superstructure lines are
not detectable. It is well known that for 0.11 <x < 0.12, the
cubic character of the LLTO superstructure is enhanced
but typically not in the absence of rapid quenching from
a sintering temperature > 1150 °C 13, Even low-tempera-
ture methods in which disorder on the A-site could be
more probable due to kinetic effects have been shown to
result in a significant degree of tetragonal superstructure
formation due to cation ordering 1°. The tendency for
cubic LLTO formation when using La,y(CO3);-xH,0O is
diminished when the sintering temperature is increased
to 1300 °C, and weak tetragonal peaks are now observed
with XRD (Fig. 13). The rates of cation ordering which
lead to increased amounts of tetragonal superstructure
have been shown to vary with annealing temperature
as well as quenching rates 24. In the current examples
of LLTO prepared from La,(CO3);-xH,O, sintering at
1300 °C apparently provides enough residual thermal en-
ergy on cooling to promote the Li*/La3+ ordering, which
gives rise to the tetragonal superstructure whereas sinter-
ing at 1200 °C does not. For the hydroxide-based formu-
lations, the increased temperature has removed the resid-
ual intermediate phases which were present when sintered
at 1200 °C, and the LLTO that results exhibits peaks char-
acteristic of the tetragonal superstructure. The LLTO pre-
pared with La,Oj5 exhibits a similar degree of tetragonal
ordering to that of the hydroxide-derived LLTO.
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Fig. 11: X-ray diffraction patterns of LLTO, x=0.097, sintered at
1200 °C for 5 h prepared from (a) La,(CO3)3xH,O; (b) La(OH)s3;
(c) La(OH)»(NO3)-xH,0; and (d) La,Os3. Peaks labeled with “*”
are shared by the cubic and tetragonal unit cells, and peaks labeled
with “t” are solely due to the tetragonal superstructure.
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Fig. 12: X-ray diffraction patterns of LLTO, x=0.117, sintered at
1200 °C for 5 h prepared from (a) Lay(CO3);5-xH,O; (b) La(OH)s3;
(c) La(OH)»(NO3)-xH,0O; and (d) La,Os3. Peaks labeled with “*”
are shared by the cubic and tetragonal unit cells, and peaks labeled
with “t” are solely due to the tetragonal superstructure.

@ %

b -
___

S e

= o
— !
Z =+

P e
—

(b)

Relative Intensity
F
‘5—
o
4
F—

@

J\JAILLAA.

10 20 30 40 50 60
Degrees Two Theta
Fig. 13: X-ray diffraction patterns of LLTO, x=0.117, sintered at
1300 °C for 5 h prepared from (a) Lay(CO3)3-xH,0O; (b) La(OH)3;
(c) La(OH)»(NO3)-xH,0O; and (d) La,Os3. Peaks labeled with “*”
are shared by the cubic and tetragonal unit cells, and peaks labeled
with “t” are solely due to the tetragonal superstructure.

It is generally accepted that LLTO with higher degrees
of A-site cation disorder (i.e. with a higher degree of cubic
character to the superstructure ordering) will tend toward
higher values of lattice ionic conductivity 13,24, Similar be-
havior is observed in this current study, and measured
values of lattice conductivity for the various samples are
given in Fig. 14. LLTO prepared using Lay(CO3);-xH,0
exhibits both higher degrees of cubic superstructure and
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higher levels of Li* lattice conductivity than samples pre-
pared with other La starting materials for a given set of
compositions and sintering conditions. In fact, the highest
value of 1.46£0.28:10-3S/cm is achieved for LLTO pre-
pared using the La carbonate source with x=0.117 and
sintered at 1200 °C, which had no tetragonal superstruc-
ture detectable with XRD. Lattice conductivity values for
the other samples from this starting material were close
to 1.0-10-3S/cm, a value comparable to the highest re-
ported literature values 13. The next highest overall lattice
conductivities were measured for La,O3-derived samples,
and decreasing values of lattice conductivity seem to fol-
low roughly with the amount of hydroxide in the start-
ing material. Note that the samples for x=0.097 sintered
at 1200 °C using La(OH),(NO3)-xH,O were fragile due
to low density and crumbled during preparation for the
conductivity measurement. Interestingly, the magnitude
of the lattice conductivity seems to follow the same gen-
eral trend as did the bulk density, with carbonate start-
ing materials having the highest bulk density, followed
by La,O3, La(OH),(NO3)-xH,O, and finally La(OH);.
This suggests that in addition to the concerns regarding
reproducible stoichiometric control described in the in-
troduction, detrimental effects on densification and lattice
conductivity may also arise from the presence of hydrox-
ide contamination of La, O3 starting material.
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Fig. 14: Lattice Li*-conductivity of sintered LLTO prepared from
different starting materials (white bar: x=0.097 sintered at 1200 °C;
light gray bar: x=0.117 sintered at 1200 °C; dark gray bar: x=0.117
sintered at 1300 °C).
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Fig. 15: Total Li*-conductivity of sintered LLTO prepared from
different starting materials (white bar: x=0.097 sintered at 1200 °C;
light gray bar: x=0.117 sintered at 1200 °C; dark gray bar: x=0.117
sintered at 1300 °C).

The total Li* conductivity, thatis the conductivity across
the entire sample including grain boundary resistance, is
given in Fig.15. Except for one anomalously high and
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one anomalously low measurement, the samples all ex-
hibit values between 2.0-10-5 and 4.0-10-5S/cm. For use
as a solid electrolyte, the total conductivity should be as
close to the lattice conductivity as possible, with a val-
ue of 1.0-10-*S/cm being a minimum value for promising
device testing. Total conductivity most closely depends
on features of the ceramic microstructure such as grain
size 25, residual porosity 26 and grain boundary phases 27.
The similar values observed here indicate that the total
conductivity is independent of the La starting materials
surveyed.

IV. Summary and Conclusions

Of the La starting materials investigated in this study,
La,(CO3);3-xH,O appears to offer several advantages for
the synthesis and sintering of LLTO ceramics. First, pow-
ders synthesized from this material consistently produced
aproduct that was fully reacted to LLTO after calcination
at 1100 °C for 1 h, whereas the other starting materials all
exhibited some degree of residual intermediate phases un-
der similar conditions. It is not unreasonable to speculate
that the higher phase homogeneity of La,(CO3);3-xH,0-
derived LLTO also played a favorable role in promot-
ing more uniform densification during sintering of this
powder, leading to the some of the highest bulk densities
of this study. Additionally, the carbonate-derived LLTO
showed consistent and complete formation of phase-pure
LLTO after sintering, and when the x= 0.117 compo-
sition was sintered at 1200 °C, there was a marked de-
crease in the formation of tetragonal superstructure. Last-
ly, Lay,(CO3)3xH,O resulted in sintered LLTO which
consistently had the highest lattice conductivity of the sur-
veyed starting materials sintered under similar conditions.
The presence of hydroxide in the La starting material ap-
pears to have been detrimental to several properties in-
cluding bulk density and lattice conductivity. In order to
fully exploit these observations, further control experi-
ments are necessary to clearly understand the mechanistic
consequences of using La,(CO3)3xH,O for the synthe-
sis of LLTO; however, our current results are sufficiently
positive that this material will be the focus of additional
optimization and device development.
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