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Abstract
A combustion synthesis methodology for the preparation of perovskite
Li3xLa1/3-xTaO3 lithium-ion conductorswith x= 0.033 is presented. Bulk ceramic
specimens were sintered under combinations of burial powder and cover cru-
cibles to provide different lithium vapor overpressure conditions. A maximum
total lithium ion conductivity of 6 × 10-6 S cm-1 at room temperature was found
for the pellet covered by a crucible whose lip was sealed using parent powder
(moderate overpressure), with agreement to the maximum in the intergranular
ion conductivity. Intragranular conductivity was maximized at the low overpres-
sure condition. The trend in ion conductivity was found to correspond to the
lithium content in the samples through a combination nuclear reaction analy-
sis and energy dispersive X-ray spectroscopy phase constitution measurements.
The mechanism impacting ion conductivity was determined to be changes in
the amount of LaTaO4 secondary phase as driven by the processing conditions
during sintering.
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1 INTRODUCTION

Solid-state, ion conducting ceramics provide a promising
avenue for advancing energy storage technology. For
lithium ion batteries specifically, solid-state electrolytes
offer several potential benefits over liquid electrolytes,
including increased energy density and improved safety.1
Solid-state electrolytes can also offer improvedmechanical
stability in comparison to liquid electrolyte constructions,
conferring enhanced resistance to dendrite formation.2,3
In addition, solid-state electrolytes can exhibit electro-
chemical stability over a broad voltage window, allowing
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for construction of batteries with high-energy electrodes
as well as reducing the likelihood of a mechanical fail-
ure leading to a violent reaction upon exposure to the
atmosphere.4 Currently, most commercially available
solid-state batteries are based on lithium phosphorous
oxynitride (LiPON) due to its stability at a wide range
of voltages, high lithium ion transference number, and
ease of preparation.5,6 While LiPON exhibits many of
the desirable qualities for a solid-state electrolyte, its ion
conductivity is modest (10−6 S cm-1),6 and it is typically
only prepared in thin film form. This limits the use of these
batteries in high-power applications because they cannot
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support the current densities required for fast charging or
high-power output, both of which are critical in industries
such as the growing electric vehicle segment. Many
studies have sought to discover a suitable replacement
for LiPON in high-power, solid-state battery applications
and while materials have been identified that exceed the
ion conductivity of LiPON, many are not yet suitable for
deployment in commercial applications due to challenges
with processing and integration into battery packages.7–10
Li3xLa1/3-xTaO3 (LLTaO) shares the A-site deficient per-

ovskite structure of the well-known lithium ion conduct-
ing system Li3xLa2/3-xTiO3.11–13 LLTaO exhibits lithium
ion conductivity that falls between that of LiPON and
the closely related titanate, but due to the valence-stable
tantalum ion on the B-site, should not be as susceptible
to reactions with high-energy electrodes such as lithium
metal and may be better suited for secondary battery
applications.11 However, the LLTaO system has also shown
a dependence of conductivity on the lithium content in the
system.13 Lithium and lithium oxide have high vapor pres-
sures at elevated temperatures, such as those used to sinter
polycrystalline ceramic materials.14 In other systems con-
taining volatile cations, it is common to adjust the sintering
atmosphere through the use of burial powder of the same
composition to prevent losses of the volatile cation from
the ceramic body.15–21 Specifically in lithium-containing
garnets, it has been shown that the powder bed compo-
sition can lead to an improvement in the density of the
sintered body as well as modifying the ion conductivity.
This effect was attributed to changes in the composition
of the resulting sintered body due to cations available in
the powder bed.22 In this work, a combustion synthesis
method for the production of LLTaO powders is presented
and the effects of the sintering environment, specifically
the burial powder configuration, on the final ceramic
body are elucidated. It is shown that the sintering con-
figuration did not have a direct relation to the measured
lithium content of the sample, however, minor changes in
the lithium content and phase constitution were evident,
resulting in changes to the ion conductivity of the samples.
Lithium losses during sintering were found to be consider-
ably lower in all samples than predicted based on the vapor
pressure of lithium-containing species over lithium oxide,
with the overall composition of all samples remaining near
the batched composition.

2 EXPERIMENTAL PROCEDURES

Polycrystalline, bulk ceramic samples of Li3xLa1/3-xTaO3,
where x = 0.033, were prepared by a combustion synthe-
sis approach.23 Solutions of 0.4 M LiNO3 (99.999%, Alfa
Aesar) in ethanol and 1.9M lanthanumacetate (99.9%, Alfa

Aesar) in propionic acid were prepared from powder pre-
cursors. Ta2O5 powder (99.9%, H.C. Starck) was suspended
in ethanol by stirring at room temperature; during mix-
ing, a stoichiometric amount of the lanthanum-containing
solution and a 20 at.% excess of the lithium-containing
solution were added to the Ta2O5 suspension. The precur-
sors were allowed to mix at room temperature overnight.
Ethanol was then driven out of the solution by continu-
ing to mix on a hotplate set at 80◦C. The solution was
dried further at 130◦C in a drying oven. The resulting mass
was ground using a mortar and pestle before calcining at
1050◦C for 8 h. Calcined powders were ground in a mor-
tar and pestle before being uniaxially pressed at 175 MPa
in a 12.7 mm diameter die without binder to form pellets
with a green mass of approximately 1.7 g. Resultant pellets
had green densities between 49% and 50% of the theoretical
value. Pellets were then loaded into the furnace for sinter-
ing according to the diagrams shown in Figure 1, where
the burial powder configuration was altered in an effort to
provide varying levels of lithium overpressure within the
sintering vessel. Five sintering configurations were used in
this study: the “none overpressure condition” consisting of
the pellet set directly on the setter with no aids to lithium
vapor pressure as shown in Figure 1A; the “low overpres-
sure condition,” where the pellet was placed under a cover
crucible with no burial powder, as shown in Figure 1B; the
“moderate overpressure condition,” where the pellet was
placed under a cover crucible that was sealed by a ring
of burial powder (note that there is no contact between
the pellet and burial powder) as shown in Figure 1C; the
“high overpressure condition,” which used a cover cru-
cible configured as in the moderate condition, but with an
additional pile of burial powder adjacent to the pellet, as
shown in Figure 1D; and the “very high overpressure con-
dition,” which used a cover crucible as in the moderate
condition, but with the pellet buried within a mound of
burial powder, as shown in Figure 1E. All burial powder
used was of the same nominal composition as the pel-
lets, including lithium excesses. Additionally, the amount
of burial powder used for the sealing rings in all config-
urations was measured to be within 5% by mass for each
condition. The high and very high overpressure conditions
used the same amount of additional powder within the
crucible. All samples were sintered at 1500◦C for 12 h in
a box furnace in a static air atmosphere. Density of the
sintered sampleswasmeasured geometrically. The circular
faces of the pellet were ground to create flat surfaces onto
which 50 nm thick palladium electrodes were sputtered.
X-ray diffraction (XRD) patterns were collected using a
Panalytical Empyrean diffractometer, using Cu-Kα radia-
tion in Bragg–Brentano geometry with a GaliPIX detector
in scanning line mode (Malvern Panalytical, Malvern,
UK). Impedance spectra were measured between 2 MHz
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F IGURE 1 Diagram of the differing sintering conditions. The
boxes outlining each condition diagram serve as a key to the colors
used to represent data for each condition throughout the
manuscript. (A) The none overpressure condition consisting of the
pellet set directly on the setter with no aids to lithium vapor
pressure. (B) The low overpressure condition, where the pellet was
placed under a cover crucible with no burial powder. (C) The
moderate overpressure condition, where the pellet was placed under
a cover crucible that was sealed by a ring of burial powder (note that
there is no contact between the pellet and burial powder). (D) The
high overpressure condition, which used a cover crucible configured
as in the moderate condition, but with an additional pile of burial
powder adjacent to the pellet. (E) The very high overpressure
condition which used a cover crucible as in the moderate condition,
but with the pellet buried within a mound of burial powder.

and 20 Hz with an oscillator of 500 mV using an Agilent
E4980ALCRmeter (Agilent, Santa Clara, CA,USA). A Sun
EC1A environmental chamber (Sun Electronic Systems,
Titusville, FL, USA) and a custom pellet test fixture were
used to perform measurements between 25◦C and 300◦C.
Complex plane impedance spectra were fit using EC-Lab
fitting software (Bio-Logic S.A.S., Claix, France) for cal-
culation of conductivity values. Activation energies were
calculated using an Arrhenius-type analysis for an acti-
vated process.24,25 Plan view scanning electronmicroscopy
(SEM) was performed using an FEI Quanta 650 scanning
electron microscope (Thermo Fisher Scientific, Waltham,
MA,USA)with accelerating voltage of 20 kV in backscatter
imaging mode. Grain size measurements were performed
using the Hilliard method from ASTM E112.26 Energy dis-
persive X-ray spectroscopy (EDS) composition maps were

F IGURE 2 Comparison of X-ray diffraction (XRD) patterns for
each sintering condition. Sintering condition is noted in
color-matched font above each pattern. Bar markers along the
abscissa indicate peak positions and relative intensities for of
reference patterns of for the A-site deficient perovskite with x = 0
LLTaO (ICSD Collection Code 20281)28 and orthorhombic LaTaO4

(ICSD Collection Code 238801).29

captured on a Thermo Fisher Scientific Phenom XLG2
scanning electron microscope (Thermo Fisher Scientific)
system with an accelerating voltage of 20 kV and phase
fraction analyseswere performed following themethods in
ASTME562.27 Lithium content was determined by nuclear
reaction analysis (NRA) performed at the State University
of New York at Albany ion beam line, using the 7Li(p,α)α
nuclear reaction. Samples were irradiated with 50 μC of
1.2 MeV protons, resulting in alpha particles that were
detected on a Si detector at 168◦ to the beamline. Quan-
tified lithium to tantalum ratios were determined using a
SAW-grade Li0.946TaO2.97 single crystal (MTI Corporation)
as a standard.

3 RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns of each pellet after
sintering under their respective overpressure conditions.
Reference patterns are shown as red and blue bar markers
along the abscissa for the A-site deficient perovskite with
x = 0 (ICSD Collection Code 20281)28 and orthorhombic
LaTaO4 secondary phase (ICSDCollection Code 238801),29
respectively. The majority of peaks in the pattern are well
matched with the tetragonal phase of LLTaO, reported to
exist below a lithium content of x = 0.075 by Mizumoto
and Hayashi.30 The tetragonal LLTaO phase is made up of
a supercell of two pseudocubic perovskite cells that exhibit
ordering of the lanthanum atoms on alternating (100)
planes. Two impurity phase peaks are present between 25◦
and 30◦ in 2θ that are well indexed to the high-intensity
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F IGURE 3 Representative backscatter scanning electron micrographs taken from polished cross-sections of the (A) none, (B) low, (C)
moderate, (D) high, and (E) very high overpressure condition pellets. (F) Plot of the measured average grain size as a function of sintering
overpressure condition. Error bars indicate 95% confidence intervals.

peaks of the orthorhombic LaTaO4 phase. The magnitude
of the reference pattern bar markers serves to indicate the
expected relative intensity of each reflection. Comparison
to the observed patterns reveals no preferred texture in the
samples. Notably, the LLTaO peak at 32◦ in 2θ appears to
be of greater intensity than expected, but this is due to
the superposition of the (110) and (102) peaks within the
resolution of the diffractometer. Comparison between the
patterns of differing sintering conditions reveals no major
changes in crystal structure or texture. Furthermore, the
ratio of the LLTaO (100) and (001) peak intensities are
approximately constant, indicating that the level of A-site
ordering is not changing with sintering condition. Simi-
larly, a comparison of the relative intensities for LaTaO4 to
the LLTaO shows a constant ratio, within sensitivity limits,
for all sintering conditions.
Cross-sectional scanning electron backscatter micro-

graphs of pellets derived from each overpressure condition
are shown in Figure 3A–E. Contrast in these micrographs
derives from electron channeling effects and differential
backscatter yields of different crystal orientations in the
material. The micrographs shown in Figure 3 are provided
at a higher magnification than those used in characteri-
zation efforts. Representative micrographs at the magnifi-
cation used in characterization are provided in Figure S1.
In all samples, there are apparent voids throughout the
material, which appear to be residual porosity. Porositywas
calculated from the micrographs by thresholding the void
areas, resulting in values ranging from 2% to 4% by area.
This value is consistent with geometrically derived density

of the pellets, after accounting for error in the geometric
measurement and potential implicit bias toward imaging
areas with less porosity. Geometric density values ranged
from 93% to 95% of the theoretical valuewith no clear trend
with sintering condition. In all samples, there are visible
twins in some grains, which is consistent with the obser-
vation of tetragonal ordering peaks observed in the XRD
patterns. Qualitative examination of the SEMmicrographs
shows that most grains are equiaxed. The microstructure
also appears to have a bimodal or multimodal grain size
distribution; however, this was not quantitatively stud-
ied. Average grain size was found to be 1.76 ± 0.07 μm,
1.77 ± 0.08 μm, 1.73 ± 0.08 μm, 1.59 ± 0.05 μm, and
1.96 ± 0.10 μm for the none, low, moderate, high, and very
high overpressure conditions, respectively. These values
are plotted against the sintering condition in Figure 3F,
where the error bars represent the 95% confidence inter-
val for the measurements. The average grain size is
nearly constant for the three lowest overpressure sintering
conditions.While the high and very high overpressure con-
ditions do fall slightly outside the 95% confidence interval
of the other points, they do not form a trend that corre-
sponds directly with the sintering condition orwith the ion
conductivity results shown in Figure 4.
Ion conductivity was determined using impedance

spectroscopy (IS), which measures frequency-dependent
response of a material under alternating current fields.
Figure 4A shows representative complex plane impedance
spectra from each overpressure condition at 25◦C. Each
spectrum is composed of two leading arcs followed by
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F IGURE 4 (A) Room temperature complex plane impedance spectra for each overpressure condition. Experimental data (without
geometric correction) is represented as open points with the fit plotted as a line of the same color. The equivalent circuit used for fitting is
illustrated in the upper left of the panel and is color coded to indicate which part of the spectra is represented by each element. (B) Extracted
room temperature ion conductivity values from the impedance spectra, separated by the microstructural feature leading to the response.

a final spike. Impedance data were then fit using the
equivalent circuit illustrated in Figure 4A, where a ZARC
element (resistor in parallel with a constant phase ele-
ment) is used to model each of the arcs that appear in the
spectrum and a final constant phase element represents
the blocking palladium electrode spike. The resulting
fits are plotted as solid lines of the same color as the
experimental data, and good agreement of the fit to the
measured data is achieved. Because the grain and grain
boundary responses are clearly separable in the impedance
spectra, each response can be treated individually. Using
the fitted values for the resistor and constant phase
elements, an ideal capacitance value can be calculated for
each response using the equation for the time constant,
𝜏𝑖 = (𝑅𝑖𝑄𝑖)

1∕𝑎 = 𝑅𝑖𝐶𝑖 , where τi is the time constant for the
ZARC i, Ri is the resistance of the ZARC,Qi is the constant
phase element value, a is the constant phase element
exponent, and Ci is the ideal capacitance to be extracted.31
Comparison of the resulting capacitance reveals that R1 is
associated with the grain response, while R2 is associated
with the grain boundary response.32 Then, the grain resis-
tance is R1, the grain boundary resistance is R2, and the
total resistance is R1 + R2. The ion conductivity was calcu-
lated by𝜎𝑖 = 𝐿∕(𝑅𝑖 × 𝐴), where σi is the conductivity of the
response associated with ZARC i, L is the perpendicular
length between the electrodes, A is the area of the elec-
trodes, andRi is the fitted resistance for ZARC i. The results
of this calculation are shown in Figure 4B, with Table S1
showing the fitted values and error for each spectrum at
room temperature. Examination of the ion conductivity
trend reveals a maximum in the overall ion conductivity at
themoderate overpressure condition, corresponding to the

maximum conductivity in the grain boundary response.
However, the grain response shows a maximum under
the low overpressure condition indicating that the grain
boundary response dominates the overall ion conductivity,
as can be expected based on prior observations.33–35
Activation energy was determined by measuring

the impedance response at temperatures ranging from
25◦C to 300◦C. An example of the impedance spectra
measured from the moderate overpressure sample at
several different temperatures is shown in Figure 5A. An
Arrhenius plot of the resulting temperature-dependent
ion conductivity for the moderate overpressure sample is
shown in Figure 5B for each of the grain, grain boundary,
and overall responses. Temperature-dependent impedance
spectra and Arrhenius plots for activation energy are
shown for the other overpressure conditions in Figures
S2–S5. The Arrhenius-type relation used is shown below:

𝜎𝑇 = 𝜎0e
−𝐸a∕𝑘𝑇 → ln(𝜎𝑇) = −

𝐸a
𝑘
×
1

𝑇
+ln(𝜎0)

where σ is the ion conductivity, T is the absolute measure-
ment temperature, σ0 is a prefactor, Ea is the activation
energy, and k is the Boltzmann constant. Fitting the ion
conductivities versus inverse temperature enables calcula-
tion of the activation energies of lithium ion conduction.
A summary of the activation energies for each sample is
shown as a function of sintering overpressure in Figure 5C.
It is observed that the grain boundary conduction acti-
vation energy is the highest, followed by the overall and
grain responses. These results match well with previous
literature as well as theoretical predictions on the
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F IGURE 5 (A) Representative impedance spectra from the moderate overpressure sample at temperatures ranging from 25◦C to 55◦C.
(B) Arrhenius plot of the dependence of lithium ion conductivity on temperature for the moderate overpressure sample. Activation energy for
individual responses was extracted from the linear fit to the data and noted in the upper right of the plot. (C) Summary of the activation
energy values measured for each overpressure condition. Error bars depict the 95% confidence interval for each data point and are present for
all data points, but are smaller than the marker in some cases.

mechanisms of lithium ion conductivity, where the grain
boundary is resistive due to one of several effects, the
grain response is facile due to the high crystallinity and
many equivalent sites in the A-site defective perovskite
lattice, and finally, the overall response represents some
value intermediate to the other responses because it is
a combination of both responses over the volume of the
sample.11,33,36 Further comparison of these results to
the ion conductivity trends that were observed at room
temperature does not reveal a clear correlation between
the activation energy and the ion conduction in these
samples, indicating that the local environment for lithium
ion conduction is similar between all samples.
To further investigate the origin of the change in ion

conductivity with sintering condition of LLTaO, NRA was
performed on each sample to quantitatively measure the
lithium to tantalum ratio. NRA quantifies the abundance
of each element by measuring the byproducts of the inter-
action of high-energy particles with the nuclei of the atoms
in the test material. In the case of lithium, the reaction
employed takes the form shown in the following equation:

7
3
Li + 1

1
𝑝 ⇒ 4

2
𝛼 + 4

2
𝛼

By measuring the number of alpha particles (α) that are
produced by a known proton (p) flux, lithium nuclei can
be counted indirectly. The results of the NRA analysis are
shown in Figure 6, where the lithium to tantalum ratio is
plotted against the sintering overpressure condition. The
values determined for each sample follow a trend inverted
from the overall ion conductivity; however, the scale of

F IGURE 6 Lithium to tantalum ratios determined by nuclear
reaction analysis. Error bars represent the statistical counting error
calculated for each sample and are approximately equal to 5% for all
samples.

the error bars on these values prevent drawing meaningful
conclusions from the NRA data alone. Of note, the Li:Ta
ratio in all samples is arrayed around 0.12, which is the
original batch ratio of Li:Ta when including the lithium
excess. This indicates that the vapor phase losses of lithium
during sintering are significantly lower than expected
based on the vapor pressure of lithium-containing species
over lithium oxide.14 The apparent low lithium vapor
pressure over LLTaO could also explain the small vari-
ation in sample composition with changes in sintering
condition. Assuming that lithium only resides in the
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perovskite phase, which is reasonable given that no
lithium-containing secondary phases were observed, the
lithium to tantalum ratio measured implies an increase
in the value of x. Increasing the value of x indicates
that less lanthanum can exist in the perovskite phase to
satisfy electroneutrality, which leads to the conclusion
that the batched composition effectively has an excess
of lanthanum. This is consistent with the identifica-
tion of LaTaO4 in the XRD patterns shown in Figure 1,
because a lanthanum-rich phase would need to form to
accommodate its excess.
Studies of the closely related lithium lanthanum titanate

have reported secondary phases and compositional devi-
ation at the grain boundary, including Li2CO3 and a
Ti–O layer that was observed via transmission electron
microscopy studies.34,37 However, the appearance of the
LaTaO4 secondary phase in XRD indicates that the excess
lithium in the samples in this study is being accommo-
dated within the LLTaO lattice, resulting in expelling other
cations to maintain charge balance and due to the valence
stability of tantalum, the reduction mechanism that is
observed in the titanate is unlikely to occur in these sam-
ples. To investigate the location and prevalence of the
secondary phase, EDS was performed on the same sam-
ples that were used for grain size measurements. The
lanthanum and tantalum signals were superimposed to
create maps that represent LaTaO4, where the lanthanum
concentration is enhanced and LLTaO, where the tanta-
lum concentration is high. Representative, combined EDS
maps from each sintering condition are shown in Figure
S6. Comparison of the EDSmaps with backscatter imaging
of the same region did not indicate that LaTaO4 grainswere
differently sized fromLLTaO grains and that the secondary
phase was not obviously delineated by intensity contrast
in backscatter imaging mode. Backscatter electron images
are shown in Figure S7 for the same fields that are repre-
sented as EDS maps in Figure S6. This suggests that the
LaTaO4 phase is present as discrete, discontinuous grains
within the microstructure. The procedures from ASTM
E562were then applied to thesemaps in order to determine
the volumetric phase fraction of LaTaO4 in the samples.
The results of this phase fraction analysis are shown in
Figure 7. This plot illustrates a bowl-like trend that aligns
well with the lithium to tantalum ratios that were found
in Figure 6, and matches well with the trend of the overall
ion conductivity found in Figure 4, when inverted. These
data points are much better differentiated than the Li:Ta
ratios, which lends confidence to the absolute values of the
lithium content measured by NRA because, as discussed
above, larger amounts of the LaTaO4 secondary phase can
be expected for larger excesses of lithium. Finally, the
phase fraction analysis indicates that the samples contain
between 12% and 16% LaTaO4, which appears to be more

F IGURE 7 Phase fraction of LaTaO4 as a function of the
sintering overpressure condition as determined from cross-sectional
energy dispersive X-ray spectroscopy (EDS) maps. Error bars
represent the 95% confidence interval from the analysis.

than that observed in XRD based on the peak intensity
ratios (Figure 2). There are several potential explanations
for this discrepancy: (1) The X-ray beam used in diffraction
has a penetration depth of between 3.8 and 4.4 μm38,39 on
the exterior surface of the pellet, the most likely region of
depleted lithium in the samples. Spatially resolved lithium
quantification was not possible through NRA, so it is pos-
sible that a layer of reduced lithium content is formed on
the exterior of the pellet, reducing the phase fraction of
LaTaO4 in that volume and resulting in the relatively low
level of XRD intensity for the secondary phase. (2) The
analysis of phase fraction makes an assumption that the
micrographs represent a 2D slice of the material; however,
the electron interaction volume in LLTaO at 20 kV and
the large dose used for EDS extend 1.8 μm into the sam-
ple, as calculated using aMonte-Carlo simulation from the
NISTDTSA-II software package.40,41 This is approximately
the average diameter of a grain; however, most grains on a
polished surface are partially removed and will not extend
their full diameter into the plane of the image. This indi-
cates that the EDS maps may represent a thicker slice of
the material than assumed, leading to overcounting of the
presence of LaTaO4 in the material. (3) A final option,
although unlikely based on the thermal budget of these
samples, is that the LaTaO4 within the sample is not fully
crystallized leading to reduced signal in the XRD patterns.
In total, this suggests that the changing ion conductivity
in LLTaO with sintering configuration is primarily driven
by the minor changes in amount of lithium vapor evo-
lution during the high-temperature sintering step. The
change in lithium concentration then drives the formation
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of LaTaO4 secondary phase particles that act as a resistive
element in the material, reducing the overall ion conduc-
tivity. Specifically, the secondary LaTaO4 phase is unlikely
to be capable of transporting lithium, therefore, a lithium
ion approaching the boundary between a LLTaO and a
LaTaO4 grain would need to be transported around the
LaTaO4 grain through the resistive boundary. Conversely,
in the case where a lithium ion encounters a LLTaO–
LLTaO grain boundary, it would be transported into the
next grain, across the grain boundary. This would mani-
fest in the IS spectra as an increase in the impedance of
the grain boundary response. This also explains the rela-
tively constant activation energy of the samples because
the conditions for lithium ion conduction in the LLTaO
lattice are not changing significantly from sample to sam-
ple. This would indicate that the composition within the
LLTaO grains in the samples is similar for all overpres-
sure conditions, as the composition of LLTaO can have a
strong effect on the ion conductivity that is observed.13 A
recent work on Li0.33La0.56TiO3 has shown a similar effect
wherein the composition of the major phase was constant
with changing amounts of secondary phase, indicating a
change in overall composition.42

4 CONCLUSIONS

In summary, it has been shown that minor variations in
the lithium concentration in LLTaO can lead to minor
changes in the ion conductivity. The mechanism for this
appears to be the changes in lithium content leading to
increased formation of a secondary phase that hinders
the overall lithium ion conduction response by effectively
increasing the length of grain boundary through which
a lithium ion must transport. This is supported by the
grain boundary response acting as the dominant contri-
bution to the total ion conductivity, as well as its inverse
correlation with the Li:Ta ratio and the phase fraction of
LaTaO4. Further, these data indicate that the high vapor
pressure of lithium that is known to exist for lithiummetal
and its oxides does not strongly affect LLTaO, as shown
by the lithium to tantalum ratios, determined by NRA,
remaining very near the batching composition including
excess that was added to accommodate predicted lithium
losses. It is likely that the apparent low vapor pressure of
lithium over LLTaO also contributed to the observation of
only small changes in lithium concentration with sinter-
ing condition. Conversely, it is unclear how variations in
the sintering configuration affected the lithium content in
each sample, implying that control over the lithium con-
tent would need to be studied further and is likely furnace
and sintering environment specific. Finally, the activation
energy appears to have a weak dependence on the lithium

content, as it remains constant with minor variations in
the Li:Ta ratio. It is proposed that this is due to the local
lithium environment in the bulk and grain boundaries
remaining nearly constant due to compensation through
the formation of a secondary phase.
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