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ABSTRACT: Inspired by the promising ionic conductivities of the
lithium conducting garnets, we present a comparative study on the
influence of the ionic radius of M** on the 8-coordinate site and the
crystal structure on the ionic transport in the solid solution
LigMLa,Ta,0,,. Neutron diffraction and synchrotron diffraction in
combination with AC impedance measurements are employed to
understand the systematic substitution with different-sized alkaline
earth cations M**. As may be expected, the unit-cell parameters Ca sr 8a
increase linearly with increasing ionic radius from Ca** over Sr** to
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Ba®", accompanied by an increase in the polyhedral volumes of the

dodecahedral, and tetrahedral positions and the ionic conductivities. While the TaO4 octahedral volume remain constant, the
anisotropic thermal parameters of the coordinating oxygen anions suggest a high degree of rotational freedom with increasing
unit-cell size. These structural parameters lead to lower activation energies because of broader Li conduction pathways and a
higher flexibility in the crystal lattice, ultimately controlling the ionic conductivities in this class of materials.

KEYWORDS: solid electrolytes, impedance spectrosopy, neutron diffraction, activation energy, garnets, synchrotron diffraction

B INTRODUCTION

Lithium-ion batteries currently use polymer-based films
saturated with organic solvents as electrolytes to achieve the
necessary Li" mobility for the transport between the cathode
and the anode while preventing electrical short-circuits."”
Nevertheless, the electrochemical stability of these electrolytes
limits the practical open circuit voltages that can be achieved,
and therefore retards the development of higher energy-density
batteries.® Furthermore, the flammability, toxicity, and potential
for leakage associated with the nonaqueous solvents highlights
the need for alternative design strategies. The key requirements
for a good electrolyte are a high mobility of Li-ions combined
with a negligible electronic conductivity while simultaneously
being chemically inert toward contact with elemental Li at the
anode.' Unfortunately, this combination of physical properties
is rare. Although high mobility of Li" in solid materials has been
encountered at elevated temperatures, room-temperature
mobility and chemical stability still remains a significant
challenge.

Lithium-containing garnets LiM,M';0;, have recently
gained a significant amount of attention as a family of
promising solid-state electrolytes due to their exceptionally
high ionic conductivity (~1 X 107* Scm™') at room
temperature and electrically insulating character.”> This
structural family derives from the grossular prototype
Ca3Al,Si;0, and contains an open network of M’'Og
antiprismatic and MOy octahedral polyhedra with a network
of tetrahedral sites for Si*" or Li* respectively (see Figure 1).
The partial occupancy of the interpenetrated tetrahedral and
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octahedral Li-sites allows facile diffusion of Li ions through the
lattice, resulting in a low activation barrier for Li diffusion.>™®

A common approach to optimize the performance is to
replace M or M’ with an aliovalent cation in order to increase
the amount of lithium content in the garnet structure. This type
of substitution allows the material to maintain a charge balance
while also producing compositions with higher Li content
which is known to increase Li-ion conductivities, as typified by
Li;La,Zr,0,,,°""* Liy,,Nd;Te,_.Sb.0,,'*'* and LiLa,y(Ta/
Nb),0,,."°7*° As a further example, substitution of La** with a
divalent alkaline earth cation in LisLa;Ta,0,, has also been
shown to increase the Li content using Ca?* ! %222 and
Ba?*.7?>7?® Although this increase in Li content ultimately
leads to an enhanced Li-ion conductivity, the difference in the
alkaline earth metal is also found to have a significant effect on
their ionic conductivities.

In an effort to understand the effects of the size differences of
the M** cation on the ionic transport in this class of materials,
the current study focuses on the solid solution LizMLa,Ta,0,,,
with compositions of M = Ba, BaySrys, Sr, SrysCays and Ca.
Neutron diffraction and synchrotron diffraction studies in
combination with AC impedance measurements are employed
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Figure 1. Refined crystal structure of "LigBaLa,Ta,0,, (space group
Ia3d) in polyhedral representation, resulting from time-of-flight
neutron scattering data. Ta is shown in dark red in its octahedral
coordination, La and M in black and the tetrahedral coordinated “Li in
green. The interstitial Li cation is shown in yellow in its Wyckoff
position 48g as ellipsoids according to its refined anisotropic thermal
parameters (with 95% probability). These Li* cations show a huge
degree of anisotropic displacement in their pseudo-octahedral position,
probably because of the big cage size, hinting at possible lithium
diffusion pathways.

to understand the effect of systematic substitution with different
sized alkaline earth cations M?*. The increase in the ionic radius
of M** directly affects the local structure and introduces a
certain degree of rotational freedom of the garnet framework,
ultimately influencing the ionic transport.

B EXPERIMENTAL SECTION

Synthesis. Bulk samples of polycrystalline LigMLa,Ta,0;, with
compositions of M = Ba, BaysSr s, St, SrysCa, and Ca were prepared
via solid-state reactions using stoichiometric amounts of Ta,O5 (Alfa
Aesar, 99%, powder), La,O5 (Sigma Aldrich, 99.99%,, powder), LIOH
(Sigma Aldrich, > 98%, powder), Ba(NO,), (Sigma Aldrich, >99%,
powder), Sr(NOs), (Sigma Aldrich, >99%, powder) and CaCO,
(Sigma Aldrich, reagent grade plus, powder). La,0; and LiOH were
dried at 900 °C for 24 h and 300 °C for 24 h, respectively, and stored
under vacuum. For the synthesis of isotopically enriched
’LigMLa,Ta,0;,, 'LiOH-H,0O (Sigma Aldrich, 99.9% 7Li, powder)
was used after drying at 300 °C for 48 h to obtain the anhydrous
"LiOH as the precursor. For all preparations, a 10 wt % excess of
LiOH was added to compensate for the loss of Li at elevated
temperatures. The phase purity of the starting materials was verified by
standard laboratory X-ray diffraction. The starting materials were
thoroughly ground for 30 min in an agate mortar, pressed into pellets
using an isostatic press, placed into an alumina crucible. To isolate the
pellet from any contact with the alumina crucible, the pellets were
covered with the remaining powder of the same composition. The
pellets were heated to 973 at 5 K min™" in a box furnace and kept for 6
h to prereact and decompose the precursors. The pellets were
subsequently ground thoroughly and pressed into pellets again, using
the same sacrificial powder as cover. The materials were then heated to
1173 at 5 K min~" and annealed for 12 h, to obtain phase pure
materials. The as-prepared pellets have a theoretical density of ~70%,
determined from the mass and geometry of the consolidated discs, and
were used for the following electrical characterization. Laboratory X-
ray diffraction of consolidated samples do not show any significant
texture in this material as expected for these cubic garnet structures.
Therefore, properties measured on discs of this polycrystalline material
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are expected to be isotropic within expected experimental uncertainty
and represent a scalar average of the tensor properties.

Physical Characterization. Time-of-flight neutron scattering data
were collected at room temperature on polycrystalline powders loaded
in a vanadium can using the NPDF instrument at the Lujan Center,
Los Alamos Neutron Science Center, Los Alamos National
Laboratory. High-resolution synchrotron powder diffraction data
were collected using beamline 11-BM at the Advanced Photon Source
(APS), Argonne National Laboratory using an average wavelength of
0.413724 A. Discrete detectors covering an angular range from —6 to
16° 20 are scanned over a 34° 20 range, with data points collected
every 0.001° 26 and scan speed of 0.01° s™'. Because of the high X-ray
absorption coefficient of the compositions, the powder had been
diluted with amorphous SiO, prior to the measurements at the
synchrotron. The resulting diffraction data were refined using the
General Structure Analysis System (GSAS).>” phase purity of the
samples were monitored using standard laboratory X-ray diffraction
patterns, collected on a Bruker D8 diffractometer with a CoKa source
(A, =1.78897 A, 2, = 1.79285 A), equipped with a LynxeEye detector.
Scanning electron microscopy (SEM) was performed on a JEOL JSM-
7001 microscope (JEOL Ltd.). AC impedance measurements of the
pellets (with representative dimensions around 12 mm in diameter and
1 mm in thickness) were performed in air between 18 and 100 °C,
using lithium-ion blocking silver electrodes. The silver electrodes were
applied with silver paste (SPI Conductive Silver Paste Plus) using a
paint thinner to ensure good coverage and thin electrodes and were
subsequently cured in air at 800 °C for 10 min. A BioLogic VMP3
potentiostat with an applied 200 mV sinus amplitude in the frequency
range of 1 MHz to 500 mHz was utilized to obtain AC impedance
data.

Bl RESULTS AND DISCUSSION

Structural Characterization. Although standard labora-
tory X-ray diffraction has been employed to confirm the phase

Table 1. Resulting Unit-Cell Parameters a from the Rietveld
Refinement of the Structure of LizMLa,Ta,0,, (space group
Ia3d) against Synchrotron X-ray Powder Diffraction Data
from 11-BM (right column) and Time of Flight Neutron
Scattering Data from NPDF (left column), with the
Respective Reduced * (goodness of fit)”

NPDF 11-BM

M a (A) Ve a (A) Ve
Ba 12.99726(7) 32 13.011211(8) 2.9
Ba Sty s 12.91529(4) 2.8 12.92046(2) 16
Sr 12.83013(12) 3.1 12.846394(8) 38
SrysCags 12.77584(4) 34 12.784462(11) 43
Ca 12.70877(8) 2.1 12.723830(8) 2.9

“Diffraction data were obtained at room temperature.

purity of the different compositions, an accurate and complete
structural study cannot be performed using X-rays, due to the
very small scattering form factor of Li" and the dominance of
La** and Ta*. Therefore time-of-flight neutron data were
collected at room temperature on all compositions of the solid
solution, in combination with synchrotron radiation for a better
resolution of the lattice parameters and possible impurities. To
prevent problems associated with the large absorption cross-
section of Li, 'Li enrichment is used because the negative
scattering length of "Li leads to a better contrast compared to
the positive scattering length of all other nuclei in
"LigMLa,Ta,0,,.

The space group Ia3d and the structural data of
LisCaLa,Ta,0,,,"" was used as the initial structural model,

dx.doi.org/10.1021/am4060194 | ACS Appl. Mater. Interfaces 2014, 6, 10900—10907
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Figure 2. Representative (a) time-of-flight neutron scattering data of
"LigCaLla,Ta,0;, and (b) synchrotron diffraction data of
LisCaLa,Ta,0,,, including profile fit, profile residuals of the
corresponding Rietveld refinement. The secondary reflections (top
panel markers) in the neutron diffraction data correspond to the
vanadium sample holder. The inset shows the goodness-of-fit at low d-
spacings. Complete diffraction data of the solid solution
LizMLa,Ta,0,, can be found in the Supporting Information.

and the input for the various solid solutions were altered
accordingly. The thermal parameters and positions of the M*"
cations are constrained together with La®* on Wyckoff position
24c, because the M cation replaces La on its site. In this
structural model, the lithium cations are distributed over the
Wryckoff position 24d (tetrahedral coordination) and the
interstitial pseudo-octahedral position 48g.

Neutron diffraction studies by Cussen et al.®’ of
LisLa;Ta,0,, have suggested this structural model may not
be accurate and a displacement of the Li* occurs, away from 48¢
toward the Wyckoff position 96h. However, a refinement of the
neutron diffraction data using this structural model with Li* on
the 48¢ and 96k sites does not lead to a good fit, due to some
mismatch in the intensity. To improve the refinement, Li* in
the interstitial position is constrained to the 48g site and the
anisotropic thermal parameters are refined, to obtain the
displacement of Li throughout the whole series of solid
solutions. The overall lithium content per unit formula is

(@)

11BM-LisSrLa;Ta,012
A=0.4137240 A

o Observed
Calculated
Difference

Intensity (arb. units)

Intensity (arb. units)

PR T T TS T A N R Y Y TS NS S

16 1602 1.604 1606 1.608 161
d-space (A)

Figure 3. Representative synchrotron diffraction pattern of
LigSrLa,Ta,0y, for the (800) reflection including profile fit, profile
residuals of the corresponding Rietveld refinement. (a) Fit with only
one unit cell and a high degree of asymmetry of the peak at higher d-
spacing (lower two theta), which cannot be associated with
instrumental asymmetry. (b) Fit with a lattice parameter of the main
phase and a second phase, which can be associated with continuous
spread of nondiscrete lattices in the material, possibly due to an
ongoing Li*/H" exchange.

constraint to a maximum of 6 Li*, to achieve charge
compensation.

For a more accurate determination of the purity and the unit-
cell parameters, synchrotron radiation was employed for all
compositions in this solid solution and the resulting lattice
parameters can be found in Table 1. The diffraction patterns
were found to exhibit an asymmetric tail toward the higher d-
spacings of all reflections (see Figure 3). Instrumental
asymmetry was ruled out after the refinement of the 11-BM
Na,Ca;ALF,, standard (see the Supporting Information). The
best fit is obtained using a second phase with a slightly bigger
unit cell, in the cubic garnet space group Ia3d, in reality
representing a continuous spread of nondiscrete lattices in
these materials. Figure 3 shows this asymmetry on the
reflection of the (800) plane of LizSrLa,Ta,0,,, representative
for all compositions. We attribute this distribution of unit-cell
parameters to the known instability of these lithium conducting
garnets in humid atmosphere.”***> The resulting Li*/H*
exchange is known to lead to an increase in the unit-cell
parameters.”’ However, it should be noted that this exchange
should lead to the formation of LiOH or LiCO,,***° which has
not been found in any of the diffraction patterns. The difference
in the lattice parameters of the main phase and the secondary
phases are in the range of 0.01 A and only the lattice parameters
of the majority phase are reported in Table 1. A representative
refined synchrotron diffraction pattern for LigCaLa,Ta,0;, can
be found in Figure 2.

The structural parameters for ’LigBala,Ta,0,, and
"Li¢gCaLa,Ta,0;,, obtained from the refined time-of-flight

dx.doi.org/10.1021/am4060194 | ACS Appl. Mater. Interfaces 2014, 6, 10900—10907
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Table 2. Resulting Atomic Positions, Occupancies and Anisotropic Atomic Displacement Parameters from the Refinement of
"LigBaLa,Ta,0;, and "LisCaLa,Ta,0,, Time-of-Flight Neutron Scattering Data, For Comparison®

atom Wyckoff x y z occupancy
Lil 24d 0.375 0.0 025 0.590(13)
Li2 48¢ 0.125 0.6770(3) 0.5730(3) 0.705(7)
"LigBaLa,Ta,0,, Ba 24c 0.125 0.0 0.2 0.3333
=32 La 24¢ 0.125 0.0 0.25 0.6667
Ta 164 0.0 0.0 0.0 1.0
0 96h —0.03218(5) 0.04796(6) 0.14233(5) 1.0
atom Wyckoft U, Upy U U,, Uy Uss
Lil 24d 0.004(4) 0.0 0.0 0.066(5) 0.0 0.066(5)
Li2 48¢ 0.116(7) —0.050(3) —0.050(3) 0.037(2) 0.007(2) 0.037(2)
Ba 24c¢ 0.0153(6) 0.0 0.0 0.0142(3) 0.0053(3) 0.0142(3)
La 24c¢ 0.0153(6) 0.0 0.0 0.0142(3) 0.0053(3) 0.0142(3)
Ta 16a 0.01295(15) 0.0021(3) 0.0021(3) 0.01295(15) 0.0021(3) 0.01295(15)
(¢} 96h 0.0239(4) 0.0072(3) 0.0059(2) 0.0350(4) 0.0038(3) 0.0180(3)
atom Wyckoff oo y z occupancy
Lil 24d 0.375 0.0 025 0.546(13)
Li2 48¢ 0.125 0.6829(2) 0.5671(2) 0.727(6)
LigCaLa,Ta,0,, Ca 24c¢ 0.125 0.0 025 0.3333
r=21 La 24c¢ 0.125 0.0 025 0.6667
Ta 16a 0.0 0.0 0.0 1.0
0 96h —0.03112(5) 0.05056(5) 0.14516(5) 1.0
atom Wyckoff U, U, Uhg Uky, WUhs Us;s
Lil 24d 0.008(4) 0.0 0.0 0.052(4) 0.0 0.052(4)
Li2 48¢ 0.123(6) —0.037(2) —0.037(2) 0.020(2) 0.012(2) 0.020(2)
Ca 24¢ 0.0157(6) 0.0 0.0 0.0108(3) 0.00237(3) 0.0108(3)
La 24c¢ 0.0157(6) 0.0 0.0 0.0108(3) 0.00237(3) 0.0108(3)
Ta 16a 0.0087(2) 0.0003(3) 0.0003(2) 0.0087(2) 0.0003(2) 0.0087(2)
0 96h 0.0160(3) 0.0000(2) —0.0004(2) 0.0173(4) —0.0015(2) 0.0107(3)

“All data sets were obtained at room temperature. Complete diffraction data of the solid solution LigMLa,Ta,0;, can be found in the Supporting

Information.

neutron scattering data, are summarized in Table 2 and the
resulting structure for the Ba-compound is visualized in Figure
1. A representative diffraction pattern which has been refined
for "LigCaLa,Ta,0, is shown in Figure 2 and the complete
structural data can be found in the Supporting Information.
Figure 1 shows the crystal structure of "LigBaLa,Ta,Oy,
including the atoms as ellipsoids according to their refined
anisotropic thermal parameters. The Li" cations show a huge
degree of anisotropic displacement in the pseudo-octahedral
Wryckoff position 48¢, probably because of the big cage size,
suggesting possible diffusion pathways for lithium."' As
reported by Cussen et al,%” a highly anisotropic displacement
can be seen for the Li cations occupying the 48g site, which has
led to the proposed structural model of Li on the 48¢ and 96h
interstitial sites. While this may seem contradictory, both
structural models and representations depict the Li distribution
throughout the structure and the Li-ion pathways. Indeed, the
anisotropic thermal parameters of the Ca-containing compound
exhibit a lower degree of displacement in their smaller
octahedral volume (see Figure 4d), which is in agreement
with their smaller ionic radius of M*" and lower ionic
conductivities.

The refined lattice parameters (see Table 1) and polyhedral
volumes along the series of solid solutions ’LigMLa,Ta,0,,
with compositions of M = Ba, BaySrys, Sr, SrysCays and Ca,
are shown in Figures S and 4, respectively. As expected, the
unit-cell parameter a increases linearly with the increase in the
ionic radius of the M**-cation from Ca to Ba, clearly following
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Vegard’s law. Because of the increase in the lattice parameter
and unit-cell volume, the polyhedral volumes of the
dodecahedral (La/M)QOjg, tetrahedral LiO, and pseudo-
octahedral LiOg4 sites increase concurrently. Especially the
increasing LiOg volume leads to an increased cage size for the
conducting Li* cation, resulting in the above-mentioned
displacement. However, the polyhedral volumes of the TaOq
octahedra remain constant throughout the series, showing the
high bond strength of the Ta—O bond compared to all other
bonds in these materials. To retain constant TaOg4 volumes
through the solid solutions, the coordinates of the oxygen
positions need to shift linearly, as is indeed the case (see the
Supporting Information).

Although the behavior of the Ta—O bonds is expected, the
refined anisotropic thermal parameters of oxygen give insight
into an interesting structural change. With increasing unit-cell
size from Ca®" to Ba®" the anisotropic thermal parameters of
oxygen change significantly, which can be seen in Figure S
comparing the Ca and Ba compounds. The trend of the
increasing anisotropic thermal displacement parameters Uy,
U,, and Uj; with increasing unit-cell size can be found in the
Supporting Information. The oxygen anions in the Ca
compound exhibit a very low degree of anisotropy leading to
nearly spherical oxygen distribution around their 96k Wyckoff
position. However, in "LigBaLa,Ta,0;, the anisotropic thermal
parameters are big leading to a more ellipsoidal distribution,
showing a certain degree of rotational freedom in this structure.
The smaller ionic radius of Ca®* leads to a smaller unit cell and

dx.doi.org/10.1021/am4060194 | ACS Appl. Mater. Interfaces 2014, 6, 10900—10907
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The increasing unit-cell parameters from the increasing ionic radii
(Figure 4) lead to a higher degree of rotational freedom in the TaOg
octahedra.

therefore a more tightly packed lattice, reducing the degree of
rotational freedom, which may ultimately affect the Li-diffusion
and therefore the ionic conductivity for these materials.
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Figure 6. Typical impedance plot obtained for LigBaLa,Ta,O}, at 18
°C in air, using Ag electrodes in the frequency range of 1 MHz to 500
mHz. The appearance of a tail at the low frequency side of the slightly
depressed semi circle suggests blocking of the mobile Li ions by the Ag
electrode. The inset shows typical impedance data at 373 K. The blue
line shows the equivalent circuit fit consisting of a constant phase
element (CPE) in series with a parallel CPE/resistor component.

Transport Properties. AC impedance spectroscopy has
been employed to assess the influence of the changes in the
crystal structure on the ionic transport in LigMLa,Ta,0,,. A
typical impedance plot of LigBaLa,Ta,0, at 18 °C and at 100
°C is shown in Figure 6, and the corresponding impedance data
for the remaining compositions can be found in the Supporting
Information. The appearance of a tail at the low frequency side
can be attributed to the Li-ion blocking Ag-electrodes and is

dx.doi.org/10.1021/am4060194 | ACS Appl. Mater. Interfaces 2014, 6, 10900—10907
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Table 3. Lithium Ionic Conductivities ¢ of the Solid Solution
LigMLa,Ta,0,, with Different M at 291 and 373 K,
Respectively”

M Gk (S em™)  G35¢ (S em™)  Daygx (cm? s7%)  E, (eV)
Ba 1.5 x 107° 5.6 x 1074 2.1 x 10710 0.47
Bay St s 7.1 x 107° 28 x 1074 9.9 x 107" 045
Sr 5.4 % 107° 2.1 % 107* 7.5 % 1071 045
SrosCays 32 x107¢ 20x 1074 43 x 107" 0.50
Ca 22 %107 9.4 x 107° 29 x 1071 047

“The diffusion coeflicients D at 291 K have been calculated using the
Nernst—Einstein equation for diffusion (eq 1) and the respective
activation energies have been extracted from the Arrhenius plots of
Figure 7 (eq 2). All ionic conductivities and diffusion coefficients
increase with increasing ionic radius and unit-cell size.
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Figure 7. Arrhenius plots for the total lithium ion conductivities of
LisMLa,Ta,0,, at different temperatures. With increasing ionic radius
of the M cation, the Li-ionic conductivity increases. The respective
activation energies can be found in Table 3.
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Figure 8. Room-temperature lithium ionic conductivities of different
compositions in the solid solution LisMLa,Ta,0,,. Assuming a
constant pre factor C, due to a constant charge carrier density and
very small changes in the Li—Li distance (see the Supporting
Information), this increase in ionic conductivities can qualitatively be
attributed to a decrease in the activation energies for Li* conduction
from Ca over Sr to Ba.

indicative of Li-ion diffusion in the bulk sample. A resolution of
the grain boundary and bulk contributions cannot be obtained,
leading to only one semicircle in the impedance spectra of all
samples. Geometrical densities in the measured pellets do not
exceed 70% of the theoretical density, and attempts to further
consolidate these materials were not successful. This is in
accordance with the observations by Awaka et al,*" and the
poor resolution between the grain and bulk contribution can be
attributed to the low density. Scanning electron microscopy
micrographs can be found in the Supporting Information,
showing the reduced density in these materials. Nevertheless,
the grains are well connected, which lead to comparable ionic
conductivites as previously observed.*"** All semicircles
obtained pass through the origin and can therefore be
attributed as the bulk properties.>> The semi circles are slightly
depressed, possibly because of different time constants 7
resulting from the lower density and small differences in the
grain sizes.”> All impedance data has been fitted using an
equivalent circuit consisting of a constant phase element (CPE)
in series with a parallel CPE/resistor component. The single
constant phase element represents the nonideal diffusion
occurring on the Li-blocking Ag-electrodes, resulting in the
tail at the low-frequency side.

The Li-ionic conductivities obtained at 18 °C and at 100 °C
can be found in Table 3. All values are comparable to the
reported data by Thangadurai et al.** and Awaka et al,*' of ¢
(Ca, 27 °C =22 X 107, 6(Sr, 22 °C) = 7.0 X 107%, and o(Ba,
25 °C) = 1.3 X 1075, An increase in the ionic conductivites can
be seen from Ca to Ba. This increase is expected because of the
linear increase in the unit-cell parameters and the resulting
broader diffusion pathways. The diffusion coefficients D at
room temperature (Table 3) have been obtained using the
Nernst—Einstein relation®*

kT (1)

with the elementary charge q (g = 1.602 X 107" C), the charge
carrier concentration n (ie., number of Li cations per unit-cell
volume), the Boltzmann constant kg, and the temperature T.
The calculated diffusion coeflicients increase with increasing
unit-cell size and are in good agreement with the diffusion
coefficients in this class of materials, obtained through
spectroscopical and electrical methods.'®**

Temperature-dependent ionic conductivities of all composi-
tions of LigMLa,Ta,0, are shown in Figure 7 between 18 and
100 °C. Reproducible electrical impedance data in air could not
be obtained at higher temperatures, due to a degree of history
and a kink in the data upon cooling after the pellets were
heated to temperatures above 100 °C. This behavior might be
attributed to the above-mentioned Li*/H* exchange. The
measured ionic conductivities can be used to obtain the
activation energies of the Li-ion conduction, using the
Arrhenius equation®*

o= C ol Er
T P\ kT

@)
where E, is the activation energy of ion motion, C the pre(-
exponential factor) and T the temperature. The pre factor C is
dependent on the density of interstitial ions in interstitial
diffusion and the unit jump distance of the ion. Obtained
activation energies of the whole series of solid solutions are
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given in Table 3, and are all between 0.4 and 0.5 eV as
previously reported for these materials.”' ~>*?°

Although a tighter packed Ilattice and smaller Ilattice
parameters lead to lower ionic conductivities as expected, this
trend is not apparent in the calculated activation energies.
Because of the above-mentioned Li*/H" exchange, these
materials are not entirely phase pure and show a certain degree
of temperature instability. This will ultimately lead to small
errors in the extraction of the activation energies from the
temperature dependent ionic conductivites, therefore hiding
any real trends.

However, the increase in the ionic conductivity may
ultimately be connected to a decrease in the activation energies.
Whereas the Li-content and therefore the charge carrier density
remains constant throughout this series, the increase in the
lattice parameters, the softer lattice and the bigger anisotropic
Li displacement lead to a higher Li-mobility. In order to
circumvent the temperature dependence, the room temperature
ionic conductivities of the solid solutions LigMLa,Ta,0;, have
been plotted against their compositions in Figure 8. The
logarithmic of the ionic conductivities at room temperature
increase linearly with increasing size of the M’' cation.
Assuming similar densities®*” and a constant pre factor C,
because of a constant charge carrier density and very small
changes in the Li—Li distance (see the Supporting
Information), this increase can be qualitatively attributed to a
decrease in the activation energies for Li'-conduction from Ca
over Sr to Ba.

B CONCLUSION

In summary, we have shown the effect of the M** cation size on
the structural and ionic transport properties in the solid
solution LigMLa,Ta,0;,. The increase in the ionic radius of M
from Ca over Sr to Ba leads to an increase in the lattice
parameters and an increase in the polyhedral volumes of LiO,
and (M/La)Og. This increasing unit cell results in a less tightly
packed lattice and directly affects the local structure and
introduces a certain degree of rotational freedom of the TaOg
octahedra as well as leading to broader diffusion pathways for
Li* conduction as seen in the composition-dependent
anisotropic displacement parameters of Li*. These changes in
the structural properties directly influence the activation
energies in this class of materials, ultimately leading to lower
ionic conductivities due to a higher flexibility of the crystal
lattice and broader diffusion pathways.

B ASSOCIATED CONTENT

© Supporting Information

Refinements of the neutron time-of-flight and synchrotron
diffraction data including the patterns, plots of the oxygen
positions, Lil—Li2 distances and the anisotropic thermal
parameters U,;, U,,, and Us;. Furthermore, scanning electron
micrographs, tables for the refined atomic positions occupan-
cies and anisotropic atomic displacement parameters can be
found along with the complete impedance data of all
compounds at room temperature and 100 °C. This material
is available free of charge via the Internet at http://pubs.acs.org.
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