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Recent research has shown that certain Li-oxide garnets with high mechanical, thermal, chemical, and electrochemical
stability are excellent fast Li-ion conductors. However, the detailed crystal chemistry of Li-oxide gamets is not well
understood, nor is the relationship between crystal chemistry and conduction behavior. An investigation was undertaken to
understand the crystal chemical and structural properties, as well as the stability relations, of Li;LazZr,04, garnet,
which is the best conducting Li-oxide garnet discovered to date. Two different sintering methods produced Li-oxide
garnet but with slightly different compositions and different grain sizes. The first sintering method, involving ceramic
crucibles in initial synthesis steps and later sealed Pt capsules, produced single crystals up to roughly 100 «m in size.
Electron microprobe and laser ablation inductively coupled plasma mass spectrometry (ICP-MS) measurements show
small amounts of Al in the garnet, probably originating from the crucibles. The crystal structure of this phase was
determined using X-ray single-crystal diffraction every 100 K from 100 K up to 500 K. The crystals are cubic with space
group /a3d at all temperatures. The atomic displacement parameters and Li-site occupancies were measured.
Liatoms could be located on at least two structural sites that are partially occupied, while other Li atoms in the structure
appear to be delocalized. 2’ Al NMR spectra show two main resonances that are interpreted as indicating that minor Al
occurs on the two different Li sites. Li NMR spectra show a single narrow resonance at 1.2—1.3 ppm indicating fast
Li-ion diffusion at room temperature. The chemical shift value indicates that the Li atoms spend most of their time at the
tetrahedrally coordinated C (24d) site. The second synthesis method, using solely Pt crucibles during sintering,
produced fine-grained Li;LasZr,04o crystals. This material was studied by X-ray powder diffraction at different
temperatures between 25 and 200 °C. This phase is tetragonal at room temperature and undergoes a phase transition
to a cubic phase between 100 and 150 °C. Cubic “Li;LasZr,04," may be stabilized at ambient conditions relative to its
slightly less conducting tetragonal modification via small amounts of AI**. Several crystal chemical properties appear
to promote the high Li-ion conductivity in cubic Al-containing Li-LasZr,04,. They are (i) isotropic three-dimensional
Li-diffusion pathways, (ii) closely spaced Li sites and Li delocalization that allow for easy and fast Li diffusion, and
(iif) low occupancies at the Li sites, which may also be enhanced by the heterovalent substitution A+ < 3Li.

Introduction

Rechargeable Li-ion batteries are essential power sources
for a large variety of portable electronic devices. Moreover,
because the next generation of electric cars will also use Li-ion
cells, fast Li-ion conductors are crucial in today’s industry
and for societal needs. Most Li-ion batteries now in use have
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liquid and polymer-supported electrolytes, and they can have
a number of unwanted, if not dangerous, properties such as
dendrite formation, leakage, and flammability. Thus, there is
great current interest in finding and developing new solid-
state fast Li-ion conductors that are thermally and chemically
stable and that have high energy densities. Recent research
along these lines has shown that certain Li-oxide garnets have
the necessary high-ionic conductivities, as well as good chemical

(1) Thangadurai, V.; Kaack, H; Weppner, W. J. Am. Ceram. Soc. 2003,
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and physical properties, to be considered as potential electro-
lytes in solid-state batteries.'®

There have been a number of diffraction studies, using
both X-rays and neutrons, to determine the crystal structures
of a wide variety of Li-oxide garnets.” > Much has been
learned, but considerable confusion and uncertainties still
exist in terms of their exact crystal chemical properties.
Neither the nature behind the ion-conduction process nor
the relationship between garnet chemistry and conduction
behavior is well understood. Li-oxide garnets pose problems
in diffraction experiments. X-ray powder-based structure
determinations are plagued by the problem of poor scattering
by Li, while neutron powder diffraction measurements are
more sensitive at detecting the Li atom, but the data sets are
still limited. Both methods have problems in determining
atomic displacement parameters (adps) correctly. The issue
is important because a quantitative determination of Li-site
occupancy, which is necessary to understand the diffusion
behavior, depends on a correct measurement of the adps. Up
to now, there are few single-crystal diffraction determinations
with large data sets on Li-oxide garnets,”*! and they also can
be plagued with problems associated with describing the Li
atoms correctly.

Research has shown that a number of Li-oxide garnet com-
positions that have more than three Li cations in the formula
unit are excellent ion conductors, as recently reviewed.®
Work has shown that cubic garnet of nominal composition
Li;LasZr,01, has some of the highest measured ion conduc-
tivities for the Li-oxide class of garnets,’ comparable to or even
greater than those measured on other well-known fast Li-ion
conductors such as Li3N, Li-5-Al,053, or LIPON. Moreover,
it has excellent physical and chemical properties that are
needed for use in solid-state batteries. However, the crystal
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Figure 1. Arrhenius plot for the total (bulk + grain boundary) lithium-ion
conductivity of “Li;La3Zr,O;,”. Conductivity for the cubic phase is shown
by the solid line and by the dashed line for the tetragonal phase.

structure of cubic “Li;La3Zr,O;,” (we give the composition
in quotes because the exact composition was not reported)
has not been solved, nor is the reason for its high ionic con-
ductivity understood. Initial work on this phase focused pri-
marily on its stability and conduction behavior.” Structural
characterization was rudimentary and was done using simple
X-ray powder diffraction, and a comparison of its diffraction
pattern to LisLa;Nb,O,, garnet indicated that it was cubic.

The crystal structure of tetragonal Li;LasZr,O;, garnet
was recently investigated using neutron powder and X-ray
single-crystal methods, and its composition and conductivity
behavior were also studied.?’ It has space group symmetry
14,/acd and it is characterized by lower ion conductivity com-
pared to the cubic phase (Figure 1). The reason(s) for the
occurrence of different Li;LasZr,O;, structures at ambient
conditions and for differences in their ion conductivity
behavior are not understood.

In order to optimize ion-conduction properties and also to
understand fully the physical nature behind the conduction
process in the Li-oxide garnet class of phases, it is necessary to
know their crystal chemical properties in detail. This study
was initiated by the need to determine the crystal chemical
properties of “LisLa3Zr,O;,” garnet and to investigate the
reasons behind its high ion conductivity. An emphasis was
made on obtaining single crystals of large enough size so that
a high quality X-ray single-crystal diffraction data set could
be obtained. Electron microprobe and laser ablation ICP-MS
measurements were undertaken to determine the precise com-
position and to check for zoning and the presence of impurity
phases. In addition, >’Al MAS and MQMAS NMR spectro-
scopic determinations at different field strengths, as well as
711 MAS measurements, were made to characterize the local
structural environment and to obtain dynamic information
on the Li atoms. Finally, X-ray power diffraction measurements
were made between 25 and 200 °C to study phase stability.

Experimental Methods

Synthesis. Single-crystal synthesis can be done using a variety
of methods. We undertook solid-state sintering, flux-based (i.e.,
molten Li-borates) and hydrothermal experiments at elevated
pressures in order to try to obtain Li;La;Zr,O, single crystals.
After much study, we concentrated our efforts on 1-atm sintering
methods generally similar to those used in refs 5 and 20.
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In the first method, synthesis experiments were made using
mixtures of oxides and carbonates, namely, ZrO, (99% Aldrich),
Lar03 (99.99% Chempur), and Li,CO3 (99% Alfa). ZrO, and
La,O5 were first heated at about 1273 K and Li,CO5 at 573 K in
ceramic-based crucibles. The components were then finely
mixed in stoichiometric proportions to give Li;LasZr,O, with
Swt % extra Li,CO;5 and were pressed to pellets and sintered at
1073 K. The reaction product was ground and seeded with small
amounts of fine-grained Li;La3Zr,O, that had been made from
previous sintering experiments. Dense pressed pellets were then
welded into Pt(Pd)- and/or Au-capsules about 2 cm long and
S mm diameter. The capsules were heated at different rates
(50—300 °C/h) and held at temperatures of 1173—1373 K over-
night in a box furnace. The resulting hard and brittle pellet used
for further study was light tan in color and polycrystalline. The
X-ray powder pattern is similar to that observed in ref 5 and
contains an additional few weak reflections that could not be
indexed to garnet. Upon observation with a binocular scope, a
distribution of relatively equidimensional crystals with a garnet-
like habit could be observed in the pellet. The largest ranged up
to roughly 100 um in size. A number of crystals were separated
from the pellet and investigated by X-ray methods to see if they
were single crystal in nature. Several were found and used for
detailed X-ray study.

Polycrystalline Li;LaszZr,O;, was also synthesized using solid-
state reaction techniques following exactly those described in
ref 20. In this case, we note that sintering was done solely in a Pt
crucible.

Compositional Characterization. A small polycrystalline chip
from the first synthesis method, using a ceramic crucible and a Pt
capsule, was embedded in an epoxy holder and the surface was
ground and then polished using diamond paste. The composi-
tion of several single crystals was investigated using a JEOL
JXA-8900R electron-probe microanalyzer. The crystals could
be observed in the microprobe from the grain boundary rela-
tionships. Backscattered electron maps were also made to check
for the presence of additional phases. The general composition
and the presence of all common elements were first checked
using energy dispersive spectroscopy (EDS) analysis. Al, La,
and Zr were detected. Li is too light to be measured. Next,
quantitative wavelength dispersive spectroscopy (WDS) analyses
were made for the former three elements using an accelerating
voltage of 20 kV and a beam current of 40 nA, with a beam diameter
of 1 um. A number of analyses were made on various points on
four different single crystals of about 50—100 #m in diameter in
the polycrystalline aggregate. The following mineral and phase
standards were used: corundum (Al), zircon (Zr), and LaPOy, (La).
The PRZ method (modified ZAF) was used for data correction.

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) measurements were performed on the same chip
at the University of Bern using a GeoLasPro ArF excimer laser
system combined with an Elan DRCe quadrupole ICP-MS,
employing analytical and ICP-MS optimization strategies reported
elsewhere.>* The dual detector of the instrument was cali-
brated prior to analysis for all analytes recorded ("Li, *’Al, *°Zr,
and '*La). The SRM 610 glass from NIST was used to calibrate
analyte sensitivities (Li = 485 ug g ', Al = 10790 ug g~ ', Zr =
437 ug ¢!, La = 440 ug g~ '), and summation of the element
oxides to 100 wt % was used for internal standardization. Data
were reduced using the SILLS program.? Because LA-ICP-MS

(24) Pettke, T. Laser Ablation ICP-MS in the Earth Sciences: Current
Practices and Outstanding Issues. Mineralogical Association of Canada Short
Course Series; Sylvester, P., Ed.; Mineralogical Association of Canada: Québec,
Canada, 2008; Vol. 40, pp 189—218.

(25) Guillong, M.; Meier, D. L.; Allan, M. M.; Heinrich, C. A.; Yardley,
B. W. D. Laser Ablation ICP-MS in the Earth Sciences: Current Practices
and Outstanding Issues. Mineralogical Association of Canada Short Course
Series; Sylvester, P., Ed.; Mineralogical Association of Canada: Québec, Canada,
2008; Vol. 40, pp 328—333.
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always analyzes a volume (here a cylinder of 24 um diameter and
<20 um height), compositional inhomogeneity with depth can
be recorded. Each transient signal was thus revisited for signal
interval selection to avoid any Al contribution not coming from
the garnet (see below). To explore for potential fractionation
effects relating to plasma aerosol load,*® tests were performed
with laser beam sizes ranging from 16 to 44 um. No problems
were observed except when 16 um sample analyses were calibrated
with 44 um standard shots. Analyses where thus performed by
approximately matching the aerosol load of the plasma between
standard and unknown.

27A1 MAS and MQMAS NMR and "Li MAS and °Li MAS
NMR Spectroscopy. Solid-state NMR spectra were recorded on
the first garnet synthesis product (i.e., that containing Al) using
a Bruker ASX 400 spectrometer at Bochum University and a
Varian Unity/Inova 600 spectrometer at Stanford University.
All measurements were made at room temperature on the same
sample that was characterized by X-ray powder diffraction.

At Bochum the Al MAS and MQMAS NMR measure-
ments were carried out at 104.27 MHz using a standard Bruker
4 mm MAS probe with sample spinning at 12.5 kHz. An aqueous
solution of AlICI; was used for the reference standard. For the
%Al MAS NMR experiments, a short single pulse duration of 0.6 zs
was used to ensure homogeneous excitation of the central and
all satellite transitions. A recycle delay of 100 ms was used, and
50000 scans were accumulated. For the multiple-quantum magic-
angle spinning (MQMAS) NMR experiments®’ a ¢;-increment
of 20 us and a recycle delay of 2 s were used. The duration of the
first pulse was 2.1 us and that of the second pulse 1.1 s. (The 90 degree
pulse time for aqueous AlCl3-solution was 1.4 us.) 900 scans
were accumulated. A total of 128 #;-increments were achieved.

At Stanford, a 3.2 mm Varian T3MAS probe was used and
single-pulse experiments were carried out with a radio frequency
pulse length of 0.23 us (which corresponds to 77/18 for the aqueous
reference of 0.1 M AI(NOj3); solution at 0 ppm) at spinning
speeds of 20 kHz. Quadrupolar line shapes were simulated using
the STARS software package (Varian).

"Li MAS and °Li MAS NMR spectra were recorded at
transmitter frequencies of 155.5 and 58.9 MHz, respectively,
at Bochum University. A 1 M aqueous solution of LiCl was used
as the standard and a Bruker 4 mm MAS probe was used at a
rotation frequency of 12.5 kHz. For the ’Li MAS NMR experiment
a single-pulse duration of 0.6 us and a recycle delay of 100 us
were adopted, and 10,000 scans were accumulated. In the
°Li MAS NMR experiment the single-pulse duration was 3 us,
the recycle delay was 10 and 500 scans were accumulated.

X-ray Single-Crystal-Structure Determination and Powder
Diffraction. A single crystal about 60 um in diameter was separated
from the polycrystalline pellet of the Al-containing “Li;La;Zr,O1,”.
It was mounted on a glass fiber and studied with a Bruker SMART
APEXII CCD diffractometer. Data collection was done every 100 K
startingat 100 K up to 500 K. At room temperature a total of 16 079
reflections, defining space-group Ia3d, were collected up to 0=
45.32° using monochromatic MoKa radiation (4 = 0.71073 A).
A unit-cell dimension of a = 12.97510(10) (a = 12.9682(6)°) was
refined using least-squares techniques. The data were corrected for
Lorentz polarization, absorption, and background effects. Addi-
tional information pertinent to the data collection is given in Table 1.
The SHELXL 97 program was used for the determination and
refinement of the structure. The treatment for absorption was found
to be significant in a determination of the Li sites in the structure.

X-ray powder diffraction measurements on the Li;LazZr,O»
material synthesized in a Pt crucible following ref 20 were made
with a PANalytical X’Pert PRO MPD diffractometer. It is equipped
with an Anton-Paar HTK 1200 high temperature goniometer

(26) Kroslakova, I.; Gunther, D. J. Anal. Atom. Spect. 2007, 22, 51-62.
(27) Medek, A; Harwood, J. S.; Frydman, L. J. Am. Chem. Soc. 1995, 117,
12779-12787.
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Table 1. Crystallographic Data and Refinement Parameters for Cubic Al-Containing
Li7La3Zr20]2

Geiger et al.

Table 3. Structural Parameters at Room Temperature for Cubic Al-Containing
Li7La3Zr2012

a(A) 12.9751(1)
v (A%) 2184.40(3)
space group la3d

Fooo 2944
u(em™") 13.384

zZ 8

Dcalc (g/cm3) 5.107
radiation MoKa
absorption correction multiscan
Rint 0.0341
total ref 16079
unique ref 772
unique ref |Fy| = 40f 638

R, 0.028

WR, 0.0511

N 1.211

Table 2. Chemical Analysis on Cubic Al-Containing Li;La3Zr,0,,"

microprobe (wt %) LA-ICP-MS¢ (wt %)

La,O; 56.86 (0.8) 60.3 (0.4)
710, 28.89 (0.5) 27.3(0.3)
ALO; 136 (0.2) 1.16 (0.23)
Li,O 12.50° 11.2(0.4)
total 99.61 100.0¢

“Values in brackets are 1 standard deviation of 10 analyses. ” Theoretical
amount of Li;La;Zr,01,. ¢ Data were normalized to 100 wt % elemental
oxides for internal standardization of the LA-ICP-MS measurements.

attachment, an X’Celerator RTMS detector, and a Cu X-ray
tube operated at 40 kV/40 mA (Ni filtered radiation). The beam
path included a fixed 1/4° divergence slit, 1/2° antiscatter slits,
and 0.02 rad soller slits. Five diffraction patterns were collected
from 10° to 70° 20 with a step size of 0.008° 20/step and a record-
ing time of 50 s/step at 25, 50, 100, 150, and 200 °C.

Results

The microprobe results given in Table 2 represent the average
composition obtained from a number of point analyses on
four different crystals obtained from the first synthesis
method. The individual analyses show small but measurable
amounts of Al,O5 that is slightly variable and averaging
roughly 1.3 wt %. It most likely originates from Al,O5 in the
ceramic crucibles used for material preparation and synthe-
sis, as the purity of the starting materials does not allow for it.
We think the use of Li,COj3 or LiOH results in the production
of a minor melt phase that dissolves Al,O5 from the crucible
during sintering. Backscattered X-ray pictures revealed very
small amounts, at roughly the 1—2% percent level, of LaAlO;
and smaller amounts of what appears to be a La;Al0¢ com-
position phase. Both occur as very tiny grains between garnet
crystals. Other phases such as LiAlO, or Al,O5 could not be
identified.

The LA-ICP-MS results on this same material are also
given in Table 2. The data show excellent external reproduc-
ibility, 0.4% (1 SD) for La and 1.1% for Zr. Lithium and
notably Al contents show, in comparison, some scatter of
3.5 and 20%, respectively. This is higher than the analytical
uncertainty, demonstrating inhomogeneous distribution of
these elements. Close inspection of transient signals revealed
that Al signals increased when the laser beam drilled into
holes or edges in the garnet grains, demonstrating that some
Al could be located on surfaces. Consequently, the LA-ICP-MS
analyses always included a subordinate fraction of surface
related Al (i.e., that not visible in transient signal display). We

Ueq/ yiso(]_,i)
atom X y z (A?) occupancy
La 0.0 0.250 0.125 0.01048(6) 1.0
Zr 0.0 0.0 0.0 0.00807(7) 1.0
(6] —0.03170(12) 0.05458(12) 0.14968(12)  0.0129(2) 1.0
Lil —0.125 0.0 0.250 0.011(3) 0.37¢

L2 —0.0756(12) —0.0971(12) 0.1880(12)  0.017(4)  0.28(2)

“Fixed to the value obtained from a refinement of the same crystal at
100 K.

Table 4. Selected Interatomic Distances (A) in Cubic Al-Containing Li;La;Zr,0,,

La—0 x 4 2.5159(16)
La—0 x 4 2.5886(16)
Zr—0 x 6 2.1077(15)
Lil—O x 4 1.9135(16)
Li2—0 2.108(17)
Li2—0 1.854(16)
Li2—0 2.157(16)
Li2—0 2.250(16)
Li2—0 2.645(16)
Lil—Li2 1.626(15)
Li2—Li2 0.77(3)
A
( [
\i r i
&
& .
\. + !
\.

Figure 2. Crystal structure model for cubic Al-containing Li;La3Zr,O15
space group la3d projected on (100). Li sites are shown as white spheres,
Z1r0O¢ octahedra are blue, and La atoms have been omitted for clarity.
Adjacent Li positions are connected via white pathways that represent
possible routes for Li diffusion.

interpret the LA-ICP-MS measurements as indicating an
Al,O; content in the garnet of about 1.1 wt %. There is also
a slight correlation between decreasing Li contents with
increasing La. No such relationship is observed between
either Li or La with Zr.

The nature of the X-ray reflections indicates excellent crys-
tallinity for the studied single crystal, and the final R factors
indicate a very good refinement model. Atomic coordinates,
adps, and site occupancy values are summarized in Table 3.
Table 4 lists various bond lengths. Site population refine-
ments indicate a La/Zr ratio of 3:2 and 4.5(2) Li atoms
per-formula-unit could be located at two structural sites.
The structure has space group /a3d (Figure 2). The garnet
octahedral B site (see discussion below for garnet crystal
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experimental
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with broadening
without broadening

120 100 80 60 40 20 0 -20

Relative Frequency (ppm)

Figure 3. (a) Experimental *’A1 MAS NMR spectrum (Bochum) of cubic Al-containing Li;LasZr,0;, showing two main resonances centered at about
80 and 68 ppm and spinning sidebands marked by asterisks. (b) >’ Al MQMAS spectrum (Bochum) with the isotropic F1 direction on the vertical axis and the
F2 direction (corresponding to the one-dimensional experiment) on the horizontal axis. (c) Experimental >’Al MAS NMR spectra (Stanford) of cubic
Al-containing Li;La;Zr,0O, at 156.26 MHz with pulse delays of 0.1 and 5 s showing two main resonances centered at abut 81 and 70 ppm and simulated

spectra with and without line broadening.

chemistry) is occupied by Zr and the §-fold coordinated
dodecahedral A site by La. Statistically, Li occupies about
1/3 of the tetrahedral C site, making this site roughly 2/3 vacant.
Liis also located on a general crystallographic site (Table 3)
approximately 1.6 A from the C site, and it also shows a low
occupancy of 0.28(2). It is bonded to five oxygens with Li—O
bond len§ths ranging from 1.85 to 2.65 A.

In the “’Al MAS NMR spectra (Figure 3a.c), three signals
can be identified. Assignments are based on the crystal chemi-
cal behavior of Alin various oxides and silicates.”® The signal
at 11.8 ppm shows little intensity, is typical for octahedral Al,
and is assigned to LaAlO; (Stebbins, personal communication).
Two more intense signals occur at approximately 81 and
68 ppm.

Because of the strong line overlap in this spectral region that
arises at lower magnetic fields, MQMAS NMR spectroscopy

(28) Stebbins, J. F. In Mineral Physics and Crystallography: A Handbook of
Physical Constants; Ahrens, T.J., Ed.; American Geophysical Union: Washington,
DC, 1995; pp 303—332.

was performed to separate signals by their different isotropic
chemical and quadrupolar shifts. The resulting two-dimensional
*’Al MQMAS NMR spectrum is shown in Figure 3b. Here,
the two main Al signals can be distinguished. The isotropic
shifts on the F1-frequency scale can be calculated for differ-
ent field strengths according to the following equation:*’

17 8 x 10° g (1
——Ao — —|5+1 (1)
31 93 w}\3

Qiso _

where Ao is the difference between the isotropic chemical shift
and the reference, wg = 6Cq/21(21 — 1), wy is the Zeeman
frequency, and C and # are the quadrupolar parameters. 2D
spectra were sheared using a f;-dependent phase increment
following the Fourier transformation in the directly detected
dimension (F2). Both the isotropic F1 axis and the position of

(29) Massiot, D.; Touzo, B.; Trumeau, D.; Coutures, J. P.; Virlet, J.;
Florian, P.; Grandinetti, P. J. Solid State Nucl. Magn. Reson. 1996, 6, 73-83.
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Figure 4. (a) °Li NMR MAS spectrum of cubic Al-containing Li;La;Zr»O». The line has a fwhm of 0.8 ppm. (b) ’Li NMR MAS spectrum of Li;LasZr,O..
The line has a fwhm of 2.2 ppm. The chemical shift values for both are 1.2—1.3 ppm.

0 ppm with respect to the transmitter frequency were scaled
by a factor of 12/31.% The >’Al MAS NMR spectrum was
fitted with quadrupolar MAS line shapes including Lorentzian
convolution using the DmFit 2009 program.°

Because of the low signal intensity associated with octahe-
dral Al in LaAlQOs;, it cannot be observed in the MQMAS
NMR spectrum. The signal at 0(F2) = 81 ppm and o(F1) =
47 ppm exhibits a quadrupolar pattern with a quadrupolar
coupling constant Cq = 3.3 MHz and an asymmetry param-
eter 7 = 0.7, indicating an asymmetric coordination geom-
etry. The second signal at 6(F2) = 68 ppm and 6(F1) =
43 ppm shows stronger quadrupolar interaction and has Co =
5.0—5.2 MHz and a much lower value of # = 0.0—0.1 indi-
cating axial symmetry. However, it is difficult to fit this signal
precisely, because a possible third overlapping signal could be
present.

The *’Al MAS NMR spectra recorded at 156.26 MHz
show features similar to those at 104.27 MHz but with better
resolution of the two resonances at high frequency. They are
labeled A and B in Figure 3c. Once again, the position and
shape of peak C is consistent with the presence of minor
LaAlO;. Two spectra were collected with interpulse delays of
0.1 and 5 s. Peak B appears to be fully relaxed with the 0.1 s
delay, while peaks A and C have somewhat longer relaxation
times. The relative ratio between the resonances A/B is approx-
imately 6:4. The experimental resolution at this magnetic
field makes it possible to simulate their line shapes, yielding
anisotropic chemical shift of 81 ppm with Cq 0of 3.3 MHz and
n of 0.7 for peak A and 70 ppm, 5.5 MHz and 0.5 for peak B.
The chemical shift values for peak A agree well with those
obtained from the MQMAS. However, the simulation for
peak B is not perfect and the derived NMR parameters are
slightly different from those of the MQMAS. It is possible
that more than one Al site is represented by peak B, as
discussed above for the MQMAS data.

Assignments for these two main 2’ Al resonances are not a
simple matter. Solely on the basis of their chemical shift
values, both should correspond to Al in 4-fold coordination.
The X-ray results show, however, only a single tetrahedral
coordination polyhedron. The resonance located at 68 ppm
could correspond to Al at the tetrahedral Li site based on its
chemical shift value and its low asymmetry parameter of
approximately zero. The assignment of the other peak at
80 ppm is difficult. The chemical shift clearly indicates 4-fold
coordination. Because of the low Al-content of the garnet,

(30) Massiot, D.; Fayon, F.; Capron, M.; King, I.; Le Calvé, S.; Alonso,
B.; Durand, J. O.; Bujoli, B.; Gan, Z.; Hoatson, G. Magn. Reson. Chem.
2002, 40, 70-76.

aluminum cannot be detected by the X-ray diffraction experi-
ment. [tis proposed that this Al occupies the Li2 site, which is
a distorted site with approximate 5-fold coordination as given
by the diffraction experiment and which has an asymmetric
NMR parameter. It is possible that Al adopts a different
coordination geometry locally than Li at Li2.

Both "Li and °Li MAS NMR spectra exhibit one narrow
resonance at 1.2—1.3 ppm (Figure 4). Crystallographically dif-
ferent coordinated Li atoms cannot be distinguished in the NMR
experiment in the case of cubic Al-containing Li;LazZr,0,,
at room temperature. 'Li NMR resonances are affected by
homonuclear dipolar and second-order quadrupolar inter-
actions. Both interactions lead to an increased line width. The
smaller quadrupolar and homonuclear dipolar broadening
for °Li gives rise to the narrower resonance.

Powder diffraction results obtained on Li;La3Zr,0O;, garnet
synthesized solely in the Pt crucible are shown in Figure 5. All
peaks could be indexed to garnet. At room temperature, this
phase is noncubic, but at higher temperatures changes in the
diffraction pattern become apparent. Following the synthesis
procedure in ref 20, a phase transition occurs from tetragonal
(14,/acd) to cubic (la3d) symmetry between 100 and 150 °C.
The phase transition is expressed, for example, in the merging
of the (121) and (112) peaks at 16.63° 26 and 16.94° 26,
respectively, which are present at 25, 50, and 100 °C, into one
(112) peak at 16.78° 26, which is present at 150 and 200 °C.

Discussion

Crystal Chemistry and Structural Properties of Li-Oxide
Garnets and “Li;LazZr,01,”. The structural and crystal
chemical properties of various oxide-based garnets, whose
general formula can be given as XA VB, IVC;0,,, have been
investigated intensively by X-ray and neutron diffraction
experiments since Menzer first solved the structure.’!
Most garnets, for example, the silicate,*>3? the YIG/YAG,34
and the Li-oxide typgs,”_”’w"zl_23 generally have the
cubic space group la3d. However, it should be stressed
that this may not always be the case”!*!%2% (and see dis-
cussion below). This has led to considerable confusion in
the literature with regard to the crystal chemical proper-
ties of the Li-oxide class of garnets.

(31) Menzer, G. Zeit. Kristall. 1928, 69, 300-396.

(32) Geiger, C. A. In Spectroscopic Methods in Mineralogy, European
Mineralogical Union Notes in Mineralogy; Libowitzky, E., Beran, A., Eds.;
European Mineralogical Union: Wien, Austria, 2004; Vol. 6, pp 589—645.

(33) Geiger, C. A. Am. Mineral. 2008, 93, 360-372.

(34) Winkler, G. Magnetic Garnets; Friedr. Vieweg & Sohn Verlagsgesellschaft
GmbH: Braunschweig, 1981.
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Figure 5. Powder X-ray patterns of pure Li;LasZr,O, as a function of
temperature. All peaks could be indexed to garnet. A phase transition
from tetragonal to cubic symmetry occurs between 100 and 150 °C.

In space group Ja3d the cations for X"A;V'B,'VC;0,,
stoichiometric-type garnets are located at special crystal-
lographic positions and the oxygen atoms at a general
position. Thus, the basic crystal structure can be de-
scribed by knowledge of the unit-cell parameter a and
the x, y, z atomic coordinates for oxygen. Various cations
can occupy the A site (Wyckoff 24¢ position) of 222 point
symmetry, the B site (16a position) of 3 symmetry and
the C site (24d position) of 4 point symmetry. The struc-
ture consists of COy, tetrahedra and BOg octahedra that
are connected over shared corners and cations that are
coordinated by eight oxygen atoms that form a triangular
dodecahedron AOg. There are a large number of shared
cation-coordination polyhedral edges in the structure.

All Li-oxide garnets are characterized by having Li in
tetrahedral coordination (C site or 24d). The A and B
positions can be occupied by a large variety of cations of
different sizes and formal charges. There are Li-oxide
gdrnets w1th “standard” garnet stoichiometry such as
Li%Nd* 3W »01,, for example, and they are poor ion con-
ductors.'?> However, because of the ability of the garnet
structure to accept a large variety of atoms of different
sizes and charges, a number of different Li-oxide garnets
have been synthesized with Li at additional sites. These
garnets can have nominally 4, 5, 6, or 7 Li cations and for
solid solutions even noninteger values in the formula unit.
Examples are LiyNd;TeSb,0,, LisL.n;Sb,O, with Ln =
La,Pr,Nd, Sm, and Eu, LisALa>Nb>O;, with A = Ca, Sr, and
Ba, L17La3Sn2/Zr2012, and Ll6 4SI‘1 alay Gszo 19.7,17.2,18,5,16

These compositions, as well as a number of others,® have
been the focus of much recent work with regard to their fast
Li-ion conductivity. The various garnets, with reported
cubic and lower symmetries, show a range of behavior, and
increased conductivity does not necessary increase with
the amount of Li. In Li-oxide garnets with greater than
three Li atoms in the formula unit, Li is located at
additional structural positions."' > The coordination
polyhedron for one of these sites represents a very distorted
octahedron. It shares faces with the LiOy4 tetrahedra, and
because of the short Li—Li distances positional disorder
can result, as first described in LisLasM»O;, with M = Ta
or Sb."" In this arrangement, the different Li sites are not
fully occupied and clustering and/or different local environ-
ments are thought to occur. It has been proposed that they act
to minimize cation—cation repulsion.'’

Inorganic Chemistry, Vol. 50, No. 3, 2011 1095

A description of the precise crystal chemical properties
of Li-oxide garnets is hampered by the difficulty in obtain-
ing interpretable adps in the diffraction experiment. It is
often the case that powder diffraction data sets, even
using neutrons, are insufficient to address this problem.
This issue is important because a quantitative determina-
tion of the adps is necessary to obtain correct Li-site
occupancies. Site occupancies and thermal motion for a
given atom are correlated in the refinement procedure.*’
Thus, we think that most (all?) X-ray powder diffraction
data sets collected on Li-oxide garnets are of insufficient
quality to describe the adps and site occupancy for the Li
sites correctly. It is notable, furthermore, that in some
neutron powder diffraction studies'''*' the reported
adps for Li are difficult to understand from a crystal
chemical standpoint. For example, reported adps for Li at
C (24d) are larger than those for Li at the B (48g) and their
general 964 site'"'* or they show large experimental
uncertainties.” It is expected that Li at the tetrahedral
C-site, where Liis relatively strongly bonded, should have
smaller adps than Li at higher coordination sites or in
irregular coordination geometries. On the basis of our
investigations on silicate garnets (see review of the various
studies in ref 33), we think that only large diffraction data
sets collected up to high two-theta values on single crystals
can begin to address the issue of adps and site occupancies.

The present X-ray single-crystal results on cubic Al-
containing Li;La3Zr,O;,, based on about 16000 total
reflections and 770 unique reflections, are generally con-
sistent with the more recent published crystal chemical
properties of other Li-oxide garnets. However, our results
do show some differences. This mainly involves the
nature of the Li cations. Two crystallographic Li sites
could be determined in this work (Figure 2; Table 3). The
X-ray refinements can possibly be interpreted as indicat-
ing a third Li site of low occupancy whose position is
analogous to that described in LisLa;M->0;, (M = Ta,
Nb),'" but a confirmation of this is not possible at this
time. We chose, here, not to over interpret the X-ray data.
The precise positions of the remaining Li atoms could not
be determined, and they are assumed to be structurally
delocalized. This behavior has been noted in fast-ion
conductors using diffraction methods, where it is often
difficult to distinguish between regular crystallographic
and interstitial sites.*®

The refined adp values for the various atoms in cubic
Al-containing Li;La3;Zr,0;, garnet appear reasonable
and well behaved as a function of temperature. Figure 6a
shows the U.q values determined from refinements made
from 100 to 500 K for La, Zr, and O. They show a typical
increase with increasing temperature, and the largest
values are associated with the oxygen atoms. Figure 6b
shows a similar plot for the two crystallographically
different Li atoms. The refined U.q/Uis, values of 0.011
and 0.017 A? for Lil (24d) and L12 (96h) at 300 K, for
example, are reasonable crystal chemically.

Crystal Chemistry and Conductivity Behavior of Li-Oxide
Garnets and “Li;LasZr,0;,”. There has been much dis-
cussion on the conductivity mechanism(s) for the various
Li-oxide garnets based on their crystal-chemical properties,

(35) Yamazaki, S.; Toraya, H. J. Appl. Crystallogr. 1999, 32, 51-59.
(36) Schulz, H. Ann. Rev. Mater. 1982, 12, 351-376.
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Figure 6. (a) Variation in the diffraction U, values for the atoms O,
La, and Zr from 100 to 500 K in cubic Al-containing Li;La;Zr,0,.
(b) Variation in the diffraction U,q values for Lil (C tetrahedral site) and
Li2 (5-fold coordinated site) from 100 to 500 K.

Li NMR spectra, and bond-valence calculations.® 193773

There is little agreement between the various investiga-
tions, and it is possible that different mechanisms exist for
the various garnet phases. It is of critical importance for
such analysis that the crystal chemical model is correct
and that the Li-atom behavior is described properly. An
understanding of the crystal chemical and structural
properties of the two structural modifications of
“Li;LasZr,01,” is useful for understanding the possible
nature of ion conductivity for Li-oxide garnets in general.

Tetragonal LisLa3Zr,O;, shows slightly lower ion
conductivity,”® about 1 order of magnitude less at ambient
conditions (Figure 1), than cubic “Li;LasZr,O;,” as
given in ref 5, whose precise composition was not deter-
mined. An X-ray single-crystal refinement made on flux-
grown tetragonal Li;LasZr,O;, at room temperature,
with atomic ratios Li/La/Zr = 7.0:3.0:1.9 as determined
by ICP-OES measurements and free of other elements,
gave space group /4, /acd.*® Here, the Li cations are ordered
and they occur on three different crystallographic sites,

(37) van Wiillen, L.; Echelmeyer, T.; Meyer, H.-W.; Wilmer, D. Phys.
Chem. Chem. Phys. 2007, 9, 3298-3303.

(38) Koch, B.; Vogel, M. Solid State Nucl. Magn. Reson. 2008, 34, 37-43.

(39) Thangadurai, V.; Adams, S.; Weppner., W. Chem. Mater. 2004, 16,
2998-3006.
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namely, 8a, 16f, and 32g. Notably, moreover, vacant
tetrahedral sites (16¢) are present. The structure is shown
in Figure 7a,b. The crystal structure of tetragonal
Li;La;Sn,0;,,"® which also conducts less well than cubic
“Li;La3Zr,O¢5”, is similar to that of tetragonal Li;LasZr,O15».
In tetragonal Li;LasZr,O;, and Li;La;Sn,O1», the potential
diffusion pathways are anisotropic in nature being dif-
ferent in the (001) and (100) planes.

The cubic Al-containing Li;La3Zr,O,, Ia3d structure
studied here represents a disordered modification of the
tetragonal phase described in ref 20. In the cubic phase,
several properties could lead to the high Li conductivity.
They are: (i) the single crystallographic tetrahedral C site
(24d) that is statistically occupied with roughly 1/3 Li
atoms; (ii) the short distances between the Li sites; (iii) the
adps for all atoms that are approximately a factor of 2
larger than the corresponding ones for the tetragonal
phase. Moreover, the U values remain large even at
100 K. This indicates greater static disorder of the Li
atoms in cubic LisLa3;Zr,O;, compared to tetragonal
Li;LasZr,0y,, and (iv) The diffusion pathways are iso-
tropic in the Al-containing cubic phase. The [4,/acd
tetragonal modification has anisotropic pathways result-
ing from Li ordering.

In terms of dynamics, the °Li and 'Li NMR results on
cubic Al-containing Li;La;Zr,0O;, show single reso-
nances with narrow line widths (Figure 4). This reflects
fast-ion diffusion at room temperature. The Li ions
experience a time-averaged oxygen coordination and
chemical shift interaction similar to Li ions in aqueous
solution. Additional evidence for the fast diffusion is the
very short spin—lattice relaxation time for the °Li iso-
tope, which is normally long. Li chemical shift values in
oxides and silicates range from about +1.5 ppm for the
LiOj site in LiySiOy4 to around +1 to 0 ppm for Li at
tetrahedral sites to about —1.0 ppm for Li atoms in
octahedral coordination.*® Thus, the observed chemical
shifts for Li of 1.2—1.3 ppm in Al-containing cubic
Li;LasZr,0;, garnet suggest that the Li atoms are
spending most of their time at the tetrahedral C (24d)
site. This interpretation agrees with the diffraction adp
values obtained for Li, because they are smallest for the
tetrahedral C site.

The Li-oxide garnet phase LisLasNb,O, has received
the most extensive Li NMR study.?”*® °Li-MAS NMR
spectra showed two lines at about —0.2 ppm and 0.7 ppm
for a sample annealed at 850 °C and —0.6 ppm and
0.4 ppm for a sample annealed at 900 °C.%” The relative
intensities of the two lines are dependent on the anneal-
ing temperature of the sample and the resonances were
assigned to Li at tetrahedral and octahedral sites. The
results were interpreted as indicating that the Li atoms
in tetrahedral coordination are immobile, whereas
those at the octahedral site contribute to the dynamics
of the system.’’ "Li-MAS NMR spectra, made as a
function of temperature, showed a single resonance
that was fit using two superposed lines.*® LisLa;N-
b-,0O,, is characterized by lower Li conductivity than
Li7La3Zr2012.

(40) Xu, Z.; Stebbins, J. F. Solid State Nucl. Magn. Reson. 1995, 5, 103~
112.
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Figure 7. (a, b) Crystal structure model for tetragonal Li;La;Zr,O, (ref 20) projected on (001) and (100), respectively. Note that possible Li diffusion

pathways are different for the two orientations.

A valence bond analysis on LisLaz;M,0;, with M = Nb
and Ta was made to determine the nature of the Li-
conduction process in the garnet. This was done under the
assumption 12,3 and /a3 symmetries.*® This gives Li-site
distributions in the garnet structure that are questionable
based on the present X-ray data and recent published
neutron diffraction results that give space group la3d.

It is proposed, based on the results of this study on
cubic Al-containing Li;La;Zr,0,, that all the Li atoms
are involved in the conduction process. This is consistent
with the static crystal chemical model and the possible dif-
fusion pathways as given by the diffraction experiment and
also the Li NMR results (Figure 2). Li NMR measurements
made over a range of temperatures could give further insight
into the diffusion behavior of Li in “LisLazZr,O;5".

Phase Stability of “Li;LasZr,0,” Garnet with and without
Al and Conductivity Behavior. “Li;La;Zr,0;,” garnet
shows some of the highest ion-conductivity behavior yet
reported for a crystalline phase (Figure 1). This Li-oxide
garnet was first described in ref 5 and was also synthesized
in Al-containing ceramic crucibles, but was not charac-
terized compositionally. Therefore, its exact composition
is uncertain and it could have contained Al. Recent con-
ductivity measurements on a series of cubic Al-containing
Li;La3Zr,O;, garnets (Weppner, unpublished) show ion
conductivity behavior similar to that reported in ref 5.
One issue to be addressed in future work is the possible
presence of compositional zoning or of another phase occur-
ring on garnet grain boundaries. If either occurs, con-
ductivity behavior could be affected.

Phase stability for Al-free Li;LasZr,O;, garnet would
appear to be analogous to that of Li;La;Sn,O, garnet.'” In
both, the tetragonal modification is stable at lower tem-
peratures, whereas the cubic phase is the nonquenchable
high-temperature form. This begs the question, again, of
why the garnet studied in ref 5 is cubic. Either this phase
contained some undetected Al or it has some other crystal
chemical difference that differentiates it from the tetra-
gonal phase that should be stable at ambient conditions.
We think the former is more probable. We note, however,

that the issue of the precise Li concentrations in Li-oxide
garnets and their exact stoichiometric formulas is also
a difficult issue that has not been addressed in a careful
manner. Because of the synthesis methods employed, which
normally start with an overabundance of a Li-containing
starting material and that use different sintering tempera-
tures and times, it is possible that the Li contents may vary
from the nominal formulas that are normally assumed.
There may be small differences in composition and also
structure. More research is needed to address this issue. In
addition, the effect of small concentrations of dopants
(here Al) that may stabilize the cubic phase needs to be
studied.

We propose a simple crystal chemical model to explain
why cubic Al-containing Li;La3Zr,01; is (meta)stable at
ambient conditions and why it is such a good ion con-
ductor. First, a heterovalent substitution mechanism(s) of
the type AI*" <= 3Li" may act to stabilize the cubic phase
relative to the tetragonal structure. The substitution of
small amounts of an atom in a substitutional solid solution
can stabilize a given structure in pressure—temperature—
compositional space,*! and Al may act to do this in
Li;LasZr,O, garnet. Second, this substitutional mecha-
nism may act to decrease the Li site occupancies. Increased
numbers of empty structural sites could permit increased
Li" ion mobility and thus conductivity. In terms of phase
relations, tetragonal LisLa3Zr,O1, is the thermodynami-
cally stable phase in the pure three-component system
Li,O—La,05—Zr0O, at ambient conditions. However,
further work is required to determine the exact phase
relations as a function of temperature, as well as the effect
of heterovalent substitution mechanisms on garnet stabil-
ity and ion-conductivity behavior.
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