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ABSTRACT: Garnet-like structures containing lithium are of interest for applications in lithium
ion batteries because of their inherent lithium ion conductivity and stability against chemical
reaction with Li. Here, a series of materials, with parent composition LaLijsFeq,0; o, are
synthesized using solid-state chemistry, and characterized, in terms of their structure, using a
combination of powder X-ray diffraction (PXRD), 7Li, and "*’La solid-state NMR, which reveal
disorder on the Li and Fe sites in the lattice. The "Li spectra comprise a set of peaks that are
distinguished based on their T, relaxation properties, as a diamagnetic set and a paramagnetic set
of peaks. The *’La spectra include two La environments, one well-defined, with a Cq of rm=s———
56 MHz £ 1 MHz and asymmetry parameter, 77 of 0.05 = 0.0S, and a second, which experiences 7150

" [ppm]

a range of local environments, because of the Li/Fe substitution, and has a Cq of 29 MHz % 2

MHz, and 77 of 0.6 & 0.1. The dynamics within the materials were characterized using impedance spectroscopy, and trends were
correlated with the lithium content and structural features. The best conductivity was determined for the parent material,
LaLig sFe,05,09, after sintering at 850 °C. The complex “Li and "*°La NMR spectra, interpreted together with (PXRD) data,
indicate that the increasing concentration of lithium in the material populates an iron site with excess lithium, in a range of possible
local environments, which appears to decrease the total ionic and electronic conductivity.
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B INTRODUCTION

Garnet-like structures containing heavy elements have at-
tracted great interest because of their intriguing structures and
properties.' > Synthetic garnet structures have attracted interest
in many different fields of chemistry, including crystallography,
where the determination of site occupancies of specific ions in the
compound is of interest.* Garnet structures also exhibit interest-
ing properties such as luminescence in bismuth-containing struc-
tures.® In recent years lithium-containing garnet structures have
been recognized as potential electrolytes for use in Li ion bat-
teries." > Several garnet structures are known to conduct Li ions,
while being electrical resistors, allowing them to have potential
applications as electrolyte materials in Li ion batteries. Others are
known to conduct electrons, creating the possibility for use as
electrode materials in Li ion batteries, provided that an appro-
priate redox couple is present."

The mechanism of conductivity in the lithium-containing garnet
structures has been studied by several groups.”*°~® Ramzy and
Thangadurai have shown a simple empirical relation between
concentration of Li and ionic conductivity in the several garnet-
type compounds.” The ionic conductivity seems to increases
with increase in Li in the iso structure (cubic) garnet-type
compounds, for example, LisLa3Ta,0;,, Ligla,BaTa,05,, and
Li7La3Zr2012.8 More importantly, the occupation of Li ion in
various crystallographic sites directly controls the ionic conductivity
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in the garnet-type structures.'® The most commonly proposed
mechanism is that of a jumping motion of Li between face sharing
octahedral sites."" The Li ions disperse among the different sites
to prevent excessively short Li—Li distances caused by neighbor-
ing tetrahedral and octahedral sites that are face sharing and
create Li—Li distances of <2.4 A.'> O’Callaghan and Cussen
performed an in-depth neutron diffraction study on Li excess in
Lis, Ba,La; ,Ta,0;, (0 <x =< 1.6) garnets to understand Li ion
occupation and its relationship to the conductivity.' In the cubic
garnet-type structure, the tetrahedral site acts as essentially a Li
ion trap, but the other octahedral sites tygically have high
mobility and facilitate high ionic conductivity.

7Li solid-state magic angle spinning (MAS) nuclear magnetic
resonance (NMR) is a useful tool to study structure and
dynamics in potential Li ion battery materials.*” In particular,
it is important to distinguish between Li ions in tetrahedral and
octahedral environments, to describe site-specific ionic conduc-
tivity mechanisms. This has been elucidated recently in a ®’Li
MAS NMR study of the electrolyte material, LisLa;Nb,Oy,,
where it was determined that Li ion conduction occurs in the
octahedral sites.® Solid-state ®’Li NMR served as a useful tool to
determine the relative octahedral to tetrahedral site occupancies
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of materials made with different ratios of tetrahedral and octahedral
Li sites. This allowed a correlation to be made between the
amount of Li in the octahedral site and the measured Li ion
conductivity of the materials.®

°Li MAS NMR has an advantage over 7Li MAS NMR, because
of its smaller magnetogyric ratio and smaller quadrupole mo-
ment, both of which lead to narrower lines."* The disadvantage,
however, to measuring “Liin diamagnetic samples is the long T,
relaxation times, which can exceed several minutes. This is in
addition to its low natural abundance.”"® The challenge of long
relaxation times may be overcome by studying paramagnetic
materials, which contain unpaired electrons which shorten the
relaxation time of the lithium nuclei. Paramagnetic materials
often exhibit spectral peaks over a much wider range of chemical
shifts than their diamagnetic counterparts.'*'>

As well as the lithium nuclei, the lanthanum nuclei can also
provide important structural information in the garnet materials
of interest. We show here that '**La NMR can be use to distinguish
between La crystallographic sites, and when combined with "Li
MAS NMR can give insight into the crystal structure of the
material. **La has a spin of 7/2 and produces wide spectra with
large values of quadrupolar coupling, Cq; thus, the excitation of
the full central transition is difficult using traditional solid-state
echo experiments.'® The WURST-QCPMG and WURST-echo
experiments prove to be very useful to study the full '*’La spectra
of battery materials.'”'* With these NMR pulse sequences,
there is an advantage of a wide, 1 MHz, excitation profile because
of the swept frequency “adiabatic” pulse that is provided by a
WURST pulse shape.'” The effect of the pulse sequences that
employ a WURST pulse shape is greatly enhanced at higher
magnetic field, where the increased field strength narrows the
spectral lines, and allows the full spectra of the materials of
interest to be collected in only one NMR experiment. This is an
improvement over traditional methods of frequency stepped
NMR experiments, in which the excitation frequency is moved
sequentially over several experiments to excite the full width of
the central transition.”®”

In this study, for the first time, we report the synthesis,
structure, electrical transport properties of Fe-based garnet-
related structures LaLigsFeq205 00, Lago4LigeoFep205.00, and
LaLig,sFeq 140200 together with “Li and "**La solid-state NMR
characterization. The parent garnet-like LaLijsFeq,0;09 was
first prepared by Mazza and coworkers in 1985.>*~>° It has been
shown to conduct lithium ions as well as electrons, and has a
redox couple between Fe** and Fe**. It is therefore a potential
material for use as a cathode in Li ion batteries.** Although this
material has not been cycled electrochemically, it can be expected
that there will be a high voltage plateau, such as that found for the
Fe>'/Fe*™ couple in Li[FeJ,an J]O4 at ~5 V.2° As such, it
would be viable in the context of all-solid-state Li ion cells, with
the possibility of incorporating a complementary garnet struc-
tured solid-state electrolyte.”’”

The theoretical fully occupied parent compound for this series
of structures is La, 1 Lig sFeg 3104 5.>* It has been determined that
this compound does not exist in this fully occupied state, but
rather has a series of vacancies present. These are distributed over
the compound and are found in varying amounts on each atomic
position, except that of Li.** In particular, the vacancies reported
on the Fe sites at (0, 0,0) and (0.25, 0.25, 0.25) are significant, as
will be discussed further in this work. This structure opens the
possibility of Li ion dynamics, via vacancy-mediated conductivity.
Moreover, our studies provide evidence, for the first time, of

Li—Fe substitution in these garnet structures. Precedent for this
is seen in the LiFePO, phase, where such anti-site defects have
been shown to create channel-blocking iron centers in this one-
dimensional (1D) Li ion conductor.*®

In this work the effect of synthesis temperature conditions
and stoichiometry is examined in relation to total ionic and
electronic conductivity of %arnet-like materials derived from
LaLig sFep205.00.>* “Li and ""La solid-state NMR are used for
structural determination, while impedance measurements are
used to determine the electrical transport properties.

B EXPERIMENTAL SECTION

Synthesis and Electrical Characterization. Compounds of the
nominal chemical formula of LaLiysFey,0, 9, Lago4LiggoFer 205 09,
and LaLig,sFeq 140,00 were prepared via a conventional solid-state
reaction (ceramic method) using stoichiometric quantities of high purity
LiNOj; (GR, 97%, EM Science), La, 05 (99.99%, Alfa Aesar), and Fe,05
(99+ %, Alfa Aesar). The reactants were weighed and ball-milled
employing a Pulverisette, Fritsch, Germany, ball mill at 200 rpm for
3 h with zirconium balls in 2-propanol. As reported in the garnet-type
materials synthesis, 10 wt % excess LINO; was added to account for loss
of Li oxide during sintering. A similar synthesis method has been used to
prepare garnet-type materials in the literature.*>® After mixing and
drying at room temperature, samples were heated at 600 °C to
decompose the metal salts. Samples were then reground for 6 h and
powder samples were pressed into pellets under isostatic pressure.
Pellets were then sintered at 800 and 850 °C for 16—20 h. Powder
X-ray diffraction (PXRD; Bruker D8 powder X-ray diffractometer (Cu
Ko, 40kV, 40 mA)) was employed for phase formation characterization.
After confirmation of successful a single-phase structure, pellets were
painted with Au electrodes (paste, cured at 600 °C for 1 h) for electrical
conductivity employing a Solarton SI 1260 impedance and gain-phase
analyzer in the frequency range of 0.1 to 10 X 10° Hz in air.

’Li MAS and "°La Static NMR Spectroscopy. Li MAS NMR
was collected at 11.7 T (Larmor frequency, 194.4 MHz) on a Bruker
Avance I 500 NMR spectrometer with an external reference of 1 M LiCl
solution, at 0 ppm, having a 90° pulse length of 4 us at 1.25 dB. A 2.5 mm
probe was used, with a rotor spinning speed of 20 kHz, and solid-state
Li MAS spectra were collected using a 1 us (77/8) pulse, with a
relaxation delay of 20 s. T relaxation measurements were performed
at 21.1 T for "Li in Lagg4LiogoFep202 9. An inversion recovery pulse
sequence was used, with a variable delay list of 16 values. A recycle delay
of 30 s was used in the first experiment; and a recycle delay of 450 s was
used in the second experiment. The experiment was performed twice to
account for the great differences in T, relaxation properties of the
lithium sites in the material. In each measurement 32 transients were
collected; a pulse length of 4.5 us was used with a power level of 6.00 dB.

Because of the difference in spin—lattice relaxation times (T}) of the
paramagnetic and diamagnetic lithium peaks, in particular the very long
T of the diamagnetic peak at 0 ppm, it was necessary to use a fractional
pulse of 77/8 to allow the diamagnetic peaks to fully relax with a 20 s
recycle delay. A much longer time is necessary for the full relaxation of
the diamagnetic peak if a 90° pulse is used.

13%La solid-state static NMR was performed at 21.1 T using a Bruker
Avance I1 900 NMR spectrometer at the National Ultrahigh-Field NMR
Facility for Solids (http: //www.nmr900.ca). An external reference was
used, a 1 M solution of LaCl; (0 ppm), for which a 180° pulse had a pulse
length of 16.0 s at 3.30 dB. Typically in the WURST-QCPMG
experiments S0 s WURST pulses were applied with a range of
1 MHz and a rate of 20 MHz/ms. An RF power of 10 kHz was used,
and the spikelet-separation was 2.5 kHz. The number of echoes in a
QCPMG train ranged from 32 to 64. Recycle delays of 0.2—0.5 s were
found sufficient for complete relaxation.
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Figure 1. Typical TEM image of LaLijsFe(,0,09. The image was
taken on an FEI Titan 80-300 equipped with an image aberration
corrector operated at 300 kV. TEM analysis showed a single phase, with
a high degree of crystallinity.
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Figure 2. GSAS Rietveld refinement output for LaLigsFep205 09,
Parameters used for the refinement were taken from the literature.*
%> was found to be 2.5.

B RESULTS AND DISCUSSION

Structural Analysis. PXRD shows the formation of single-
phase garnet-type structure for LaLigsFeq205.09, Lago4Lio.eo-
Fe20, 00, and LaLig»sFeg 140,00 and the observed line match
with parent compound LaLig sFe,0, 09, as reported by Mazza
and coworkers in 1985.”>~*° A transmission electron microscopy
(TEM) image of LaLij sFe ;0,00 indicates a highly crystalline
structure, with d-spacing of 0.40 nm, and is shown in Figure 1.
Similar TEM analysis was performed for the other investigated
materials.

Rietveld refinement on the PXRD pattern using GSAS was
also performed and is shown in Figure 2 for LaLig sFe205 00>

Table 1. Rietveld Refinement Structural Parameters for
LaLio.sFeo.zoz.wu

atom Eg y z multiplicity ~ occupancy
La-1  0.00000 0.30431(8)  0.30431(8) 24 1.0000
La-2  0.34548(8)  0.00000 0.00000 12 1.0000
Fe-1  0.00000 0.00000 0.00000 2 1.0000
Fe-2 025000 0.25000 0.25000 8 0.9305
O-1  036471(1) 0.36471(1) 0.20633(5) 48 1.0000
0-2 025000 0.50000 0.00000 12 1.0000
0-3  0.13908(1)  0.50000 0.00000 24 1.0000
0-4  0.00000 0.13059(1)  0.00000 12 1.0000
Li 0.15894(4) 0.15894(4) 0.15894(4) 16 1.0000

“Note: For the LaLiysFeq,0,09 in space group Im3m, a = b = ¢ =
12.2032 & 0.0002 A; o = B = y = 90°% x> = 2.5.

There is a small peak in the PXRD at 30°, which is due to a small
Li,O impurity.*® Table 1 lists the Rietveld refinement structure
parameters of LaLig sFey,0, 9 for comparison and is consistent
with literature.”>™"> PXRD is known to be insensitive to Li;
therefore, it can be expected that "Li NMR would give a more
accurate measurement of the Li environments in this sample.
’Li and "*’La NMR of La—Li—Fe Oxide Series. Previous
structural characterization of LaLigsFe;0,09 using PXRD
found a cubic structure in space group Im3m, with a single
crystallographically unique Li site at (0.133, 0.133, 0.133).**
Noting that Li is difficult to locate by X-ray methods, because of
its low scattering factor, it was nevertheless anticipated that the
’Li NMR spectrum of the material would consist of a single
resonance, possibly shifted to higher frequency because of the
Earamagnetic influence of the iron centers. In contrast, a standard
Li MAS NMR examination of this material, using "Li MAS
NMR at 11.7 T revealed multiple Li sites, as shown in Figure 3.
From the "Li MAS NMR taken at 11.7 T, it is evident that the
Li exists in a distribution of sites, ranging in chemical shift from
~20 ppm to ~ —1 ppm, shown in Table 2. The possibility of this
array of Li sights being caused by the effect of Li coupling to La
was ruled out when the Li spectrum of this material was studied at
a higher magnetic field, 21.1 T. The spacing of the peaks is equal
in units of parts per million (ppm) at both fields, while the
spacing in hertz (Hz) is different. This is consistent with NMR
peaks that are separated because of chemical shift alone,”'
thereby indicating several unique local environments of the
lithium ions. In addition to a complex NMR spectrum, this
compound shows interesting 'Li T relaxation properties via the
’Li MAS NMR: the "Li NMR peaks represent two groups of Li
environments with different magnetic properties: paramagnetic
and diamagnetic as indicated by the large difference in values of
T, for different peaks that were observed in NMR spectra. T,
measurements of Lag g4Lip soFeq205,09 were analyzed separately
in two regions. The site at 14.5 ppm has a short T, 11.45 &= 0.06
ms, suggesting that it is paramagnetic in nature. This may be due
to its proximity to an Fe atom in the compound, since Fe contains
unpaired electrons and will contribute to the paramagnetic
nature of nearby Li sites."> The Li site at ~0 ppm has a very
long T}, > 10.9 X 10* ms, suggesting that it is diamagnetic, and
comparatively far from Fe atoms, and unpaired electrons, in this
compound.
Figure 4 shows the chemical shift trends for each of the lithium
peaks in the "Li MAS NMR spectrum of Lag 94Lig soFe 205 09, as
a function of temperature. The steeper slope of the data with
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Figure 3. "Li MAS NMR of LaLiy sFe,0, 90 (top) collected at 11.7 T,
with a spinning speed of 20 kHz. This shows multiple peaks that
represent different Li sites in the sample, with line fit analysis performed
in the TopSpin 2.1 software. The experimental spectrum is shown in
black, while the simulated sites are shown in red, and their sum is shown
in blue. The “Li MAS NMR of Lagg4LiosoFep20200 and LaLigs.
Fe.140,.09 are shown when measured under the same conditions as
LaLiy sFeq 05 00 Line fit analysis was performed with the same number
of peaks contributing to the spectrum. The full peak analysis is shown in
Table 2.

higher chemical shifts is consistent with the expected Curie—
Weiss behavior of the peaks experiencing paramagnetic interac-
tions, arising from the temperature dependence of the magnetic
susceptibility.>* This supports the differences observed in the T,
values obtained by NMR for "Li, with the lowest T, observed for
peaks that result in a larger slope in the plot of chemical shift
versus inverse temperature. On the basis of the unexpected
number of 'Li NMR resonances observed, we evaluated the
structure in more detail, and in particular, the possibility of
substitution of Li onto the Fe lattice sites is determined to justify
the range of chemical shifts observed.

Different combinations of the positions of Li and Fe were
attempted in the refinement, and it was found that there is a
potential for Li to partially occupy the Fe site at (0.25, 0.25,0.25);
whereas occupancy of the (0, 0, 0) Fe site by Li was not found as a
solution by the software, suggesting that there only Li substitu-
tion on the (0.25, 0.25, 0.25) Fe site. Figure S shows an image of
the unit cell of LaLig sFe,05 oo for a situation in which there is a
total substitution of iron for Li on the (0.25, 0.25, 0.25) site. This
is the extreme case, and it is more likely that a partial replacement
of Fe by Li occurs on this site. This rearrangement only accounts
for one additional Li site, while the NMR predicts several
different sites.

This structure is known to have vacancies, some of which exist
on the iron (0.25, 0.2, 0.25) site (green spheres in Figure 5).**

Table 2. Line Width Analysis of “Li MAS NMR of LaLi s-
Fe(20,.09, Lag o4Lig.¢oFe( 202,09, and LaLig 7sFeg 140200

LaLig sFe 202,00
peak shift 207 179 145 11 75 37 18 01 -19
(in ppm % 0.5 ppm)
line width 420 570 750 650 610 370 590 450 690
(in Hz + 20 Hz)
% contribution 25 14 18 S 4 1 17 12 6
(+1%)

Lagg4Lio 69Fe0202.00
peak shift 206 17.6 143 11.1 73 27 15 01 -—17
(in ppm % 0.5 ppm)
line width (Hz) 440 S20 S70 540 190 430 370 470 710
% contribution 1 7 9 1 2 1 32 34 4
(+1%)

LaLig75Fe.1402.00
peak shift 182 16 142 114 71 37 15 01 -—18
(in ppm + 0.5 ppm)
line width 290 510 450 570 1070 630 550 520 800
(Hz) £ 20 Hz
% contribution 08 1.0 04 3 01 4 24 SO 17
(+1%)

Curie Weiss Behaviour of
Lag.g4Llio.e9Fe0.202.09
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Figure 4. Curie—Weiss behavior of peaks in "Li NMR spectrum of
Lago4Lio soFe0202.00. Peaks are numbers from highest frequency to
lowest frequency. Peak 6 represents the center of gravity of the
diamagnetic peaks at ~0 ppm.

A vacancy may also exist on the Li site, since it is possible for the
Li to move onto a vacant Fe site, and thus be replaced by the
vacancy. This introduces the possibility of a distribution of Li
sites, in which different Li environments are created by having
different proximities to Fe, and therefore the unpaired electrons
in the system. Li atoms that are close to Fe in the crystal structure
are expected to have a larger paramagnetic nature, and thus a
higher chemical shift and shorter T} relaxation time, than those
that are farther from Fe. As a result of the Li being spread over a
distribution of sites, the site at (0.25, 0.25, 0.25) can be seen as a
variable site itself, given that it can be occupied by either Li, Fe, or
a vacant site.
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Figure S. Right: XtalDraw image of LaLiO_SFeo_202_09.33 This is a cubic structure in space group Im3m, with cell length 12.231 A. Left: XtalDraw image
of structure in which all of the Fe (0.25, 0.25, 0.25) sites have been replaced by Li, shown as the green ions.

Simulation

Simulation

[kHz]

400 200 0 -200
Figure 6. 1391 static NMR of LaLig sFeq,000. The spectrum was
collected at 21.1 T using a WURST-echo pulse sequence.'® Simulation
was done using the DMFit software.>® The simulation shows the *La
spectrum consisting of two peaks. The wider peak, La-2, has a Cq of
56 £ 1 MHz, and 1 of 0.05 & 0.05. The peak in the center of the
spectrum, La-1, represents a distribution of lanthanum sites. Details are
discussed in the main text.

Atomic distributions are known to occur in a variety of
compounds, with well-known crystal structures.>* Studies per-
formed on compounds containing atomic-level distribution
usually focus on an element, which is sensitive to the components
of its first coordination sphere. Modification of the first coordi-
nation sphere of the observed element through different chemi-
cal syntheses can change the NMR spectra obtained for the
element of interest, and thus the distribution of the elements in
the first coordination sphere is mapped through the NMR
analysis of different compounds of similar chemical structure.>*
The garnet-like structure LaLij sFe,0 o9 exhibits a distribution
of Li environments that is seen in the 'Li MAS NMR. This
system poses a unique challenge because the distribution of Li
environments is seen in the ‘Li environments themselves, as
opposed to a secondary nucleus in the first coordination sphere.

LaLig sFe20509 was prepared, together with a family of
compounds prepared in the same manner, but with variation in
the relative amount of Li, Fe, and La. Figure 3b shows the Li
MAS NMR of LaLigsFep205.00, LagosliosoFe0202.00, and

LaLigsFeg 14040 It is evident that the Li spectrum of each
compound includes an array of paramagnetic peaks. Line fit
analysis was performed for each of these spectra, and will be
discussed further in this paper. It appears that a distribution of
paramagnetic peaks exists in each sample, with the ratio of
diamagnetic to paramagnetic peaks varying throughout the
samples as the stoichiometry is varied.

'*La static NMR was used to probe this distribution fur-
ther. The analysis of LaLigsFep,0,00 was performed using a
WURST-echo pulse sequence. Two resonances were observed
with very different quadrupole parameters, as shown in Figure 6.
AWURST-QCPMG pulse sequence was also employed in which
a swept pulse of 1 MHz was used."” The '*La static solid-state
NMR spectra of LaLipsFeq,05.09, LagoslipgoFeo202.00, and
LaLig7sFeq 140209 are shown in Figure 7, panels a, b, and ¢,
respectively.

The optimization of EFG and CSA parameters was sufficient
to obtain reasonable fits of the experimental '*’La spectra. Line
broadening was necessary and different for the two La sites. More
line broadening was used in the simulation of La-1, which is
closer to the variable Li/Fe/vacant site than La-2. We attribute
the necessary line broadening to be primarily the result of the
distribution of quadrupole parameters, which results from the
distribution of Li, La, and a vacant site. This will be discussed
further in this work. There is likely an additional broadening
contribution that is a result of a paramagnetic influence of Fe on
La line shape in this material, and would also be a larger effect for
La-1 than La-2, consistent with the experimental spectra.

When the spectra obtained for LaLij sFe 0 00 in Figure 6
and 7 are compared, there is a noticeable difference in the peak in
the center of the spectrum. This is due to the sensitivity of the
WURST-QCPMG pulse sequence to differences in the T,
relaxation of the different sites. The center peak (Cq = 29
MHz =+ 2 MHz), with a longer T, value than the broader peak
(Cq =56 MHz & 1 MHz), is attenuated, with the possibility of
some of the features of the quadrupole powder pattern being
suppressed. This is not the case when this spectrum is observed
with the WURST-echo pulse sequence. Here the intensities of
the two peaks are more indicative of the relative stoichiometric
amounts of each La site in the sample. The WURST-echo pulse
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sequence, Figure 6, is preferred for this sample. However,
because of the much longer acquisition time it was not feasible
to obtain a WURST-echo measurement for each material.
These spectra, Figure 7, outline two La sites in each material,
as shown in the simulations. One of these sites is common to all
of these materials, and is responsible for a broad, axial site with a
Cq of 56 &= 1 MHz and asymmetry parameter, 77 of 0.05 = 0.05,
while the other peak, which is superimposed on the first one,
changes throughout the samples and appears to represent a La
site that changes, depending on the composition of the sample.'
On further examination of the crystal structure of the material, it
is evident that one of the La sites (La-2) is far from the variable

(©)

(b)

(a)

-.JWMWWMMMWMMM_ —_ = = N — =

200 100 0 -100 [kHz] 200 100 0 -100 [kHz]

Figure 7. 13914 static solid-state NMR of (a) LaLig sFeq,05 09, (b)
Lag o4Lig g0Fe0204 .09, and (c) LaLig 7sFeq 1405.00- Spectra were acquired
at 21.1 T using the WURST-QCPMG })ulse sequence."” Simulations
were performed using DMFit software.’

site at (0.25, 0.25, 0.25) which is occupied by Li, iron, or a
vacancy (4.485 A), while the other (La-1) is close to the variable
site at (0.25, 0.25, 0.25) (3.2 A), shown in Figure 8. This means
that variation in the La NMR between samples is likely due to this
variable site at (0.25, 0.25, 0.25). The differing occupancy of this
site creates different La environments through the changing of
the electric field §radient of the La atom, which is very sensitive to
its environment.”® The broad axial NMR line shape that repre-
sents La-2 is consistent with a single La site that is in a nonspherical
oxygen environment, which lies on the axis of a 4-fold rotation
and a 4-fold rotoinversion."

The narrower line shape of La-1 is due to the lack of symmetry,
specifically, less than 3-fold rotational symmetry. Simulation of
the NMR spectra revealed that La-1 has a Cq of 29 MHz + 2
MHz and an asymmetry parameter, 77 of 0.6 & 0.1."° The
simulation of this site involved a considerable amount of line
broadening, which is an indication that this is not a single site, but
a distribution of lanthanum sites with a variation in the values of
Cq and 7. Figure 8 illustrates the distance of La from the variable

° U &
La 1 & o
YA
N o™
a2 X D La2 O
5 ,'8

e} - o

Figure 8. La-1 and La-2 crystallographic environments. Green spheres
represent Fe-2, which may be replaced by Li or a vacancy; yellow spheres
represent Li; the gray sphere represents La-1 (Left); and the blue sphere
represents La-2 (Right). Left: La-1, with a distance of 3.206 A to Fe-2.
Right: La-2. Images were created in XtalDraw.*® Distances between La
and Fe/Li have been included in each case within S A.
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Figure 9. (a) LaLiysFeg,0, 09 unit cell showing possible positions of vacancies. The positions of La-1 and La-2 are not shown here for clarity. Black
squares represent potential vacancies in the cell. (b) Polyhedra representing the La-1 and La-2 local environments in the crystal structure. (c) A through
G represent the potential distributions of Li, iron, and a vacant site showing half of the body diagonal of the unit cell in the Left of this figure. The legend
presented can be applied to (a), (b), and (c). The full unit cell of this material is shown in Figure S, including the placement of the La atoms in the

unit cell.
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Figure 10. Typical AC impedance plots at 100 °C for Fe based garnet-like structure.

Table 3. Fitting Parameters of Impedance Plots at 100 °C of LaLiy sFe205,.00) Lag.94Lio.s0F€0.202.09, and LaLig 7sFe, 140200 at

850 °C Sintering Temperature

compound” Ra—r) (Q) Q) (pF)
LaLio sFe202.00 212030 6.4
Lag 94Lio 69Fe€0203.00 4982 0.00254
LaLip 7sFe0.1402.00 29680 11.1

n Ro—r) (Q) Qu—r) (nF) n
0.94 64528 29.6 0.61
0.68 18721 13.4 1.0
1.0 122640 0.77 0.71

%y values of all fitted plots are less than 10> to ensure high confidence in results.

site, Fe-2, in this material. It is clear that La-2 is far from this
source, while La-1 is close. This is the reason for the differences in
the necessary line broadening for these two La sites, and this
supports the hypothesis that Li is distributed throughout this
material, showing a range of Li environments, which affects those
of La. From the series of **La spectra of the related materials,
shown in Figure 6, it is shown that as the composition of these
materials change, the distribution of the La-1 environments is
affected. This is consistent with the changing distribution seen
for the lithium environments, shown in Figure 3.

This complex family of materials can be further examined by
considering the different possible lithium environments present.
Using the measured *”La and "Li NMR spectra, along with
crystallographic data, the Li sites found in the "Li spectra can be
tentatively assigned with the following assumptions:

(1) Lipeaks will be more resolved and have a higher chemical

shift if the respective Li site is close to iron.

(2) Li peaks will have a chemical shift close to 0 ppm, if the

respective Li is far from iron.

Some configurations contribute more than one peak in the "Li
NMR spectrum. By comparison, in configuration A (Figure 9),
with no Li substituting Fe-2, the two Li atoms are chemically and
magnetically equivalent; however, in configuration B there are two
“types” of Li present: the Li atoms close to the Fe-1 site (yellow
spheres) will have a more paramagnetic nature because of their
proximity to the iron, whereas the Li in the center of the config-
uration is farther from iron, and will have a more diamagnetic nature.
Thus, configuration B will contribute two peaks to the “Li NMR
spectrum. With this consideration, the combination of all of these
configurations in any compound will contribute nine peaks in the
7Li NMR spectrum. This is consistent with what is seen in the "Li
MAS NMR, shown in Figure 3, which shows multiple lithium sites.

When we consider the “Li MAS NMR of these materials, it is
not immediately obvious that the distribution of the Li, iron, and

vacancy is changing throughout the materials. However, when
the "Li MAS NMR is combined with the *’La NMR the change
in the materials becomes evident as their composition changes.
As the Li/Fe ratio increases in the samples, the diamagnetic peak
in the "Li MAS NMR increases; this is possibly due to the filling
of vacant sites in the (0.25, 0.25, 0.25) position. This site-filling
has a dramatic effect on the EFG of La-1, and this is seen as a
change in the '*La NMR, where the central peak changes in
appearance.

It should be noted here that the "Li MAS NMR peak assign-
ment is a complicated endeavor, and it is possible that there are
more permutations of the atomic distribution than indicated
here. The aim here is not to specifically assign the peaks in the
NMR spectra, but to illustrate the complexity of this material, and
understand how this atomic distribution relates to the ionic and
electronic conductivity of the materials.

AC Electrical Conductivity. Electrochemical alternating cur-
rent (AC) impedance spectroscopy in the frequency range of
0.01 Hz—1 MHz was used to estimate the electrical conductivity
of Fe-based garnet related structure compounds. Shown in
Figure 10 are the typical impedance plots of LaLij sFeq 05 00,
Lag g4Lig 69Fe0202.09, and LaLig;sFeq 140209 The impedance
plots can be modeled using an equivalent circuit consisting of
resistance (R) and constant phase element (Q). Table 3 lists the
typical fitting parameters of AC impedance data. The capacitance
value for the high-frequency (H-F) and low—freguency (L-F)
semicircle was calculated using the expression:>’

—1

C= R('T)Q(%)

where 7 is the empirical constant which can take any arbitrary
value between zero and one.

The capacitance was found to be in the range of pF and uF,
suggesting that two semicircles obtained at 100 °C may
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Figure 11. Electrical conductivity of the samples prepared (a) at 800 and (b) 850 °C in air. The line passing through the data point is the best fit and was

used to determine the activation energy.

correspond to bulk and electrode contribution to the total
conductivity. Unlike well-known garnet-like materials, LisLa;.
M,0,, and LigALa,M,0;, (A = Ca, Sr, Ba; M = Nb, Ta), the
investigated Fe compounds clearly show absence of tail at the L-F
side, indicating that electrode —electrolyte interface is reversible.
In the present case, Au is blocking for Li ions and reversible for
electrons; thus, it clearly indicates significant electronic conduc-
tion in Fe garnets. This is consistent with the large amount of Fe
in the structure. The shape of the impedance plots is highly
reversible during the heating and cooling cycles.

Unlike other garnets, the La—Li—Fe samples were found to
have poor mechanical stability. Hence, it was difficult to perform
electron blocking electrode direct current (DC) measurements
to separate ionic conductivity. The low-frequency intercept has
been used to determine the electrical conductivity. Figure 11
shows the Arrhenius plots for electrical conductivity of the
investigated La—Li—Fe-garnets. Ramzy and Thangadurai showed
recently that there is a direct correlation between the concentra-
tion of lithium and the electrical conductivity for compounds
involving substitution of Li in place of other cations.” However,
in this case, the conductivity is seen to decrease relative to the
parent materials.

The decrease in conductivity, relative to the parent composi-
tion, may be due to poor density of the samples. Unfortunately,
these Li—La—Fe samples densities cannot be determined be-
cause of their chemical reaction with water, and hence, we were
unable to discuss them in conjunction with their density. At a
sintering temperature of 800 °C, the parent compound LaLiy 5.
Fep 20,9, offers the highest conductivity of ~107°S em ™t at
room temperature (23 °C) and reaches ~10°"° S cm ' at
500 °C. The activation energy for electrical conductivity was
found to be 0.43, 0.39, and 0.41 eV for LaLiysFey,05 09,
Lag g4Lig s9Fe0 202,09, and LaLigsFeq 140200, respectively, for
the samples prepared at 850 °C. The activation energy for
electrical conduction was found to be within the range reported
for the garnet-type solid electrolytes and other solid Li ion
electrolytes.®*

It is observed here that the conductivity of these materials is
not increased with increasing lithium content, and moreover, that
the conductivity decreases with the increase in the intensity of the
diamagnetic peak, relative to the paramagnetic peaks, in both the
’Li and *’La NMR data sets. This would suggest that conduc-
tivity is impeded by the presence of lithium on the Fe-2 sites of

3112

the material. These lithium resonances, observed in the diamag-
netic region of the spectrum, arise as a result of substitution of
lithium into the Fe site; thus, it appears that additional lithium in
the structure is present in sites which do not favor electrical
conductivity. In future work this family of materials will be
studied to probe the nature of Li ion dynamics through systema-
tic electrochemical cycling and NMR.

Bl CONCLUSIONS

The LaLig sFe,0, g9 family of compounds has been studied
using 7Li MAS and "*°La static solid-state NMR, as well as bulk
electronic conductivity measurements. It has been shown that
the combination of these two very different NMR techniques is
useful for the structural evaluation of complex materials. "Li MAS
NMR is very sensitive to Li environments, and can be used to
distinguish between very different Li environments, and the
combination of "Li MAS NMR and *’La NMR is a powerful
tool for evaluating such complex structures. Knowing the struc-
ture of these compounds is the first step to uncovering the
mechanism of Li ion dynamics in these materials and under-
standing the process of Li migration through vacancy-mediated
conductivity. The electrical conductivity of the samples was
found to depend on Li content. The parent compound LaLig s.
Fe,0,09 offers the highest conductivity of ~107% S em ! at
room temperature (23 °C), and reaches a conductivity of
~10""* S cm™ " at 500 °C.
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