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ARTICLE INFO ABSTRACT

Keywords: Fast lithium-ion conductors with oxide frameworks are key materials for high performance solid-state
Oxyfluoride rechargeable batteries. This study reveals fast Li* ion diffusion in the recently discovered pyrochlore-type
Pyrfmhlore lithium lanthanum niobium oxyfluoride, Lis xLa(x)/302x-1)3Nb206F (1 = vacancy), using pulsed-field
Solid electrolyte . . . X

Diffusivity gradient nuclear magnetic resonance (NMR) and impedance measurements. These analyses confirm that fast

Li* ion diffusion is the origin of the high ionic conductivity. Moreover, “Li and '°F NMR data suggest that local
disorder at the Li* ion sites facilitate fast diffusion. Chemical shifts of the '°F NMR can be explained by the
number of La, Li and vacancies around fluorine. The Arrhenius plot exhibits a slight bending at approximately
200 K. The thermal expansion coefficient also changes from negative to positive at 200 K. These results suggest
that Li* ions in pyrochlore-type oxyfluorides undergo an order—disorder phase transition. The insights provided
by this study into the mechanism of fast Li* ion diffusion in pyrochlore-type oxyfluorides pave the way for

Pulsed-field gradient nuclear magnetic
resonance (PFG-NMR) order—disorder
transition

fabricating solid electrolytes with improved performance over conventional solid electrolytes.

1. Introduction

The extremely high ionic conductivity of a pyrochlore-type oxy-
fluoride (A2B20gF) was recently reported by Aimi et al. [1] The oxy-
fluoride Liz_,La1 +x)/30]0(2x-1),3M206F (] = A-site vacancy, M = Nb, Ta)
is stable in air, while Li1.25L30_58D0‘17Nb206F (LLNOF, x = 0.75) ex-
hibits a bulk ionic conductivity of 7 x 10~ S cm™! at 298 K. The ionic
conductivity of this class of oxide-based Li* ion conductors is among the
highest known, surpassing that of perovskite-type LisLagz 3_xTiO3
(LLTO) [2] and garnet-type Liy_,LagZrp ,Ta,O15 (LLZTO) [3] solid
electrolytes. The structure of pyrochlore-type LLNOF comprises a three-
dimensional network of NbOg octahedra that share corners, creating
large hexagonal tunnels in which A cations (Li", La®t and [D and F~
anions are located. [4] The Li" ions move to the nearest Li* position via
metastable positions (interstitial sites) in the structure, while immobile
La* ions block the conduction path and inhibit Li" ion diffusion. [1]

Few studies have investigated the ionic conductivity of oxyfluoride

compounds. LiFePO4F, which has a Taborite structure, is known to have
Li" ion conductivity of 6.0 x 1078 S em™! at 300 K. [5] Similarly, the
transition metal-free oxyfluoride, LisSiO4F shows a Li* ion conductivity
of 1.2 x 1077 Sem ! at 313 K. [6] Recently, novel oxychloride LIMOCl4
(M = Nb, Ta) with LiVOF4-type structure were found to have a Li* ion
conductivity of 1072 Sem™, although they are hygroscopic. [7-9]
Oxyfluorides are also F~ and 02~ ion conductors. SrsFe,0sF,which has
a layered Ruddlesden-Popper structure allows electrochemical insertion
of F~ ions at 413 K [10]. The fluorite-structured Lag ¢Srg.1Nag.g50¢.4F2
shows 0%~ ion conduction at 800 K. [11] Among the oxyfluoride com-
pounds, LLNOF exhibits the highest ionic conductivity; however, the
precise ionic conduction mechanism remains unclear.

Ionic conductivity is described as a product of the carrier number
density, the charge of the ions and the carrier mobility with the latter
being proportional to the diffusion coefficient. [12-14] Therefore,
determination of the diffusion coefficient allows identification of the
carriers and quantification of their mobility. Experimental methods for
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determining lithium diffusion coefficients include nuclear magnetic
resonance (NMR), [15-20] neutron quasi-elastic scattering, [21,22]
isotope diffusion, [23-25] and secondary ion mass spectrometry.
[26-31] Pulsed-field gradient (PFG) NMR is used to quantitatively
determine the diffusion coefficient of Li* ions the solid electrolytes.
[32-37] The objective of this study is to elucidate the lithium diffusion
mechanism in LLNOF with PFG-NMR spectroscopy. The identification of
mobile carriers in pyrochlore-type LLNOF is achieved using a combi-
nation of “Li NMR and ionic conductivity measurements. The local
structure is determined using “Li and °F NMR spectra. The crystal
structure of LLNOF was further investigated by variable temperature X-
ray diffraction (XRD), and the origin of the fast ionic conductivity of
LLNOF is determined.

2. Methods
2.1. Synthesis Of Li; 25Lag 5gNb20O6F

A stoichiometric mixture of Li,CO3, La;O3 and Nb,Os was calcined at
773 K for 6 h and then at 1473 K for 6 h to obtain Lig sLag.sNbyOg. This
Lig sLag.sNbyOg precursor was mixed with LaFs and LiF, with a 91 %
excess of LiF. The resulting mixtures were calcined at 1273 K for 6 h to
synthesize the Lij s5Lag 58NboOgF powder. The powder was pressed into
pellets at 100 MPa and sintered at 1273 K for 6 h for the PFG-NMR and
conductivity measurements. The sintered pellets had a relative density
of 84 % and measured 10 mm in diameter and 1.5 mm in thickness.

2.2. Ionic conductivity

The ionic conductivity was measured using an impedance measure-
ment system (4990EDMS-120 K, TOYO Corporation, Japan) equipped
with an impedance analyzer (E4990A, Keysight Technologies, USA) in
the frequency range 10 Hz-100 MHz. Thin gold electrodes were
deposited on both sides of the ceramics pellets using a sputtering system
(SC-701MKII, Sanyu Electron, Japan). The temperature was first raised
from 298 to 460 K, then decreased to 110 K, and finally increased to 298
K. During the temperature cycle, the ionic conductivity reproduces the
same value at the same temperature.

2.3. 7Li NMR

LLNOF samples for 7Li NMR analysis were cut into pieces measuring
4 x 5 x 1.5 mm. Spectra were acquired using an ECA-400 spectrometer
and a diffusion probe (JEOL, Japan) at a "Li resonance frequency of 155
MHz from 233 K to 393 K. [36] A stimulated echo pulse sequence was
used to determine the diffusion coefficient (Dyyvr) with a 90° pulse
width of 16 ps, gradient pulse width 6 of 2 ms, and diffusion time A of
100 ms. The magnitude of the magnetic field gradient pulse (g) was
varied from 0.1 to 12 Tm ™. The recycle delay was five times T; between
1 and 5s. A1 mol L' LiCl solution was used to obtain a reference
chemical shift. High-temperature measurements were performed at
453-673 K using an ECA-500 spectrometer (JEOL, Japan) with a high-
temperature diffusion probe with a “Li resonance frequency of 194
MHz. [36,38] The samples were analyzed in quartz tubes under a ni-
trogen atmosphere with the following measurement parameters: 90°
pulse of 25 ps, 5 of 1.5 ms, g of 0.1-3 Tm ™}, and A of 100 ms.

2.4. FNMR

Solid-state magic angle spinning (MAS) NMR spectra were acquired
using an ECZ800 spectrometer (JEOL, Japan) at a Larmor frequency of
753 MHz for °F using a Hahn echo pulse sequence with a 1/2 pulse of 2
ps. The sample tube was a 1 mm-diameter ZrO5 MAS rotor. Spectra were
acquired over 64 scans with a recycling delay of 10 s. The spinning
sidebands were distinguished by using MAS rotation frequencies of 40
kHz, 50 kHz, and 60 kHz. '°F chemical shifts were referenced to CeFg at
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163 ppm (CFClz = O ppm).

2.5. Density functional theory (DFT) calculations

198 NMR chemical shifts were calculated by ab initio DFT using the
Vienna Ab Initio Simulation Package (VASP), which employs the
generalized gradient approximation (GGA) approach and projector
augmented wave (PAW) method basis set. [39-42] The Perdew-Burke-
Ernzerhof (PBE) GGA-based pseudopotentials were used. [43] Calcula-
tions were performed with spin polarization. Structural relaxation was
performed with a 520-eV kinetic energy cutoff and a k-point resolution
of at least 1000. The numerical convergence of the energy and force was
<1 meV atom ™! and < 0.01 eV A~} respectively.

Various F environments in the LLNOF structure were generated from
the lowest total-energy structure obtained from the DFT Li-La-vacancy
configuration sampling. The most stable supercell structure, Lip;LagN-
b32096F16 (Li1_3125Lao'5625Nb206F), was among the structural models
considered. [44] Other supercell models with different Li-La-vacancy
stoichiometries were also constructed, including LijglajoNb32O96F16
(Li1.125La0 625Nb206F) and LijoLaiaNbzaOogeF16 (Lig.75Lag.7sNbaOgF).
The VASP-implemented Gauge Including Projector Augmented Wave
method was used to calculate the chemical shielding tensor (). [45] The
electronic self-consistent loop and ionic relaxation convergence criteria
were < 10710 eV and < 107° eV, respectively. The '°F chemical shift of
binary and ternary compounds (LiF, NaF, KF, CsF, MgF,, CdF,, HgFo,
PbFz, Ang, Zl‘le, GaFg, Ian, BaLiFg, SI‘Fz, Ban, YF3, and N35A13F14)
were calculated and calibrated against the experimental chemical shifts.

2.6. Variable-temperature XRD

Low-temperature powder XRD measurements were performed be-
tween 10 K and 300 K in the 20 range 5-100° with steps of 0.02° and
scan speed 4.0° min~?, using a Rigaku SmartLab powder X-ray diffrac-
tometer (Cu Ka; radiation) with a power of 9 kW and equipped with a
cryostat. All measurements were performed under vacuum (~ 6.0 x
1077 Pa), and the temperature was recorded/controlled using silicon
diodes. The sample was attached to a Cu sample plate using Apiezon N
grease and rapidly cooled to 10 K (30 K min 1), whereupon the sample
was held for 6 h, heated to each target temperature at 2 K min~}, and
maintained at each target temperature for 1 h before the XRD mea-
surement. The XRD data were analyzed including Rietveld analysis
using a Rigaku PDXL 2 program package.

3. Results and discussion
3.1. Ionic conductivity

The real part of the complex conductivity spectra of the LLNOF
(Fig. 1(a)) is typical of polycrystalline solid electrolytes such as perov-
skite LLTO. [36] The bulk and grain boundary conductivities were
analyzed using equivalent circuits with blocking electrodes. Details of
the equivalent circuit fitting can be found in the Supplemental Infor-
mation Fig. S1, and the analysis was based on the literature [46]. The
bulk conductivity (opyix) and total conductivity (c¢otal) of the LLNOF, the
latter of which includes the bulk and grain boundary conductivities, are
plotted in Fig. 1(b). The activation energy E, was calculated using the
Arrhenius Eq. (1):

aT:Aexp<kaa ) (@)
B

where T is the absolute temperature, A is the preexponential factor, and
kg is Boltzmann’s constant. At 300 K, the opyk and 6ota1 of the LLNOF are
4.2x10°3Scem tand 2.4 x 1073 S em ™}, respectively, which is in good
agreement with previously published measurements. [1] The bulk E,,
which varies at approximately 200 K, is 0.14 eV and 0.22 eV at high and
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Fig. 1. Ionic conductivity of LLNOF. (a) Frequency and temperature dependence of the real part of the complex conductivity spectra, and (b) Arrhenius plot of the
bulk (opui) and total (6yoa1) conductivities. The dotted lines represent fits according to Eq. (1).

low temperatures, respectively. It is worth noting that such non-
Arrhenius behavior of ionic conductivity has been reported for a vari-
ety of materials [46] including LLTO [47-49], LLZTO [50] and
Li;0GeP2S12. [51,52] The E, of total conductivity is 0.26 eV; the higher
E, is due to grain boundary resistance. The LLNOF maintains high ionic
conductivity at low temperatures, with opyk remaining 1.1 x 10°%s
cm ™! even at 240 K.

3.2. ’Li PFG-NMR

Measuring the ’Li diffusion coefficient in the LLNOF using PFG-NMR
provide direct evidence of its performance as a Li* ion conductor. Fig. 2
(a) shows the stimulated echo pulse sequence used in this study. [53] In
the case of three-dimensional diffusion, the attenuation of the echo
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signal (Egif) can be represented by the Stejskal-Tanner Eq. (2): [54]

a-3)]

where Egjft is the echo signal intensity, Dy is the diffusion coefficient, y
is the gyromagnetic ratio, g and § are the strength and width of the
magnetic field gradient pulse, respectively, and 4 is the diffusion time.
An attenuation plot of the echo signal in LLNOF from 233 K to 393 K
(Fig. 2(b)) is linear, suggesting 3-D diffusion, as predicted from the
crystal structure. A slight deviation from linearity is observed at 393 K,
suggesting a slow diffusion component, likely owing to sample in-
homogeneity or excess LiF at the grain boundary. [1]

Polycrystalline solid electrolytes involve bulk and grain boundaries,
which may restrict the diffusion of Li* ions, resulting in anomalous
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Fig. 2. PFG-NMR measurements of LLNOF: (a) stimulated echo pulse sequence, (b) echo attenuation plot at A = 100 ms, (c) Arrhenius plot of diffusion coefficient
comparing Dyyr and D,. The local diffusion coefficient (Djocq) obtained from the relaxation time T; analysis is also shown.
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diffusion, such as A-dependent behavior [55]. More recently, Hayamizu
et al. reported that PFG-NMR of solid electrolytes give different results
when § is fixed and g is varied (g-array), and when g is fixed and § is
varied (§-array). [37,56] To clarify this point, we compared g-array and
S-array measurements of LLNOF polycrystals at 393 K and 303 K. The
results are shown in Supplementary Information, Fig. S2. The results
demonstrate that the g-array and §-array measurements give equivalent
effect on the echo attenuation, consistent with Eq. (2) and our previous
paper on perovskite-type LLTO. [36] In other words, the anomalies
regarding g-array and S-array measurements are not observed. The
anomalous echo attenuation behavior has been reported in the region of
A less than 30 ms. [37,56] In contrast, when 4 is greater than 50 ms, the
Dymr is constant and there is no anomalous behavior. In this study, the
Dnmr results are based on 4 = 100 ms. At this long A, there may be no
anomalous behavior, and so there will be no inconsistency with previous
studies.

The diffusion time dependence is shown in Fig. S3. The Dyyr values
are slightly smaller where A is large, indicating the weak A-dependence
of LLNOF. Estimating the diffusion distance, L = 2v/Dnur4, it ranges
from 0.8 to 2.7 pm at 393 K. Since L is smaller than the grain size of
LLNOF polycrystals (>10 pm), Dymr corresponds to bulk diffusion. The
weak A dependence may be due to restricted diffusion [57] by grain
boundaries. Experimental errors in PFG-NMR (eddy current effects after
strong field gradient pulses) may affect the results in the region where A
is small (especially less than 10 ms), thus the experimental results in
Fig. 2(c) are obtained with A = 100 ms. The A dependence of Dyyr at A
< 30 ms is different behavior from that reported in literature. [37,56]
The underlying cause remains unclear; however, it is hypothesized that
the new generation PFG probe utilized (NM200012, JEOL, Japan) may
be impeding the occurrence of eddy currents. In the future, static mag-
netic field gradients may be used to accurately evaluate Dyyr in regions
where A is small. This is because the static magnetic field gradients do
not generate eddy currents. Vyalikh et al. measured long-range diffusion
coefficients D using a static field gradient with a stimulated echo pulse
sequence ("Li field-gradient diffusometry). [58] They measured echo
attenuation with a mixing time range of 100 ps to 10 ms at 400 K. They
reported that the echo attenuation of Lij sAly5Ge; 5(PO4)3 with Y203
can be described by free diffusion with a constant diffusion coefficient.
[58]

In the Arrhenius plot of the Dyyr obtained from Eq. (2) (Fig. 2(c)),
Dymr shows linear behavior across the entire measured temperature
range of 223-673 K. The Dy is 3.9 x 1078 cm?s~! at 300 K, while E,
and Dy, obtained by fitting the Arrhenius equation (D =
Doexp( — E, /kgT)), are 0.13 eV and 5.9 x 107 ecm?s™!, respectively.
The Nernst-Einstein equation [12] describes the relationship between
ionic conductivity and the diffusion coefficient. The conductivity
diffusion coefficient (D,) is derived from the bulk ionic conductivity via
the Nernst-Einstein Eq. (3):

ke T
— S0
n(ze)

3

where n is the carrier number density, z is the valence, and e is the
elementary charge. Assuming that all Li" ions in Lij s5Lag sgNboOgF are
mobile, the lattice constant is 1.044 nm; thus, n is 8.8 x 10%! cm 3. The
calculated D, (bulk) of LLNOF is shown in Fig. 2(c); thus D, > Dyug.
The Haven ratio (Hg = Dnmr /D,), which is affected by the number of
carriers and the correlation effect, is 0.41-0.67. Assuming that all Li*
ions are mobile and F~ ions are immobile, the observed decrease in Hg
cannot be explained by the number of carriers. The mean square
displacement of the ions gives the tracer diffusion coefficient (approxi-
mately equal to the Dyyg), while the center of mass of the tracer ions
gives D,. [59] This difference is the result of correlation effect. In the
LLNOF, high Li occupancy at A sites suggests that the Li" ions are
strongly correlated. Ab initio molecular dynamics calculations also
showed that the Li* ions exhibited a high degree of concerted motion.
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[44] This suggests that D, > Dyyg is a consequence of the correlation
effect.

Since the activation energy (E,) of D, is 0.14 eV and that of Dy is
0.13 eV, the values of D; and Dyvr approach each other on the low
temperature. The reason for the difference in E, of D, and Dyyr remains
unclear; however, it may be related to the detection of 7Li in the fast-
diffusing phase by PFG-NMR, while the impedance spectroscopy mea-
sures the averaged diffusion. Another reason could be the change in the
Haven ratio. A similar transition in the Haven ratio in single crystal
B-alumina [60] was explained by a change in the correlation effect [61]
or the order—disorder transition [62].

The width of the static “Li NMR spectra of LLNOF is narrowed owing
to the rapid motion of Li* ions (Fig. 3(a)). The full width at half
maximum (FWHM) at 393 K and 223 K is 370 Hz and 451 Hz, respec-
tively. One of the outstanding features of pyrochlore-type LLNOF is its
low E,. Even at 233 K, the Dyyr remains as high as 8 x 10° ecm?s L
Therefore, the relatively low line width at 223 K is due to motional
narrowing of Li" ions. Typical Li-ion conducting oxides have a width of
several kHz at sufficiently low temperatures due to ’Li—’Li dipolar in-
teractions between distributed Li* ions [63,64]. Since the distance be-
tween the A-sites of LLNOF is 3.7 x 1071% m, it is expected that the line
width would increase if measurements can be made at even lower
temperatures.

Fig. 3(b) shows the temperature dependence of the longitudinal
relaxation time T; of ’Li, in which the solid line is the fit obtained by the
Bloembergen-Purcell-Pound (BPP) model [65]. The correlation time 7.
is obtained at the T; minimum. As a result of the two resonance fre-
quencies, two T; minima are present, with respective temperatures and
e values of T= 319K, 7o = 5.1 x 1071%5 (194 MHz) and T = 298 K, 7. =
6.3 x 107195 (155 MHz). These values are obtained by the BPP model.
The local diffusion coefficient Djoca can be estimated using Einstein-
—Smoluchowski equation, Djgca) = 1?/61., where [ is the hopping dis-
tance. Assuming that [ is the distance between A sites (3.69 x 10710 m),
the Dioca1is 4.3 x 1077 em?s ' at 313K and 3.4 x 1077 em? s~ at 293 K,
which is larger than the Dyyg (5.1 x 108 em?s ! at 313 K) derived from
PFG-NMR as shown in Fig. 2(c), suggesting fast local Li" ion motion. The
apparent activation energy for 7. obtained by T fitting is 0.09 eV, likely
owing to the correlation time distribution [66]. A modified BPP model is
often used when the Ty minimum is asymmetric on both sides [67]. The
analysis using the modified BPP model is shown in Supporting Infor-
mation, Fig. S4. The results show the E, = 0.15 eV for 7. and the f =1.2.
The E, for the modified BPP model is found to be close to that of the D,
and Dyymg. The Djgcq1 obtained from the modified BPP model at the T;
minima are also shown in Fig. 2(c). The values align more closely with
the Dyyr. The 7. of the modified BPP model is strongly influenced by the
T, behavior on the high-temperature side. Thus, it is sensitive to Li* ion
jump processes on a rather longer length scale [66]. This may explain
why it is close to the long-range diffusion parameter.

3.3. 1°F MAS-NMR

The local environment of fluorine in LLNOF was examined using ‘°F
MAS-NMR spectroscopy (Fig. 4). The main peaks and spinning side-
bands are indicated by arrows and asterisks, respectively. A maximum
peak is observed at —78 ppm with a shoulder at —58 ppm, which is
consistent with the spectra reported by Galven et al. and are attributed
to FLisLa and FLi;La[], respectively. [4] A small peak with a narrow
linewidth was observed at —201 ppm, which is attributed to excess LiF.
The '°F NMR spectrum is broad in the absence of MAS rotation, con-
firming that F~ ions are immobile, and thus Li* is the sole diffusing
species.

DFT calculations were performed to elucidate the '°F NMR spectra.
The '°F NMR chemical shifts of 17 compounds were calculated and
validated by comparison to the experimentally measured values. [68]
The experimental and calculated values are in good agreement, con-
firming the validity of the calculations (Supplementary Information,
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Fig. 4. '°F MAS-NMR spectrum of LLNOF. The MAS rotation frequency is 60
kHz and the resonance frequency of '°F is 753 MHz. Spinning sidebands are
denoted by asterisks. The peaks at —78 ppm and —58 ppm are attributed to
FLizLa and FLijLa[], respectively. Inset: schematic of Li (green), La (red), and
vacancies (squares) around '°F (gray). The peak at —201 ppm is attributed to
LiF. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. S5). A representative sampled F-environment taken from the lowest
total-energy DFT structure with a Lip;LagNb32096F16
(Lij 3125La0.5625Nb206F) supercell is shown in Fig. S6. The Lip;LagN-
b32096F16 model described in detail in a separate paper [44], contains
16 fluorine atoms classified according to the number of Li, La, and []
occupying the four coordination positions (Table 1). The FLigLa type is
the most common fluorine position, accounting for 9 out of the 16 F
atoms in the structure. The estimated °F chemical shift of FLisLa ranges
from —26.8 to —88.4 ppm. Three fluorine positions with chemical shifts

Table 1
Calculated '°F chemical shifts of LLNOF. The F sites are classified according to
the number of Li, La, and [] in the surrounding four coordination sites.

19F site Calculated &5, (ppm) Number

FLi4 —215.9 1

FLizLa —59.0, —26.8, —70.9, —79.3, —88.4, —88.0, —43.8, —33.5, 9
—38.7

FLiyLa[] —20.4, —24.3, —-31.9 3

FLisLay 11.3,10.7 2

FLiLay[] 46.3 1

ranging from —20.4 to —31.9 ppm correspond to FLisLa[]. The wide
range of chemical shifts arises from the distribution of bond distances
and angles. The FLipLay and FLiLag[ ] show peak positions between 10.7
and 46.3 ppm, which is consistent with earlier studies. [4] However, in
the present study, the peaks overlapped with the spinning sidebands.
The expected FLi4 peak position —215.9 ppm overlaps with that of the
LiF peak.

The calculated and experimentally measured °F chemical shifts
showed consistent qualitative trends: however, the experimental mea-
surements show less extensive peak broadening, particularly in the case
of the FLisLa peak. Additionally, a discrepancy in the chemical shift of
the FLipLa[] peak was observed. Although the DFT model structure was
optimized at 0 K, the experiments were performed at room temperature,
which enabled Li* and vacancy migration. The narrower NMR peak may
present the averaging of the °F environment owing to the rapid
migration of Li* ions and vacancies. All A sites in FLisLa are occupied by
Li and La, indicating that there are no vacancies. Based on vacancy
diffusion kinetics, LiT ions cannot move if all A sites are occupied:
however, the '°F chemical shifts in the spectrum of FLisLa are averaged.
Therefore, the Li* ions in FLi3La must be migrating. Furthermore, uni-
fication due to the chemical exchange of vacancies between FLisLa and
FLio[La is not observed. The Li* ions can also occupy the metastable
interstitial site (“LiOgF” site), which would increase the number of va-
cancies, allowing Li* ions to migrate to vacancies, which would result in
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the averaging of the !°F environment observed in the °F spectra.
Indeed, bond valence sums and DFT calculations indicate that Li* ions
migrate between A-sites via the LiOgF position. [1,44] We therefore
conclude that the averaged '°F chemical shift originates from the
average position of the Li™ ions disordered by this mechanism.

3.4. Variable-temperature XRD

The origin of the non-Arrhenius behavior observed in LLNOF was
investigated using variable-temperature XRD. The XRD pattern of the
powder sample at temperatures ranging from 10 to 300 K indicates that
the main component is LLNOF (Fig. 5(a)). The results of the Rietveld
refinement of the LLNOF are shown in the Supplementary Information
(Fig. S7 and Table S1). The pyrochlore structure is maintained over the
entire temperature range; however, slight changes in the lattice con-
stants are observed (Fig. 5(b)). From 10 to 200 K, the lattice constant
decreases and shows a negative thermal expansion, whereas above 200
K, the lattice constant increases with temperature.

Various other ionic conductors, including p-eucryptite (LiAlSiOy),
NaZry(PO4)3 and p-Agl, also exhibit negative thermal expansion. [69]
That of p-eucryptite is caused by a change in the occupied Li* ion sites
and their disordering. [70] Ionic conduction in p-AglI occurs via Frenkel
defects and the negative thermal expansion is caused by the effect of the
attraction of atoms surrounding interstitial ions. [71] The flexible
network responsible for the negative thermal expansion generally con-
sists of rigid units formed by strong covalent bonds that do not undergo
thermal expansion, flexible linkages that connect them and can vibrate,
and open spaces within the crystal lattice. [69] The negative thermal
expansion of LLNOF is a consequence of its pyrochlore structure, in
which flexible linkages enable the displacement of Li* and F~ ions in the
open spaces between rigid NbOg octahedra with strong covalent bonds.

Above 200 K, LLNOF exhibits normal thermal expansion, and the Li*
ions gradually occupy an increasing number of metastable positions
with increasing temperature. The change in the thermal expansion
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Fig. 5. Variable-temperature XRD pattern of LLNOF. (a) the pyrochlore struc-
ture remains unchanged between 10 K and 300 K. (b) Temperature dependence
of lattice parameter a of LLNOF. Negative and normal thermal expansion is
observed from 10 K to 200 K, and from 200 K to 300 K, respectively.
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coefficient is attributed to the disordering of Li* ions at the A site and
interstitial (LiOgF) sites. Furthermore, the change in E, of diffusion is
observed at approximately 200 K (Fig. 1). Changes in the E, of diffusion
have been observed when order—disorder transitions occur in alloys [72]
and fast ionic conductors. [73,74] For example, the change in activation
energy in RbAgyls was explained by the many-body theory and inter-
action among the mobile Ag™ ions. [75] Based on the similarity between
these materials, we conclude that an order—disorder transition can occur
in LLNOF owing to the change in the configuration of Li* ions. Further
studies are required to confirm the position of Li" ions because no
structural information is currently available from neutron diffraction
experiments. Specific heat measurements are also important to investi-
gate the specific heat anomaly in the order—disorder transition.

Fig. 6 compares the diffusion coefficients (Dyvgr and D,) of pyro-
chlore LLNOF, perovskite LLTO [36], and single-crystal garnet LLZTO.
[20] At 298 K, LLNOF has the highest ionic conductivity (4 x 10738
em™) owing to its large Dywvg, small Hg, and high Li concentration.
LLNOF also has advantages over the other materials in low-temperature
applications owing to its low activation energy. LLTO exhibits a large
Dynmr, comparable to that observed in LLNOF at 298 K. Nevertheless, the
low Li concentration and Hg of nearly 1 in the case of LLTO restrict its
ionic conductivity to 7 x 10~* S cm™!. In the high-temperature region
above 333 K, LLTO has the highest diffusion coefficient. The Dyyg of the
single-crystal LLZTO is one order of magnitude smaller at 298 K. The
ionic conductivity of LLZTO (7 x 1074Sem™ D is comparable to that of
LLTO owing to its high Li concentration and low Hg.

4. Conclusion

Fast lithium diffusion is demonstrated in the pyrochlore-type oxy-
fluoride solid electrolyte, Lij asLag 5gNboOgF. The high ionic conduc-
tivity of LLNOF is attributed to its high diffusion coefficient, high carrier
concentration, and low Haven ratio. The activation energy of the ionic
conductivity changes from 0.24 eV to 0.14 eV as the temperature in-
creases beyond 200 K. This corresponds to the anormal change in the
lattice constant detected by XRD, suggesting an order—disorder transi-
tion of Li* ions. The chemical shifts in °F MAS NMR can be explained by
the number of La, Li, and vacancies around the fluorine atoms; however,
the shifts are averaged by the migration of Li* ions. These findings will
facilitate the development of novel materials that utilize the fast diffu-
sion of pyrochlore structures and are expected to have applications in
future solid-state batteries.
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Fig. 6. Comparison of the diffusion coefficients of LLNOF with those of other
oxide solid electrolytes, including polycrystalline pyrochlore-type LLNOF,
polycrystalline perovskite-type LLTO [36], and single-crystal garnet-type
LLZTO [20].
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