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ARTICLE INFO ABSTRACT

The visualization of atomic or ionic jump processes on the Angstrom length scale is important to identify the
NMR preferred diffusion pathways in solid electrolytes for energy storage devices. Two-dimensional high-resolution
Self-diffusion SLi nuclear magnetic resonance (NMR) spectroscopy is highly suited to yield unprecedented site-specific insights
Cathode materials . ot c1e . i . . .
Exchange processes into local Li™ exchange pr?cessgs w%thln a. smgle'measurement. .Here, the bvia—modlﬁc-atlon 'of LigVFg 1§ used as a
model system for such an investigation as it provides a range of important Li" geometric environments in one and
the same crystal structure useful to elucidate qualitatively a ranking of energetic preferences of the Li* exchange
processes. In LizVFg the Li' ions are subject to diffusive exchange processes among five crystallographically and
magnetically inequivalent Li sites: LiF, (n = 6, 4). By using a sample with a natural concentration of the °Li
isotope, we suppressed unwanted spin-diffusion processes and visualized the various exchange processes on the
ms time scale. We were able to verify the following ranking experimentally: Li* ion jumps between face-shared
polyhedra are preferred, followed by Li" exchange between edge-shared configurations for which interstitial
sites are needed to jump from site to site. Surprisingly, Li" exchange between corner-shared polyhedra and Li*
hopping involving almost isolated LiF,4 polyhedra do contribute to overall Li* self-diffusion as well. In this sense,
the current study experimentally verifies current predictions by theory but also extends our understanding of ion
dynamics between corner-shared Li-bearing polyhedra.

Keywords:

1. Introduction

The site-specific characterization of Li* jump processes in solids
increasingly gains in importance to understand the conduction mecha-
nisms of ceramic electrolytes and active materials for lithium-based
batteries [1-6]. Probing the energetic preferences of the mobile ions
while diffusing through a given crystal lattice with suitable experiments
will help us verifying atomic-scale predictions from theory [3,4,7]. Such
knowledge is ultimately needed to identify the most suitable electrolytes
and to set up the right design rules [3,4,8] to prepare active materials
with tailored diffusion properties.

For this purpose, we have chosen a cathode material, namely beta-
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LigVFg [9], that comprises several important LiF, (n = 4, 6) polyhedra
connections useful to establish a ranking of the energetically favored
jump processes. In the beta-modification of LisVFg (crystallizing with
C2/c symmetry, beta-Li3AlF¢-type, see Fig. 1) the Li™ ions occupy five
crystallographically and magnetically inequivalent sites. It serves as an
excellent model system as it provides all important Li* geometric en-
vironments in one and the same crystal structure. Jumping of the ions
among these sites, and in the presence of an external magnetic field, is
probed by taking advantage of the hyperfine (Fermi contact) in-
teractions of the magnetic moments of the °Li™ nuclei (spin-quantum
number I = 1) with local magnetic fields in the monoclinic vanadium
fluoride. °Li MAS NMR, see refs. [10,11] for a general overview, has
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extensively been used by Grey and co-workers as well as by Delmas and
co-workers to study local environments of Li ions in paramagnetic
cathode materials [12-20]. These earlier studies, see, e.g., refs. [14,18,
20,21], in particular, do also entail detailed information about the basics
behind 2D NMR and hyperfine interactions.

Here, we used a sample with natural 61i abundance (7.5%). In this
sample, °Li dilution eliminates interfering ®Li-®Li spin-diffusion effects
and, thus, gives access to undisturbed 2D high-resolution °Li exchange
nuclear magnetic resonance (NMR) spectra [17,21-32]. In the same way,
one could have used a "Li diluted sample, see, e.g., similar studies by
Kroeker et al. [33]. These ®Li 2D NMR spectra, together with the cor-
responding 1D NMR data, provided direct insights into the relevant
jump mechanisms. In agreement with predictions from theory [3], Li*
jumps between face-shared geometries are energetically favored against
those between edge-shared polyhedra involving temporarily occupied
tetrahedral interstitial sites. Li" ions located in tetrahedral polyhedra do
take part in overall self-diffusion to a much lesser extent.

2. Experimental

The polycrystalline LizVFg sample was prepared by a sol-gel route
involving annealing steps at high temperatures (600 °C). Slow cooling to
room temperature resulted in the phase pure monoclinic phase of
LigVFs; details on sample preparation, the precursors used and charac-
terization by means of X-ray powder diffraction are given elsewhere
[34].

To record °Li and "Li NMR spectra the powder sample was packed in
1.3-mm rotors. Spectra were recorded with a Bruker MAS probe and an
Avance III spectrometer operating at 14.1 T yielding resonance fre-
quencies of 88 MHz (°Li) and 233 MHz ("Li). LiCl (agq, 1 M; O ppm)
served as reference to determine NMR chemical shifts. The rotor spin-
ning speed was 60 kHz, pulse lengths ranged from 2 to 2.5 ps slightly
depending on temperature. While 1D NMR spectra were acquired with a
single 90° pulse sequence, we used the well-known NOESY (nuclear
Overhauser and exchange spectroscopy) pulse sequence to record 2D
spectra at different mixing times, see also ref. [24]. 1D spectra were
recorded at temperatures ranging from 289 K to 400 K, while 2D ex-
change spectra have solely been recorded at 338 K. The temperature was
adjusted with heated bearing gas and type-T thermocouples near the
rotor. Rotation synchronized acquisition was performed in both F2 and
F1 directions; states-TPPI (time-proportional phase incrementation) for
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quadrature detection in F1 and phase correction in F1 direction were
employed. The recycle delay between each scan was at least 5T; with T;
being the corresponding Li NMR spin-lattice relaxation time. The rates
1/T, were determined using the inversion recovery pulse sequence [35].

3. Results

Fig. 1 shows the monoclinic crystal structure of LigVFg with its five
magnetically (and crystallogrpahically) inequivalent Li sites Lil, Li2,
Li3, Li4, and Li5 [34]. Li2 is tetrahedrally coordinated by four F anions;
the other Li ions reside in slightly distorted octahedral voids LiF,_¢. The
5 individual sites are fully occupied by Li*. According to the number of
the available sites, we expect that the area under the NMR signal for Lil
(Wyckoff position 4e) is half of that of any of the other lines for which we
expect the same area (or intensity). Indeed, the 1D Li MAS NMR
spectrum recorded at room temperature (see Fig. 2) reveals an area ratio
of ca. 0.5:1:1:1:1 as expected from the number of available Li sites.
Hence, we can already conclude that the signal (E) shifted downfield
strongest and appearing at 83(2) ppm reflects the Lil site. This site
shares a common edge with the Li4 octahedron and, thus, we expect
facile exchange processes between Lil and Li4 through the temporary
occupation of the tetrahedral void connection the two polyhedra by face
sharing, see Fig. la.

Considering the five distinct lines in °Li NMR, we see that they shift
linearly with the inverse temperature 1/T towards higher ppm values,
see the inset in Fig. 2b. This upfield shift is ascribed to Curie-Weiss
behavior [36] of the bulk magnetic susceptibility being affected by
thermal fluctuations of the spin moments. The largest shift is seen for
signal E, that is, for the Li site, reflecting the nucleus subjected to the
largest hyperfine interaction. We assume that Curie-Weiss susceptibility
dominates these °Li NMR shifts over other contributions such as van
Vleck susceptibility and/or Pauli paramagnetism for which temperature
independent NMR lines are expected. The same holds for the effect of
any diamagnetic susceptibilities on the NMR lines.

In order to assign also the remaining four NMR lines to the available
crystallographic Li positions, we qualitatively estimated the extent of
electron spin density transfer from the octahedral V3* centers (with two
unpaired electrons) to the octahedrally coordinated Li nuclei [12,14,18,
20,26]. Thus, the following analysis does not include the tetrahedral Li2
site; this site is discussed separately (see below). In the case of Li3VFg, we
deal with a t%geg configuration of the octahedral crystal field splitting,
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Fig. 1. (a) Crystal structure of monoclinic Li3VFg with the five distinct Li ions highlighted. V occupies the positions V1(4a) and V2(8f). Altogether the structure is
composed of nine different F anions Fk, with k = 1..9. Arrows indicate the jump processes as seen by 2D °Li NMR. (b) The individual Li sites and their connections (c:

corner sharing, e: edge sharing) to the neighboring VF¢ octahedra.
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Fig. 2. (a) The relevant mechanisms of positive (delocalization) and negative (polarization) spin density transfer for octahedrally coordinated V3t with tﬁgeg
configuration. (b) °Li MAS NMR spectra of LizVFe recorded at 60 kHz spinning speed and at the temperatures indicated. Hardly no diamagnetic impurity is seen
around 0 ppm. Note that the spectra recorded at 373 K and 400 K were acquired at a spinning speed of only 15 kHz. Effectively all signals are shifted downfield
because of Fermi contact hyperfine interactions through the transfer of positive spin density from V3*. The Curie-Weiss temperature behavior of the NMR positions on
the ppm scale is shown in the inset. At T > 373 K a coalesced line emerges, which is marked by a circle. This coalescence effect leads to a significant reduction of the

signals E and A.

which gives rise to the two transfer mechanisms [24,26] depicted in
Fig. 2a. It is either possible to transfer spin density via the delocalization
mechanism (upper illustration) or the polarization mechanism (illus-
tration at the bottom). In the case of the rather strong delocalization
mechanism, positive spin density is either transferred directly or via
effective orbital overlap involving the p-orbitals of the F anions. The
latter requires a V-F-Li angle of 90°. If this geometric configuration is
fulfilled, we expect the corresponding °Li and “Li NMR signals to be
shifted toward positive ppm values. An opposite, but weaker, shift is
possible via the 180° orbital interaction, polarizing the orbitals linearly
connecting the three atoms. Hence, a proper assignment might be
possible by taking into account bond distances, considering the number
of V centers in the direct neighborhood of the Li nuclei and by analyzing
the V-F-Li bond angles for the five Li sites in LigVFe.

Our geometric analysis, using the Li environments shown in Fig. 1b,
resulted in the following assignment. Starting with Lil in LilF¢ we
notice that this octahedron is connected to two VFg polyhedra by edge
sharing (e) and to two other VFg octahedra by corner sharing (c). Ac-
cording to the delocalization mechanism, we have four Li-V-F angles
that are close to 90°; two of them amount to 96°. The corresponding
angles with the edge-sharing VF,_¢ polyhedra strongly deviate from
180° and amount to ca. 130°. These angles are listed in Table 1 for all Li
sites. Disregarding the assignment of Lil already given above for a
while, solely the fact that four 90° angles determine the Fermi-contact
interactions of Lil leads us to the assumption that this Li spin pro-
duces an NMR signal with a large positive shift on the ppm scale.
Therefore, it is either responsible for the NMR line labeled D or for the
line labeled E in Fig. 2b. This assignment is based merely on the fact that
the other LiF, polyhedra are characterized by not more than one or two
of such beneficial configurations with angles ranging from 92° to ca.
95°, see Table 1. It fully agrees with the structural considerations
mentioned above, which already identified Lil to reflect the NMR signal

Table 1

Li-F-V angles characterizing the geometric connection of the Li octahedral sites
with the VF,_g polyhedra. (e) denotes connection via common edges and (c)
means that the two polyhedra are connected by sharing common corners. Angles
written in bold are close to 90° being the optimal angle to enable effective
transfer of positive spin density via the delocalization mechanism. No angles
close to 180° describe the situation in monoclinic Li3VFg.

Li site Li-F-V angle / ©

Lil (E) Li1-F6-V1(e)-F9-Lil Lil-F6-V1(e)-F9-Lil F1-V2(c) F1-V2(c)
Lil-F-V 98.200 96.287 98.200 96.287 129.591 129.591
Li2 F6-V1(c) F4-V2(c) F8-V2(c) F8-V2(c) - -

Li2-F-V 118.983 124.695 125.208 129.151

Li3 F5-V1(c) F2-V2(c) Li3-F1-V2(e)-F4-Li3 Li3-F2-V2(e)-F7-Li3
Li3-F-V 126.928 160.704 103.605 92.079 106.394 93.488
Li4 (A) Li4-F5-V1(e)-F6-Li4 F1-V2(c) F3-V2(c) F7-V2(c) F7-V2(c)
Li4-F-V 94.845 100.028 131.914 129.776 130.270 134.135
Li5 F5-V1(c) F9-V1(c) Li5-F2-V2(e)-F3-Li5 Li5-F4-V2(e)-F8-Li5
Li5-F-V 124.306 133.026 92.174 104.751 110.04 92.565

E. In excellent agreement with the results in Fig. 2b (see inset), the NMR
line shift of signal E shows the strongest dependence on temperature.
Li2 takes a special position as it is coordinated not by six but only by
four F anions. In such a case, positive spin density could be transferred
from the VFg center via a V-F-Li geometry that is characterized by an
angle of slightly more than 120°. One might assume transfer of electron
spin density from the tpg orbital via the p orbitals of F according to a
delocalization mechanism. Carlier et al. [18] described such a mecha-
nism for electron spins in the e; orbital rather than in ty4 transferring
positive polarization to Li in a tetrahedral coordination. We think that
the Li2-F-V angles of Table 1, turning out to be slightly larger than 120°,
do indeed lead to a noticeable transfer of positive spin density. We as-
sume, however, this transfer to be weaker than that governing the shift
of the Lil line (see above). Hence, also Li" on the Li2 sites should
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produce an NMR line shifted toward relatively large ppm values.
However, considering the rather strong polarization transfer through the
four 90° interactions characterizing LilF,_¢ and the fact that there are
less Lil ions than Li2 ions in one formula unit Li3VF¢, the NMR signal E,
with the lowest intensity, is undoubtedly assigned to Lil. Li2 seems to
give rise, on the other hand, to signal D, as will be explained below.

From the remaining LiF, polyhedra (Li3Fg, Li4F¢, Li5Fg), the one of
Li4 has only a single geometric possibility to receive positive spin po-
larization, see the Li4-F-V angle of ca. 95° in Table 1. This situation is in
contrast to the geometries of Li3 and Li5 sharing common edges with
two VFg units. The Li site Li4 is, therefore, assigned to the NMR line with
the weakest shift appearing at 35(2) ppm and labeled A in Fig. 2b. For
Li3 and Li5, the assignment, solely using bond angles and transfer
mechanisms, remains, however, unclear so far.

Hence, to present a complete assignment, we carried out 2D ’Li and
6Li MAS NMR to visualize which Li sites are able to exchange Li* ions.
The corresponding contour “Li and ®Li NMR plots recorded at varying
mixing times are shown in Fig. 3 and Fig. 4. Attempts to use the “Li
nucleus for this purpose failed as the strong dipolar interactions in a
sample with natural “Li abundance yield off-diagonal intensities that
reflect spin-diffusion rather than particle diffusion. These intensities are
seen in the contour plots of Fig. 3; the 2D spectra were recorded at
mixing times of 3 ms and 12 ms, respectively. Even at a rather short
mixing time of only 3 ms we cannot suppress the detrimental influence
of (spectral) spin diffusion in frequency space [37].

Fortunately, switching to the spatially diluted °Li nucleus [33],
possessing a by a factor of 1/50 lower quadrupole moment and exposed
too much weaker dipole-dipole interactions, the picture completely
changes. In ®Li NMR, spin diffusion artifacts, which mainly affected the
three closely spaced NMR lines around 55 ppm, fully disappeared at 12
ms (see Fig. 4). This circumstance enabled us to study the Li" ion ex-
change processes in detail, free of any detrimental influences.

At short mixing times, we see a pronounced Li exchange process that
involves the lines A and B (Fig. 4a). Line A has been assigned to Li4,
whose F anion polyhedron shares a common face with the Li3F¢ poly-
hedra. Here, we remember that Li4 and Li3 are the only Li sites that are
connected by face sharing; the interatomic distance is only 2.8 A.
Therefore, the most prominent exchange process seen in 2D Li MAS
NMR is ascribed to jumping of Li" between these two positions which
leads us to the conclusion that line B represents Li™ on Li3.

The second exchange process concerns the signals E and A. With the
sites assigned above, the corresponding off-diagonal intensities mirror
Lil-Li4 exchange processes. Indeed, the polyhedra LilF¢ and Li4Fg are
neighbors connected by sharing a joint edge. The tetrahedral void be-
tween the two polyhedra is used as a transition site (i10) to jump from
Lil to Li4 (distance ca. 3.1 f\) and vice versa.

(@ 7Li NMR
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50

ppm

60

/ 70

80 70 60 50 40 30
ppm

mixing time: 3 ms

80

Materials Research Bulletin 162 (2023) 112193

Knowing that Li3 is reflected by line B, we ascribe the B-C exchange
process seen to hopping processes between Li3Fg and Li5Fg connected to
each other by sharing common edges with i5 being the tetrahedral void
in between. Hence, signal C reflects the Li5 ions.

The cross peaks connecting the lines A (Li4) and C (Li5) reflect
another prominent exchange process. Although the Li4Fg polyhedron
does not share a joint edge with Li5Fp, there is relatively large interstitial
space (see il in Fig. 5a) connecting these two polyhedra. Note that in
another configuration the distance between Li3 and Li5 is only 3.3 A
which also allows for appreciable exchange processes via interstitial
space. Li4-Li5 exchange is possible involving essentially two pathways
viz. using the interstitial sites i1, i3 and i7, see also Fig. 5.

Although there is no edge-sharing connection between Li2F, and
Li5F¢, the arrangement of the two almost isolated Li2F, tetrahedra
suggests to some extent Li5-Li2 exchange processes. Additional path-
ways involving Li2 are indicated in Fig. 5 as well and will be discussed
below. Assigning Li2 to signal D would be not in contradiction to the
estimations from the bond angle analysis discussed above. NMR tells us
that any further exchange processes, particularly those involving Li2,
seem to be energetically less favored in LigVFe. This statement is further
corroborated by considering the °Li MAS NMR spectra recorded at 373 K
and 400 K, as presented in Fig. 2b. They reveal that line D (Li2) is hin-
dered in contributing to a coalesced signal that emerges at temperatures
higher than 373 K. This coalesced signal, marked in Fig. 2b with a circle,
is best seen at 400 K. It is mainly involving the lines A and E (most likely
also B), as is fully in line with 6Li 2D NMR (see Fig. 4b).

To prove the above-mentioned assignment further, we looked at all
connectivities of the polyhedra, either via face, edge or corner sharing,
and the number of Li neighbors, see Table 2. We infer from Table 2 that
apart from the direct Li" exchange via face sharing of Li3Fg and Li4Fg
(see the last column), Li3Fs is connected to two Li5F¢ polyhedra by
sharing common edges and to another Li3Fg polyhedra by sharing a joint
edge. The latter would give rise to a broadening of the diagonal NMR
intensities, which is, however, hardly seen in our NMR plots. For one of
the two tetrahedral sites, connecting one Li3F¢ octahedral with another
Li5F¢ octahedral by face sharing, we expect Li*-V3" repulsive in-
teractions if Li* temporarily occupies the tetrahedral void reducing the
probability of Li5-Li3 exchange somewhat. Only for the second pathway,
no such interaction is expected. Altogether, repulsive Li*-V3* in-
teractions might serve as an argument for the rather weak B-C cross
peaks in Fig. 4b. For the geometrically similar configuration Lil-Li4, no
such direct repulsion is expected.

In summary, considering especially Table 2, jumps between Li3 and
Li4 as well as between Li4 and Lil enable the Li ions to move over long
distances taking, most likely, also advantage from exchange processes
between Li3 and Li5. The Lil-(Li4-Li3)f,ce-Li5 pathway leads to 3D Li™

< - |
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Fig. 3. 2D 7Li (I = 3/2) MAS NMR spectra (233 MHz, 338 K) of Li3VF¢ recorded at mixing times of 3 ms (a) and 12 ms (b), respectively. Off-diagonal intensities
represent artifacts, most likely because of dipolarly coupled ’Li spins leading to spectral spin diffusion. These cross-peaks signals are not caused by particle

self-diffusion.



P. Bottke et al.

(@) SLi NMR, 7.5% (b

DCB A Lil

=2}

Materials Research Bulletin 162 (2023) 112193

Fig. 4. 2D SLi (I = 1) MAS NMR spectra (88
MHz, 338 K) of Li3VFg recorded at mixing times
of 12 ms (a) and 40 ms (b), respectively. The
cross peaks connecting the lines A and B reveal

Li2 Li5 Li3
D CB A

30 ppm

33.0—
EoA

Lil & Li4

S

rapid exchange 40

no spin diffusion,
pure Li exchange

49.5—
52.1—

55.7—

50

)

ppm

60

70
73.9——

80

mixing time: 12 ms

facile Li* hopping between the sites Li4 and Li3
whose octahedra are connected by sharing
common faces. Exchange processes between Li4
and Lil as well as between Li4 and Li5 involve
suitable interstitial sites enabling Li* hopping.
As an example, Lil-Li4 and Li3-Li5 hopping
processes involve the tetrahedral interstitial
voids i10 and i5 (see Fig. 1 and Fig. 5),
respectively.
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transport on a macroscopic length scale. Moreover, NMR suggests that
the Li5 ions exchange with those on Li4 via relatively large empty
interstitial voids.

Altogether, this picture is in the most important aspects underpinned
by our softBV analysis [38-40], see Fig. 5, which alternatively does also
point to further diffusion pathways. Apart from Li3-Li4 exchange via
s18, and hopping between Li4 and Lil via i10, we also recognize the
Li3-Li5 exchange process using the interstitial site i5.

As suggested by the isosurfaces drawn in Fig. 5, jumping between Li4
and Li5 is possible via two-step diffusion processes using the pathways
Li4-i3-i7-Li5 and Li4-i9-i11-Li5 suggesting indeed the involvement of
larger interstitial voids as discussed above. Self-exchange processes are
formally possible for Li4 (via i11), Li5 (via i1) and even for Li2 (via i3).

The involvement of Li2 in overall Li* hopping in Li3VFg is also
highlighted in Fig. 5a and Fig. 5b. Several possibilities are suggested,
such as hopping from Li2 to Li4 or Lil using the interstitials i3 (Fig. 5b)
and i2 (Fig. 5a). Jumping from Li2 to Li3 requires two steps: Li2-i2-i6-
Li3. In NMR, we cannot find any strong evidence for such processes
for which the softBV analysis yields activation energies ranging from 0.3

60

50 40 30

ppm

Fig. 5. (a) Estimated results of our softBV
analysis highlighting the interstitial voids con-
necting the regularly occupied Li sites in
monoclinic Li3VFs. Selected pathways are
drawn with solid and dashed lines. Li3-Li4 ex-
change proceeds via the saddle point s18; most
of the activation energies are centered around
0.5 eV. (b) Li2 in tetrahedral F anion coordi-
nation has access to other Li sites via i3, i2, (i3-
i7), (i4-i5), and (i2-i6) able to reach all the
other positions incl. Li2’ (via i3). In 2D NMR,
we are only able to verify exchange between Li2
and Li5, which, most likely, proceeds via (i3-i7,
0.31 eV). Direct jumps Li2-Li5 are to be char-
acterized by a rather high activation energy of
ca. 0.69 eV, see (a).

Li4-i11-Li4'
self exchange

|

0.31eV
0.45 eV
0.30 eV

to 0.46 eV. The pathway Li2-i3-Li4, see Fig. 5b, would suggest to identify
line C in Fig. 4b with Li2 rather than with Li5. Changing the assignment
of Li2 and Li5 would, however, mean that no Li3-Li5 exchange would
take place, as there is no D-B cross peak visible in 2D NMR. Such a
process is, however, likely, as the polyhedra Li5Fg and Li3Fg are con-
nected by sharing common edges, as discussed above, see also Table 2.
Hence, we tend to leave the assignment presented in Fig. 5b as it is, that
is, suggesting two two-step Li4-Li5 (A-C) and Li2-Li5 (C-D) exchange
processes taking place in LigVFg.

Estimated activation energies characterizing the hopping processes
revealed in 2D NMR are included in Fig. 5 as well. We notice that they
range from approximately 0.45 to 0.5 eV, hence they turn out to be
higher than those obtained by ab initio molecular dynamics studies for
LisMFg, M = Al, Ga, Sc (0.23 t0 0.33 eV) [9]. Activation energies ranging
from approximately 0.2 to 0.35 eV have also been found for the alpha
modification of LigVFg by first principle calculations [41]. Such activa-
tion energies indirectly point to jump rates in the lower kHz range to
which 2D NMR with mixing times of up to 40 ms would be sensitive, as it
has been shown for the alpha modification of LigVFg earlier [24].
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Table 2

Li sites and the number of Li neighbors in monoclinic Li3VFe. The second is to
read as follows: Lil has eight different Li neighbors in its first coordination shell,
these are the Li ions Li2, Li3, Li4 and Li5. The superscript number tells us how
many of, e.g., Lil ions are in the direct vicinity of Lil: 3% means two Li3
neighbors. The same notation is used to count the polyhedra to which each LiV,
polyhedron is connected.

Li site no. and kind of Li corner edge face
neighbors
Lil or 8 6 2 -
LilVe 2232 42 52 2232 52 4% (E-A) -
Li2 or 7 6 1 -
Li2V, 112131 4252 1'3'4'53@D- 2! -
@]
Li3 or 7 3 3 1
Li3Vg 1121314252 1121 41 3! 52 (B- 41 (B-
Q) A)
Li4 or 7 4 2 1
Li4Ve 1! 21 32 4! 52 2! 31 52 (A-Q) 1! (E-A) 3! (B-
4! A)
Li5 or 8 6 2 -
Li5Ve 11233242 11 2% 42 3% (B-C) -

4. Conclusion

Taken together, the five Li NMR lines, clearly resolved in a (1D) 6L
NMR experiment, have fully been assigned to the regularly occupied Li
sites in monoclinic LigVFe. Our assignment suggested solely grounds on
crystallographic information and a single set of mixing-time dependent
2D ®Li MAS NMR spectra. Our study unequivocally identifies the sites
(Li4, Li3, Lil) preferentially involved in Li diffusion, hence shedding
light on the most probable diffusion pathways in LigVFs. We demon-
strate that hopping between polyhedra connected by common faces
(Li3-Li4) is energetically favored against hopping processes using
interstitial voids acting as transition states. In this sense, it is a direct
experimental verification of recent predictions by theory.

Surprisingly, our study shows that we should not underestimate
jump processes between corner sharing polyhedra. In Li3VFg, our soft BV
analysis revealed rather suitable Li interstitial voids (e.g., i1) that con-
nect these Li sites (Li4-Li5) leading to the measurable off-diagonal in-
tensities in ®Li 2D exchange NMR. However, as is rather conscientiously
shown by NMR, the Li* ions on the tetrahedral position Li2 do take part
in overall Li" diffusion to a much lesser extent than the other Li ions.
Despite the fact that the Li2 ions have access to rather large interstitial
sites connecting Li2 with, e.g., Li5 and Li3, the NMR experiments tell us
that Li* seems to be less mobile if starting from the tetrahedrally coor-
dinated Li2 position.

In summary, in Li3VF¢ we clearly see rapid exchange between face-
sharing Li octahedra, followed by (i) translational processes between
edge-sharing octahedra and (ii) hopping between corner-shared octa-
hedra via suitable interstitial sites. Lit in tetrahedral configuration is
energetically, however, less favored, even if (or because) we (must)
consider large interstitial voids connecting the polyhedra.
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