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ABSTRACT: Layer-structured materials, such as graphite (LiC,) or
Li,(Co,Ni,Mn)O,, are important electrode materials in current battery
research that still relies on insertion materials. This is due to their excellent
ability to reversibly accommodate small alkali ions such as Li* and Na'.
Despite of these applications, microscopic information on Li ion self-
diffusion in transition metal sulfides are relatively rare. Here, we used "Li
nuclear magnetic resonance (NMR) spectroscopy to study translational Li
ion diffusion in hexagonal (2H) Li,NbS, (x = 0.3, 0.7, and 1) by means of
variable-temperature NMR relaxometry. "Li spin—lattice relaxation rates

2D
diffusion

and "Li NMR spectra were used to determine Li jump rates and activation

barriers as a function of Li content. Hereby, NMR spin—lattice relaxation rates recorded with the spin-lock technique offered the
possibility to study Li ion dynamics on both the short-range and long-range length scale. Information was extracted from
complete diffusion-induced rate peaks that are obtained when the relaxation rate is plotted vs inverse temperature. The peak
maximum of the three samples studied shifts toward higher temperatures with increasing Li content x in 2H—Li NbS,.
Information on the dimensionality of the diffusion process was experimentally obtained by frequency dependent R, measurements
carried out at T' = 444 K, that is in the high-temperature regime of the rate peaks. A slight, but measurable frequency-dependence
within this limit is found for all samples; it is in good agreement with predictions from relaxation models developed to

approximate low-dimensional (2D) jump diffusion.
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1. INTRODUCTION

The principle of lithium-ion"” (or sodium-ion) batteries that
use insertion compounds as electrode materials is based on the
highly reversible accommodation of the ionic charge carriers. In
the case of layered transition metal dichalcogenides (TMDs),
titanium disulfide, TiS,, belongs to one of the first anode
materials whose topotactic reaction with lithium has been
studied in detail. Still TMDs play an important role in battery
technology;>> in general, their chemical versatility as compared
to graphene makes them fundamentally and technologically
intriguing.4_6 It has been shown that besides the composition
and positioning of atoms in such materials, understanding the
low dimensional diffusion processes, also in terms of jump rates
and hopping barriers, is key to developing new electrode
materials and those with tunable electronic properties.”®
Recently, Goodenough and co-workers reinvestigated the
electrochemical insertion behavior and battery performance of
the intercalation hosts 2H-NbS, and 3R-NbS, and showed the
usability of niobium disulfide as potential cathode material in
secondary Li-ion batteries.”'® While usually the electrochemical
properties of potential candidates are extensively evaluated,
only few experimental studies take up the challenge to describe
the underlying Li diffusion mechanisms in detail from an
atomic scale point of view. Here, LiNbS, served as a low-
dimensional model system for a comprehensive Li NMR
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relaxation study to gain insight into the Li ion dynamics
between the van der Waals gap of the NbS, sheets. In
particular, activation energies (E,) and Li correlation times (z.)
have been determined. Besides NMR, also neutron scattering
can be used to evaluate jon dynamics and diffusion pathways. In
contrast to neutron scattering that, which is sensitive to ion
dynamics with residence times on the ps time scale, NMR,
however, is able to probe much slower ion dynamics. Using the
appropriate NMR relaxation method, ion dynamics near
ambient conditions can be probed as it is done here.

There are two different polytype hexagonal structures for
niobium disulfide with different stacking order of the NbSq
prisms known.''™"* The first, 2H-NbS,, is composed of two
NbS, layers per unit cell (space group: P6,/mmc) whereas the
second one, 3R-NbS,, consists of three layers per unit cell
(space group: R3m) as shown in Figure 1.

Whereas the 2D Li self-diffusion process of the 3R
modification was already studied by our group recently,"*
almost no NMR data could be found for the 2H modification.
Here, we focused on the 2H polymorph and took advantage of
variable-temperature Li NMR relaxation measurements and
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Figure 1. Crystal structures of (a) 2H-NbS, and (b) 3R-NbS, with
LiSs octahedral sites (blue) and NbS trigonal prismatic sites
(green).'>'

line shape studies to collect information on ion dynamics of
three fully homogenized samples with different Li contents,
namely, 2H—Li NbS, with x = 0.3, 0.7, and 1. Spin—lattice
relaxation measurements in both the laboratory (R;) and
rotating frame of reference (R,) were carried out as a function
of temperature to investigate short-range as well as long-range
Li ion dynamics.'> While the first are sensitive to ion hopping
on the Angstrom length scale, the latter is comparable to that
usually probed via conductivity spectroscopy in the low
frequency limit."® In particular, even if powder samples are
used in NMR relaxometry, the method allows to deduce
information on the dimensionality of the relevant diffusion
process via frequency-dependent measurements.'”~**

In the present study, we were able to precisely correlate the
Li self-diffusion parameters with the change of the Li content x
and the lattice parameters of the samples studied. We used
chemically lithiated samples in order to avoid the influence of
binders, conductive additives and the formation of passivation
layers if Li insertion is carried out electrochemically. Additives
usually needed to prepare electrodes might also influence the
diffusion properties; regarding a similar study on Li,Ti;O;, we
do not expect significant differences for bulk properties.”® This
is, however, beyond the scope of the present study. Fortunately,
since complete diffusion-induced relaxation rate peaks in the
rotating frame of reference were accessible, we reached the so-
called high-temperature flank of the corresponding rate peaks
containing information on the dimensionality of the diffusion
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process. The results were compared with predictions of
NMR relaxation models developed for low-dimensional

2
diffusion.””

2. EXPERIMENT

2H-NbS, was prepared by direct synthesis from the elements in an
evacuated silica ampule. The ampule was heated at 400 °C for 10 days
to achieve complete reaction of the elemental sulfur, afterward it was
kept at 700 °C for 7 days. Chemical lithiation of 2H-NbS, was carried
out by stirring the powder in a 2.5 M solution of n-butyllithium in
hexane at room temperature for 7 days under dry nitrogen
atmosphere. Subsequently, the samples were heated at 400 °C for
homogenization, that is, Li ion distribution, in sealed quartz ampules
for 1 week. Due to their air-sensitivity they were fire-sealed under
vacuum in DURAN glass ampules (~4 cm in length and 0.5 cm in
diameter) to permanently exclude moisture and air. The ampules were
placed inside the NMR probe.

Prior to our NMR measurements the powders were chemically
characterized by combustion analysis (Thermo Finnigan FlashEA 1112
NC analyzer) for hydrogen content. The amount of oxygen was
determined using a LECO EF-TC 300 N,/O, analyzer according to
the hot gas extraction method. In addition, X-ray fluorescence analysis
(PANalytical Axios PW4400/24 X-ray fluorescence spectrometer with
an Rh-tube and wavelength dispersive detection) was used to check
the niobium metal and sulfur content, respectively.

A PANalytical X’Pert PRO MPD diffractometer (Cu K, radiation,
Bragg—Brentano (6—0) geometry) with a PIXcel detector was used for
the powder XRD measurements. The program package FULL PROF
2006 was used for structural refinements.”® The reflection profiles
were fitted with a pseudoVoigt function.

’Li NMR measurements were performed using a Bruker Avance III
spectrometer connected to a shimmed cryo-magnet B, = 7.04 T with a
nominal "Li resonance frequency of w,/2z = 1164 MHz. A ceramic
high-temperature NMR probe (Bruker BioSpin) was used that allows
7/2 pulse lengths of about 6 to 7.5 us at 200 W. The temperatures,
adjusted via a Eurotherm controller and a stream of N, gas, ranged
from 223 to 573 K.

Variable-temperature 'Li NMR spectra and ’Li spin—lattice
relaxation NMR rates (1/T; = R,) in the laboratory frame of
reference were acquired under static, i.e., nonrotating conditions. R;
rates were recorded with the saturation recovery pulse sequence (10 X
7/2 — ty — w/2—acquisition (acq.)).29 The initial sequence of ten 7/2
pulses was used to destroy any longitudinal magnetization M,. Then,
the recovery of M,(t;) was recorded after the final z/2 pulse as a
function of the delay time t;. While Li diffusion is expected to govern
longitudinal recovery in LiNbS, at sufficiently high temperatures,
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Figure 2. (a) "Li transversal decay of the spin-locked magnetization M, (tjo4.) recorded at the temperatures indicated (w,/27 = 20 kHz). The solid
lines represent fits according to stretched exponentials yielding the parameters R;, and y'; note that the x-axis is scaled logarithmically. (b) Schematic

representation of the diffusion induced NMR R;, rate peaks.
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Figure 3. SEM images of powdered 2H—Li NbS, (after Li insertion, x
left.
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= 0.7). Red squares indicate a zoom into the rectangular area marked on the

nondiffusive recovery because of lattice vibrations or coupling to
conduction electrons will influence the R rates at lower temperatures.
’Li spin—lattice relaxation NMR rates in the rotating frame of
reference (1/T,, = R,,) were recorded by using the spin-locking
technique (7/2, — spin locking pulse (#,q) — acq.) at an angular
locking frequency @,/27 of ~20 kHz.>*~** This technique is sensitive
to much slower Li diffusion processes compared to R; NMR
measurements in the lab frame. First, the equilibrium magnetization
M, is flipped onto the y’ axis by applying a /2, pulse along the x” axis.
The pulse is followed by a 90° phase-shifted locking pulse being in
parallel to the resulting magnetization vector M,. The corresponding
magnetic B, field formerly replaces the external one By and represents
a new reference point for spin relaxation. The initial, transversal
magnetization has to adapt itself to the much smaller B, field.
Accordingly, a transversal decay of the amplitude of the M, vector can
be observed. After switching off the locking pulse, M, (=M,) is
measured as a function of the duration of the spin-lock .4 pulse by
recording the resulting FID. The longer the locking pulse, the smaller
the amplitude of the M, vector. Here, the R, rates Ry, at the given
locking frequency were obtained from the transversal transients
recorded by varying the duration of #,q from 30 ps to 300 ms. The
recycle delay for R, measurements was at least 5 times T}. R, and R,,
were obtained by parametrizing the resulting magnetic transients
M,(t;) and M,(t,q), respectively, by stretched exponentials of the
form M_(t;) o 1—exp[—(ts/T))"] and M, (tioa) o exp[—(tioa/T1,)"']
with the stretching exponents, y and y’, ranging from 0.7 to 1.0,
respectively (cf. Figure 2a) for some selected R, , transients).

3. BASICS OF NMR RELAXOMETRY

Fortunately, via the temperature-variable NMR SLR measure-
ments described above we were able to record so-called
diffusion-induced rate peaks from which activation energies and
jump rates can be deduced. In addition, frequency-dependent
NMR R, rates were recorded at fixed temperature (444 K) on
the high-T flank of the diffusion-induced rate peaks (see Figure
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2b). In this T range the condition @,7. < 1 approximately
holds. The locking frequency @,/27 was varied in from 5 to 20
kHz. While the peak maximum, for which the relation ;7. &
0.5 holds, can be used to extract the correlation time 7 if ®,/27
is known, the flanks yield the activation energies E, and E;.
Here, E, is usually influenced by correlation effects whereas E,,
if directly extracted from the slope of the flank, can be identified
with the Iong-ran§e activation energy provided a 3D diffusion
process is given.”>>*~>> For 1D and 2D diffusion a relaxation
model has to be used to deduce E, from the relaxation
peak 273032

In Figure 2b, a diffusion induced rate peak is plotted against
the inverse temperature indicating the maximum condition
(indicated by an arrow) as well as the low-temperature and
high-temperature limits. Only for uncorrelated, 3D 1sotrop1c
diffusion E. = E, applies yielding a fully symmetric rate peak.*®
If correlat1on effects influence short-range ion hopping (see the
dashed-dotted line), E, becomes smaller than E,; both values
are linked via E;*° = E3P X ( — 1) while 8 (1 < # < 2) denotes
the frequency dependence of R, in the low-T limit. The
parameter /3, which has been introduced by Kiichler et al.,*”
describes any asymmetry of the rate peak R;, caused by
correlation effects in the low-T limit. Simultaneously, it is also a
measure of the asymmetry of the rate peaks.”® The activation
energy E2P#°P¢ which can be obtained from the slope of the
rate in the limit @,z > 1 (see dashed line), is linked with E2P
via E2Pslope = 075 x E2P, provided f equals 2.%°

4. RESULTS AND DISCUSSION

4.1. Crystal Structure and Morphology of 2H-Li,NbS,.
Before we present the results on spin—lattice relaxation NMR
we would like to draw the reader’s attention to the crystal
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structure and morphology of the Li NbS, samples studied and
to the results from temperature-variable line shape measure-
ments. NMR motional line narrowing (MN) gives first insights
into how fast the ions are exchanged via self-diffusion among
the crystallographic sites occupied.

In 2H-NbS, the niobium atoms occupy trigonal prismatic
voids formed by the sulfur anions; each NbS, site shares edges
with six nearest NbS, neighbors. In this structure lithium ions
can be intercalated into the empty octahedral voids located in
the van der Waals gap between the NbS, sheets. Li-centered
octahedra stack along the ¢ axis and alternate with layers of
NbS,. In the 2H polymorph each LiS4 octahedra shares two
common faces with an NbS prism. This is different for the 3R
form where the Li ions are located between an NbS¢ prism and
an empty prism. Because of this difference, distinct diffusion
pathways for the Li ions might be expected.

Morphology as Seen via SEM. The morphology and particle
size of 2H—Li NbS, is presented in Figure 3 showing SEM
images of the intercalated sample with x = 0.7. Large particles
with a plate-like texture and a mean diameter of ca. 13 ym were
found. In contrast to the synthesis starting from Li,S, elemental
niobium and Sulfur as reported by Goodenough and co-
workers, chemical intercalation of Li ions in NbS, with n-
butyllithium, as it is done here, results in no bouquet-like
agglomerates of the primary particles as was observed
recently.'® The SEM images resemble that of nonlithiated
2H-NDS,; this indicates that the Li has been inserted into the
van der Waals gap between the NbS, layers without noticeable
structural change of the intercalation host.>® As is visible in the
enlargements of the SEM pictures (see Figure 3, right) each
larger primary particle consists of several layers of Li NbS,.

Powder X-ray diffraction. Phase purity of the LiNbS,
samples with x = 0.3, 0.7, and 1 was checked by powder X-
ray diffraction carried out at room temperature (see Figures 4
and S). The refined structural parameters and coordinates of
the three samples investigated are listed in Tables 1 and 2.

As shown by Salyer et al,,'* the lattice parameter c¢ increases
strongly with increasing lithium content for x = 0 to x = 0.5.
For larger amounts of x the ¢ parameter increases slightly with
x. Our refined lattice parameters are in §ood agreement with
values reported by Omloo and Jellinek.”® Both the a and ¢
lattice parameters of Liy,NDbS, are slightly smaller than those
reported by Salyer obtained from X-ray diffraction measure-
ments of a single crystal.'® A detailed investigation of lattice
parameter variation with nominal composition for LiNbS, is
already presented in ref 12, together with a detailed discussion
of the behavior observed.

4.2. Static ‘Li NMR Spectra, Motional Narrowing.
Temperature-variable NMR line shape measurements allow
getting first insights into the jump processes of Li ions in solids
in a relatively easy way. Here, all of the static 'Li NMR spectra
were recorded at various temperatures at a resonance frequency
of 116.4 MHz. Independent of x, at lower temperatures (see
Figure 6a) the spectra are composed of a single Gaussian
shaped and slightly asymmetric central line with widths (full
width at half-maximum, fwhm) ranging from 6.2 kHz (x = 0.3)
up to 7.7 kHz (x = 0.7); considering the shape no distinct
differences are seen. At the bottom of the lines tails of a
quadrupole powder pattern are visible. This is due to the
electric quadrupole interaction of the quadrupole moment of Li
(spin-3/2) with a nonvanishing electric field gradient (EFG) at
the Li site in LiNbS,.** The interaction, which can be
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Figure 4. (a) Normalized X-ray powder diffractograms of the three
samples investigated. For the sake of clarity, the larger reflections are
reduced in their intensity. The patterns recorded indicate Li,NbS, with
high purity. (b) Magnification of the low-intensity reflections of the
XRD pattern of Li; (NbS,. Vertical bars indicate the positions of
reflections expected for Li, NbS,.

described by first order perturbation theory for "L, alters the
Zeeman levels leading to three different spin transitions.*’

In Figure 6b, spectra are presented that were measured at T
= 475 K. With increasing T the central line, which is dipolarly
broadened at low T, transforms into a Lorentzian shaped and
asymmetric signal. Since dipole—dipole interactions are
averaged due to rapid Li exchange with values in the kHz
range, now a well visible quadrupole pattern shows up with
sharp 90° singularities. For 2H—Li, NbS, with x = 1 we observe
a single quadrupole pattern indicating a single set of electrically
equivalent Li positions.*>*' If we assume axially symmetric
EFGs, from the fully developed quadrupole powder pattern
(410 K), which starts to emerge at T > 330 K, Cq ("Li, 384 K)
& 17 kHz can be easily estimated from the frequency distance
Avg between the most intense satellite lines.

In contrast to Li; (NbS,, the spectra of the samples with an
intercalation degree of x = 0.3 and 0.7, respectively, indicate the
presence of more than one inequivalent Li position occupied.
For the sample with x = 0.7 besides the main pattern with
Cq("Li, 413 K) &~ 16.5 kHz (see Figure 6b) another set of
singularities with very low intensity shows up that is
characterized by Cq,("Li, 384 K) &~ 7.2 kHz. For x = 0.3 we
obtain Co(’Li, 413 K) ~ 11 kHz. Obviously, at intermediate
values of x the Li ions have access to more than one
crystallographic position in 2H-NbS,. In agreement with two
sets of quadrupole powder patterns, the line of Li,,NbS, (see
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Figure S. X-ray powder diagrams of Liy;NbS, (left), Liy,NbS, (right), and Li; (NbS, (bottom) with the results of the Rietveld refinements.

Table 1. Refined Structural Parameters for Li,NbS, with x = 0.3, 0.7, and 1.0 at Ambient Temperature

x =1.0
P6,/mmc
a = 335.300 (8) pm
¢ =129023 (2) pm
V = 125.622(4) X 10° pm?

space group

lattice parameter

unit cell volume

formula units Z=2
26 range 5-120°
R, 0.0688
Reyagg 0.0606
Rep 0.0266
S 2.58

x = 0.7
P6,/mmc
a = 334.03 (S) pm
¢ = 1288.02 (3) pm
V = 124.46(3) x 10° pm®

x =03
P6,/mmc
a = 333.080 (14) pm
¢ = 1281.79(2) pm
V = 123.153(7) X 10° pm®

Z=2 Z=2
5—-120° 5—120°
0.0704 0.0546
0.0213 0.0213
0.0264 0.0266
2.66 2.05

Table 2. Refined Atomic Coordinates for Li NbS, with x =
0.3, 0.7, and 1.0 at Ambient Temperature

Wyck. occ. for occ. for occ. for

atom  site x y z* Li; (NbS,  Liy,NbS, Liy;NbS,
Li 2a 0 0 0 0.08333 0.05833 0.025

Nb 2b 0 0 0.25 0.08333 0.08333 0.08333

S 4f 1/3 2/3 z 0.16666 0.16666 0.16666

“z = 0.12514(9) in LipsNbS,; z = 0.12520(12) in Liy,NbS,; z =
0.12546(13) in Li; (NbS,.

Figure 6b) also reveals a second central line that is
characterized by its own chemical shift value. This feature is
also seen for x = 0.3. We anticipate, however, that mainly the
octahedral voids in the van der Waals gap are occupied, note
that the intensity of the powder pattern leading to Cq, (x =
0.7) is much weaker than that associated with Cq,.
Independent of x, the central lines with the largest intensity
show the typical asymmetry as expected for Li spins exposed to
a spatially confined environment,* which is found in layer
structured materials. The change of the corresponding
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quadrupole coupling constant from 11 kHz (x = 0.3) to 16.5
kHz (x = 0.7) and 17 kHz (x = 1) observed resembles the
variation in the lattice constant ¢, see Table 1.

The change of the shape of the 'Li NMR spectra over the
temperature range covered here is illustrated in Figure 7, which
presents exemplarily the line shapes of 2H—Li, (NbS,. The
spectra meet the expectations for a pure Li; (2NbS, phase with
the Li ions located inside the van der Waals gap. The fact that
there is no averaging of the quadrupole intensities seen
indicates spatially confined (two-dimensional) Li diffusion
between the NbS, sheets; thus, this diffusion process is
restricted to an exchange process between the electrically
equivalent Li sites (2a) in the van der Waals gap of NbS,.*

To collect quantitative information on Li ion dynamics, in
Figure 6¢ the line width of the central transition was plotted vs
temperature. Here, we focus on the most intense central line
associated with the largest quadrupole powder pattern. The
asymmetry is a clear indication of NMR chemical anisotropy
being due to the layered structure of the material; similarly, this
has been observed for Li, TiS, by the NMR study of Prigge et
al* At T = 420 K it has already reached its full narrowing,
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Figure 6. (a) "Li NMR spectra of annealed (that is, homogenized) layer-structured 2H—Li,NbS, (x = 0.3, 0.7, and 1.0) recorded at w,/27 = 116.4
MHz and 250 K. See text for further explanation. (b) Li NMR spectra of the samples shown in (a) but recorded at T = 475 K. (c) "Li NMR line
width (full width at half-maximum, fwhm) as a function of temperature T. The dashed lines are to guide the eye.
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Figure 7. 'Li NMR spectra of 2H-Li;(NbS, recorded at the
temperatures indicated. With increasing T the line width of the
central line, which is slightly anisotropic, undergoes a motional
narrowing due to averaging of (homonuclear) ’Li dipole—dipole
interactions. At T > 320 K, a distinct quadrupole pattern appears that
is fully developed at T > 420 K. By using a Hahn echo that overcomes
dead-time receiver effects, the powder pattern can be enhanced in
intensity.

therefore, the contribution of the second line was not taken
into account to construct the MN curves. The fwhm was read
off manually; no fitting functions were used because of the
observed chemical shift asymmetry. The line width in the rigid
lattice regime, v,(x), depends on «; it takes a value of 7.9 kHz
for x = 0.7 and 6.3 kHz for x = 1, respectively. The rigid lattice
regime is reached at approximately 230 K.

Independent of Li content, the sulfides undergo a
pronounced motional narrowing with increasing temperature
due to increasing Li motions that are responsible for averaging
of homonuclear dipole—dipole ("Li—"Li) interactions.*> When
the jump rate 7y reaches the order of the rigid lattice line
width notable diffusion-controlled line narrowing is expected.
Here, narrowing sets in at approximately 260 K. The Li ion
jump rate Typ can be roughly estimated from the inflection
point at approximately 320 K of the MN curves for all three
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samples according to Ty & 27 X vy. For all three samples the
Li jump rates 7y turn out to be in the order of ~5 X 10* s™".
Quite interestingly, although the intercalation degree x has
been increased from x = 0.3 up to x = 1, no significant shift of
the onset of motional narrowing is observed (see Figure 6c).
Clear distinctions in Li diffusivity, however, can be revealed by
R, NMR as is shown below. NMR line narrowing seems to be
less sensitive to the differences that can be observed with the
spin-lock technique.

At first glance, we would expect that v(x) increases with x
because of increasing homonuclear dipole—dipole interactions
as is quantified by the van Vleck formalism.** Here, however,
the change in lattice constant ¢, which is the largest for x = 1,
likely leads to a smaller rigid-lattice line width for Li, (NbS,
than expected.

4.3. ’Li NMR Spin—Lattice Relaxation Measurements,
Frequency Dependence, 2D Diffusion. To study Li
diffusion parameters in more detail we measured both “Li R,
and R,/R rates at a Larmor frequency of wy/27z = 116.4 MHz
and a locking frequency of 20 kHz (223 and 573 K), see refs 29
and 44—46 for an introduction into the basics of spin-lock
measurements. In Figure 8 the rates R,(1/T) and R,,(1/T)
together with the corresponding stretching exponents y(R,,) of
the transients analyzed (see Figure 2) are shown in an
Arrhenius plot.*”

Whereas the R, transients M,(t;) can be best represented
with exponential functions (see the equation mentioned
above), the corresponding magnetization curves and M,(fi,q.)
need to be parametrized with M, (t,,q) o exp[—(ti,a/T},)""]
(see above) with y’ ranging between 0.7 and 1.0. The exact
physical meaning of the stretching exponents is, in general, very
difficult to explain; admittedly, in many cases no clear
interpretation can be given. It is expected to be related to the
shape of the underlying motional correlation function. In our
opinion, intrinsic or extrinsic origins have to be considered: An
intrinsically nonexponential motional correlation function
might be expected for, for example, low-dimensional diftusion.
Frequently, nonexponential decay behavior is related to a
distribution of correlation rates being the direct consequence of
a distribution of hopping barriers the ions have to overcome.
Such extrinsic conditions would result in a superposition of
distinct functions finally producing a stretched magnetization
transient whose shape might change with temperature. In the
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Figure 8. Arrhenius plot of the 'Li NMR R, rates of 2H—Li NbS,
recorded in the laboratory frame (R, (M), see bottom part of the
figure) and in the rotating frame of reference (R,, (@), see upper part
of the ﬁgure) measured at wy/27x = 116.4 MHz and at @,/27 = 20
kHz. The colors (see key) refer to the intercalation degree x of the
samples (x = 0.3 (blue), x = 0.7 (red), and x = 1 (green)). The upper
graph shows the dependence of the stretching exponents 7(R,,) on T;
the error margins of the exponents range from 0.1 to 0.2.

case of "Li, being a quadrupole nucleus, the interaction of its
quadrupole moment with EFGs is expected to give complex
nonexponential transients,*® especially in the case of Ry,
Additionally, the latter are characterized by y’ = 0.5 if induced
by the interactions of Li spins with paramagnetic centers.*
Thus, there are various reasons that lead to the observation of
stretched exponentials. Since no large change of y’ is observed
in the present case, error margins are within +0.2, and since
many of the values range from 0.8 to 1.0, the stretched
transients most likely reflect Li diffusion in a relatively regular
potential landscape as it has been observed for Li,_o,TiS,.>" In
particular, this holds for the sample with x = 0.3 (ff = 1.8, see
below), for which very similar activation energies are derived
from R; and R,,.

Coming back to the rates extracted from the transients
measured, below approximately 300 K the rates R, are
influenced by nondiffusive effects rather than by Li jump
diffusion; at very low temperatures background relaxation is
present that does only weakly depend on T. The corresponding
relaxation rate (R, ,4) is presumed to be caused by coupling of
the Li spins with conduction electrons, paramagnetic impurities
and/or by lattice vibrations. To separate its influence on the
purely diffusion-induced relaxation, which shows up at elevated
T, an empirical power law,

Ry g T" (1)

was used to extrapolate the background rates toward higher
temperatures. With increasing T the rates R, pass into the low-
T flank of a diffusion-induced rate peak. The high-T side,
however, could not be reached since our NMR setup allows
measurements up to 580 K only. For Liy;NbS,, however, the
rates seem to approach a maximum value at ~570 K; compared
to the other two samples this is a first indication that Li
diftusivity in Lij;NbS, is faster than that for x = 0.7 and x = 1.0.
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Figure 9. (a, b, and c) Detailed view of Arrhenius plot of the 'Li NMR R, rates of 2H—Li,NbS, recorded at 166.4 MHz; the locking frequency set
was 20 kHz. Solid lines show fits with an NMR model taking the 2D diffusion into account. The dashed line in panel (b) represents a modified BPP
fit. Activation energies are obtained from the fits and are linked to long-range diffusion. Short-range activation energies E;*° were calculated using
EP = 20 x (B — 1) where E2° denotes the activation energy obtained from the fits according to the model of Richards.”” They are in agreement
with those values that can directly be obtained from the slopes of the low-T flanks (see text for further information). In order to obtain the purely
diffusion-induced rates R, 4 nondiftusive background effects showing up at lower T have been taken into account by using an appropriate power law
Ry g o T (with ko3 = 1.34(1), see panel (a), K-, = 1.88(1), see pabel (b), and k,, = 1.27(8), see panel (c), represented by gray dashed lines).
R, giir values were obtained by subtraction R, 4 from the overall rates. Activation energies E, 4 were calculated from the slope of the linear fits shown

(cf. the solid lines in the lower parts of the figures).
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In Figure 9a—c, the R;(1/T) as well as R, 44(1/T) are shown,
which have been calculated according to

Ry =Ry 4 + Ry ng (2)

A fit according to eq 1 is also presented in Figure 9 yielding x
= 1.34(1) for x = 0.3, k = 1.88(1) for x = 0.7, and kx = 1.27(8)
for «x 1. The purely diffusion-induced rates R, g are
represented by gray squares. The activation energies E, s
were obtained from the slope of a linear fit of the corrected
rates. Since R, (and so R, 4¢) varies only slightly with T, the
influence of R, 4 is rather large resulting in activation energies
that should be regarded as rough values. Here, we found
0.45(2) eV for x = 0.3; 0.37(1) eV for x = 0.7 and 0.33(1) eV
for x = 1. E, 4, since it has been deduced in the limit w,7. > 1,
is usually ascribed to short-range Li diffusion that is, in general,
influenced by correlation effects such as Coulomb interactions
and/or structural disorder.? Long-range ion dynamics, on the
other hand, can only be inferred from the high-temperature
flank of a diffusion-induced rate peak.***> The intercalation
degree x seems to have an impact on the activation energies
characterizing short-range Li ion diffusion; the energies
decrease from 0.45(2) eV for x = 0.3 to 0.33(1) eV for x = 1.

In our case, complete relaxation rate peaks can be obtained if
the spins relax in a magnetic field B;, the spin-lock field, that is
much lower than the external one characterized by 116 MHz.
In the upper part of the Arrhenius plot that is shown in Figure
8 the NMR R, rates obtained are presented. The rates R;, pass
through well-defined maxima showing up at different temper-
atures T,. In contrast to R, (as well as to the line widths
measurements, vide supra), the R;, data do reveal a clear
influence of the intercalation degree x on Li diffusivity, that is,
the position of the rate maximum on the 1/T scale. According
to the maximum condition, @,7, & 0.5, which is generally valid,
the more the respective rate peak is shifted toward lower T, the
higher the Li diffusivity. The latter is directly expressed by the
correlation rate 7.”' being in the same order of magnitude as
the Li jump rate 7~'. Here, the highest diffusivity is found for
the sample with x = 0.3 (see Figure 8). Note that the R,, rates
follow a clear trend for x = 0.3, 0.7, and 1 which corroborates
the above-mentioned indication of a R, peak maximum in the
case of 2H—Liy;NbS,. The temperatures T,,,, are as follows:
331 K for x = 0.3, 342 K for x = 0.7 and 367 K for x = 1.
Inserting @,/2x = 20 kHz, 77" is given by 77! ~ 1(p)_1 =3 X
10° s7! at T, This value is slightly larger than the jump rate
obtained from MN measurements, Ty ~ 5 X 10* 57

To deduce activation energies from the R, ,(1/ T) peaks and
to gain information on the underlying dimensionality of the
diffusion process, the rates were analyzed with an appropriate
relaxation model introduced by Richards.””>*

The influence of x on the Li diffusivity can also be clearly
rediscovered in the long-range activation energies E, obtained
from the appropriate fits that are shown in Figure 9a—c as solid
lines. As is well-known for NMR relaxometry, the rate R, is
linked to the spectral density function J(n®),.,, via

Ry, = cp(mwl) + 3o + §J<zw0>) o

where @, denotes the angular locking frequency, w, the Lamor
frequency and kg the Boltzmann constant. Here, the spectral
density function introduced by Richards*” for 2D diffusion
PP(wsr,) « 7, In(1 + 1/(1+ @,7.)”) was used. It entails a
logarithmic frequency dependence of the relaxation rate on the
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high-T side of the diffusion-induced rate peak. The rates were
recorded at temperatures where the first term of eq 3 is
sufficient to describe the relaxation rates adequately. Since the
Li jump rate 7" is of the order of the correlation rate 7., we
obtain the following activation energies being characteristic for
long-range ion transport that obeys the Arrhenius relation

7, " exp[ )
©

The lowest activation energy E2° of 0.44 eV is found for the
sample with the lowest Li metal content (x = 0.3). A slightly
higher energy of 0.48 eV is found for x = 0.7, while the highest
activation energy of 0.65 eV is obtained for the fully
intercalated sample with x = 1. This is in excellent agreement
with the increase of T, with increasing Li content x. The
validity of the fits is supported by the results for the pre-
exponential factor 7,!, which is in the typical range of phonon
frequencies;50 here, we obtained 7,”! ~ 103..10" s~

_E®

ks T

Table 3. Results for the Pre-exponential Factor 7, ' and
Activation Energies E,

x =03 x =07 x=1
EP 0.44 eV 048 eV 0.65 eV
757! 3.44 x 108 57! 1.96 x 10" 57! 428 x 10" 57!

Let us note that it is good to know about the effective locking
frequency used to carry out the fitting procedure. The fits
shown here use the locking frequency that can be determined
via the pulse power used to lock the spin system. The fact that
for x = 0.3, a shallow R, maximum is seen, gives us the chance
to use a joint fit to parametrize both the R; and R;, rates; by
leaving the fitting parameter @, free, we can estimate a value for
@ffective that takes into account local fields. Here, it turned out
that @ g is only about 2—3 times larger than w,. This
difference has almost no influence on the position and shape of
the fits shown; its influence on the resulting E, and the
prefactor is quite small. Of course, the diffusion coeflicient
derived via the maximum condition is influenced by the same
factor. Compared to other sources of error, this is quite small.

Using the fits shown in Figure 9a—c, the short-range
activation energies E;, which describe the slope in the low-
temperature limit wy7. 3> 1, can be easily estimated according
to E/*P = E2° X (f — 1) with the correlation parameter 3 (1 < 3
< 2).233435 Interestingly, E;*® behaves the other way round;
the highest value (0.35 eV) is found for x = 0.3 ( = 1.80).
Whereas for x = 0.7 (f = 1.71) an activation energy of 0.34 eV
and for x = 1 (ff = 1.43) the lowest value (0.28 eV) is found.
Since E.* is governed by repulsive Coulomb interactions, its
decrease with x (or the increase of 5 being a measure of these
interactions) reflects Li—Li correlation effects rather than a
reduction in local energy barriers. The larger the Li density, the
more distinct correlated motion.>*** For x = 0.3, no large
correlation effects are seen, since E, equals E2” we assume that
the Li ions are exposed to a regular, uniform potential
landscape with almost no difference between short-range and
long-range hopping motion, see also ref S0.

Moreover, frequency-dependent R, measurements have been
carried out at a constant temperature to differentiate between
two-dimensional (2D) and three-dimensional (3D) diffusion,
see Figure 10a.*°
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Figure 10. (a) 'Li NMR Rp rates of 2H—Li,NbS, as a function of the
locking frequency @,/27. The frequency axis is scaled logarithmically.
Ry, was recorded at 444 K on the high-temperature flank of the
relaxation rate peak where the condition @,7; < 1 approximately
holds. The solid line indicates the expected frequency dependence
according to the semiempirical model for 2D diffusion by Richards
(R, x — 7. In(wy7.)).”” (b) Simulation of the expected frequency
dependence for Li; (NbS, by varying the locking frequency from $ to
20 kHz. As is visible in the inset a rather shallow dependence is
expected at T = 444 K; the values predicted are in good agreement
with those found experimentally.

In Fi%ure 10b, the spectral density function J*°(w,z.) (see
above)”” was used to calculate the expected frequency
dependence R, 45 &« — 7. In(®,7.) of Li;(NbS, at 444 K
(solid line), that is, within the high-temperature limit w,7, <
1.%°" Here, Ry, 4 denotes the diffusion-induced R, rate.*
Most importantly, in contrast to 2D hopping motion, 3D
diffusion would result in no frequency dependence of the R, 4
rates in the limit @,7, << 1.>* As it can be seen in the inset of
Figure 10b, varying @,/2 in a rather small range, viz from $ to
17 kHz only, needs highly precise R, measurements to attest
2D diffusion in Li,NbS,. Despite of the narrow frequency range
accessible via R, NMR, the rates measured at 444 K indeed
reveal a small frequency dependence being indicative of 2D
diffusion. Comparing the present findings for the 2H-
modification with previous measurements on 3R-Liy,NbS,, it
turned out, however, that the logarithmic frequency depend-
ence is not as large as it was deduced from the frequency-
dependent R, measurements of the 3R-modification. * This
difference might be due to differences in local crystal structure
between the two polymorphs, especially when the connection
of the LiSs and NbS, polyhedra is regarded (see above).
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Possibly, the free prismatic voids located above the LiSg4
octahedra in 2H—Li, NbS, might lead to wavelike 2D diffusion,
i.e, an oscillating trajectory which results if we consider sites
within the van der Waals gap that act as transition states. Such
transition states might be the tetrahedral sites connecting two
octahedral voids by sharing common faces; a similar/please add
semicolon after faces diffusion pathway has been found for
Li, TiS, 50553

Ultimately, although a characteristic 2D frequency depend-
ence was found, we also fitted the diffusion-induced rate peak
R;, by using the spectral density function developed for 3D
diffusion introduced by Bloembergen, Purcell, and Pound
(BPP).***”%* In Figure 9b, the corresponding fit for the sample
with x = 0.7 is shown as a dashed line. Since there is almost no
difference between the 2D fit according to Richards (red line)
and the 3D BPP fit (dashed line), without the frequency
dependent measurements carried out here it would be very
difficult to distinguish 2D from 3D motion just by analyzing the
temperature dependence of R;,. Most importantly, disregarding
the dimensionality of the diffusion process, 3D fits generally
lead to lower activation energies and prefactors 7, '. Here,
however, the logarithmic frequency dependence found serves as
a good indication for 2D diffusion. This is strongly supported
by the chemical shift anisotropy observed, which does not
disappear with increasing temperature; thus even in the regime
of fast Li motion the ions sense the spatially confined
environment of the van der Waals gap. In line with this
observation, no averaging or change of quadrupole intensities is
seen at higher T. Consequently, to extract the correct activation
energies E.° the R,,(1/T) rate peaks have to be analyzed in
terms of sEectral density functions J** introduced for 2D jump
diffusion.”

For the sake of completeness, a possible second R,, peak
maximum for x = 1 has to be mentioned here (indicated as a
dashed line in Figure 9c). Since no obvious second maximum
was found for the other samples only the clearly observable rate
peak was taken into account for the analysis of the samples
studied.

Here, we found strong evidence for 2D diffusion, that is, Li*
diffusion along the buried interfaces formed by the van der
Waals gap of layer-structured Li,NbS,. For low Li contents, x =
0.3, Li diffusion turns out to be less influenced by correlation
effects. In contrast to samples with larger values of x, activation
energies from both R; and R, measurements (0.44 eV) indicate
Li hopping within a regular potential landscape with almost no
difference between short-range motion and long-range ion
transport.

5. CONCLUSIONS

2H-Li NbS, turned out to be a suitable and intriguing model
system with a layered structure to study both dimensionality
effects in spatially confined dimensions as well as the influence
of Li intercalation on local hopping and long-range ion
transport. 'Li NMR line shapes, as well as R, measurements,
have been used to get insights into both the Li ion dynamics
and the geometry of Li motion in NbS,.

(i) Frequency-dependent R, measurements were successfully
used to identify two-dimensional diffusion in 2H—LiNbS,
taking place along the buried interfaces in the host material.
The R, rates of all samples show a small but clearly noticeable
logarithmic frequency dependence within the high temperature
limit characterized by w,7. < 1; the rates measured are in good
agreement with the values expected for a 2D diffusion process if
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the semiempirical spectral density function introduced by
Richards is used for the prediction. (i) As has been shown via
R, NMR, the intercalation degree x influences Li ion diffusion
in 2H-Li, NbS, as expected. The larger x is chosen, the less the
vacancy concentration, which slows down Li diffusivity in the
van der Waals gap. This manifests itself in a characteristic shift
of the rate R,,(1/T) peaks toward higher temperatures if x is
increased from 0.3 to 1. Moreover, the slow-down of Li
diffusivity is confirmed by a significant increase of the long-
range activation energy that is raised from 0.44 (x = 0.3) to 0.64
eV (x = 1) if deduced from the fits for 2D jump diffusion, that
is, Li ion diffusion along the inner van der Waals interface in
NbS,.
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