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ABSTRACT: The intermetallic compounds Li,Si, have
attracted considerable interest because of their potential
use as anode materials in Li ion batteries. In addition, the
crystalline phases in the Li—Si phase diagram turn out to be
outstanding model systems for the measurement of fast Li
ion diffusion in solids with complex structures. In the
present work, the Li self-diffusivity in crystalline Li;,Si;
was thoroughly probed by "Li NMR spin—lattice relaxation
(SLR) measurements. Variable-temperature and -frequency
NMR measurements performed in both the laboratory and
rotating frames of reference revealed three distinct diffusion
processes in Li;,Si;. The diffusion process characterized by
the highest Li diffusivity seems to be confined to one
dimension. It is one of the fastest motions of Li ions in a
solid at low temperatures reported to date. The Li jump
rates of this hopping process followed Arrhenius behavior;
the jump rate was ~10° s~ " at 150 K and reached 10” s~ at
425 K, indicating an activation energy as low as 0.18 eV.

ilicon is intended to be used as negative electrode material for

Li ion batteries. This is mainly due to its extraordinarily high
specific capacity, which is a factor of 10 higher than that of
conventionally used carbon anodes. Technological problems
due to the high volumetric change of Si-based anodes and the
resulting loss of capacity during cycling are likely to be over-
come.'* In general, high Li diffusivity in electrode materials is
greatly favorable for the development of rechargeable batteries
with optimum performance. However, in spite of the technolog-
ical significance of Si-based anodes within the scope of energy
storage, data on the diffusion of Li in Li,Si, are still rare.’” In
particular, there have been no studies of the jump processes by
microscopic (i.e., atomic-scale) methods such as NMR
spectroscopy.” The available solid-state NMR techniques are
capable of reliably probing Li diffusion parameters over a wide
dynamic range.* "' In addition to the aforementioned techno-
logical relevance in battery research, lithium silicides provide
interesting model systems for fundamental "Li NMR diffusion
studies. The phase diagram of lithium and silicon shows five
crystalline intermetallic Zintl-like phases: Li,;Sis, Li;3Siy, Li;Sis,
Li;»Siv, and LiSi”**'® A metastable crystalline phase with the
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composition Li;sSiy and amorphous Li,Si, also exist. The latter
phases are obtained by electrochemical lithiation."*"

Here we report on the Li self-diffusivity in crystalline Li;,Siy,
which among the lithium silicides shows the most interesting
crystallographic structure, containing a one-dimensional (1D)
silicon backbone, in particular, which is filled with and surrounded
by lithium ions on 13 different crystallographic sites. 018 L 12Si-
was prepared from a melt of the elemental starting materials in
a niobium tube under dry argon (see below). As confirmed by
powder X-ray diffraction (XRD), a pure, crystalline product of
orthorhombic Li;,Si; (space group Pnma) was obtained.

"Li NMR spectroscopy performed under static conditions
(i.e., on nonrotating samples) was used to probe microscopic Li
diffusion parameters in the mixed conductor Li;,Si;. “Li NMR
line shape measurements are highly useful for classifying materi-
als as ionic conductors in a qualitative manner.'” > Quantitative
information on the diffusive jump process can be obtained in a
rather direct way via variable-temperature "Li NMR spin—lattice
relaxation (SLR) measurements. From diffusion-induced NMR
SLR rates, dynamic parameters (i.e,, absolute jump rates and
activation enthalpies) can be deduced.'® Moreover, frequency-
dependent NMR SLR rate measurements, even when performed
on a powder sample, contain valuable information on the
dimensionality of the jump process under investigation.**

’Li NMR spectra (Figure 1) were recorded over the tempera-
ture range from 125 to 723 K at a resonance frequency (wo/27)
of 155.4 MHz. At 125 K, the line is broad and has a complex
shape due to (i) nonaveraged dipole—dipole interactions of the
"Linuclei, (i) chemical shift anisotropies, and (iii) interactions of
the quadrupole moment of "Li with the electric field gradients at
the various crystallographic Li sites in Li;,Si;. At low tempera-
tures T, the line width Aw /27 of the central transition is given by
the so-called rigid lattice value Aw,;/25T, which is ~16 kHz in the
present case. With increasing temperature, dipole—dipole inter-
actions are progressively averaged as a result of the thermally
activated motion of the "Li ions. Significant line narrowing sets in
when the Li jump rate (t~ ') becomes comparable to the spectral
width Aw,;/27. In the case of Li;,Si,, the onset of this motional
narrowing was observed at a very low temperature of ~130 K
(see Figure 1B). From the inflection point of the corresponding
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Figure 1. (A) "LiNMR spectra recorded at various temperatures (125,
188, and 258 K at w,/27r = 155.4 MHz and 723 K at 77.7 MHz). The
spectral distances of the quadrupolar satellites (Aw,,,/27) are indicated.
(B) Motional narrowing of the line width (full width at half-maximum)
of the central "Li NMR transition.

narrowing curve Aw(T) [obtained by plotting A for the central
transition (see below) as a function of T, it is possible to obtain a
rough estimate of the Li jump rate at the respective temperature
via the relation 7' &~ Aw,;. It turned out that the rate 7' was on
the order of 10° s~ " at 150 K.

The “Li NMR spectra at 188, 258, and 723 K showed the
typical shape of the powder spectrum for a spin >/, nucleus,
consisting of a central transition line and quadrupolar satellite
intensities. As can be clearly seen in Figure 1 A, the quadrupolar
powder pattern (and thus the mean field gradient experienced by
the Liions) changed with increasing temperature. If it is assumed
that the asymmetry parameter of the quadrupolar coupling
tensor vanishes, the mean quadrupolar coupling constants dq
can be determined from the corresponding spectral distances
Aw,/27t (marked in Figure 1 A by vertical lines pointing to the
singularities of the powder pattern) as 0q =2 X Awq,/27. In the
present case, Oq did not exhibit a gradual change with increasing
temperature, as might be ascribed to thermal expansion of the
material. Here, as T increased, the satellite intensities gradually
vanished, and new ones emerged at even higher temperatures.
This behavior can be explained by a stepwise averaging of electric
quadrupolar interactions due to Li jump processes between the
distinct crystallographic sites in Li;,Si;. Thus, at least three
different jump processes, each one leading to a specific mean
coupling constant O, were subsequently activated in the silicide,
resulting in an intermittent reduction of the electric quadrupole
interaction. The mean coupling constants 0 were found to be
47.4,10.8, and 5.6 kHz at 188, 258, and 723 K, respectively.

NMR SLR measurements gave even clearer insight into
the lithium dynamics of crystalline Li},Si;. In the Arrhenius
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Figure 2. Arrhenius plots of the "Li NMR SLR rates in the laboratory
frame, T, ', at wo/27T = 155.4 and 77.7 MHz and those in the rotating
frame, T pfl, at w,/27 = 39.0 and 12.4 kHz. Dashed lines are guides to
the eye. See the text for further explanation.

plots shown in Figure 2, "Li NMR SLR rates in the laboratory
and rotating frames of reference (T, ' and T pfl, respectively)
are shown. The rates were recorded at different resonance
(wo/2 = 77.7 and 155.4 MHz) and locking (w,/27 = 12.4
and 39.0 kHz) frequencies, respectively. Here the NMR SLR is
induced solely by local fluctuations of magnetic dipolar or electric
quadrupolar interactions due to the motion of the Li spins. As is
well-known,”" these temporal fluctuations can be described in
terms of a correlation function G(7’), and the NMR SLR rate is
proportional to the Fourier transform of G(7') [i.e., the spectral
density J(wo(1))] at or close to the respective NMR frequency.
When purely induced by diffusion processes, the NMR SLR rate
passes through a maximum at a characteristic temperature T,
at which 1/7/, the correlation rate of the jump process (which is
essentially the average jump rate 7~ '), equals the NMR fre-
quency (ie, @ ~ T ). If the NMR SLR rates are measured as a
function of T at different resonance frequencies, an absolute
jump rate T '(Tpay) can be deduced from each recorded rate
peak Tl(p)fl(l/T). With the use of NMR SLR in the laboratory
and rotating frames of reference, both the megahertz and kilo-
hertz ranges can be covered, allowing the determination of the
activation energies E, and the lithium jump rates. The value of
7 '(1/T) is expected to follow Arrhenius behavior according
to the equation 7' = 7, " exp(—Ex/kpT), where 7, " is the
pre-exponential factor and kg is Boltzmann’s constant.
Obviously, the global maxima of the two T, *(1/T) curves
and the low-temperature maxima of the two Ty, '(1/T) curves
in Figure 2 belong to the same ultrafast diffusion process. The
corresponding flanks of the four SLR rate peaks show the same
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Figure 3. Lijump rates 7' extracted from the NMR SLR rate maxima
of Figure 2; these jump rates are represented by circles. For comparison,
the square shows a jump rate derived from literature data (GITT
measurements®), the star a Li jump rate estimated from the "Li NMR
line narrowing (see Figure 1), and the triangle a Li jump rate from a first
2D exchange MAS NMR measurement.

Table 1. High-Temperature (HT) and Low-Temperature
(LT) Limits of the Spectral Density Function J(w) for 1D, 2D,
and 3D Diffusion”

HT limit LT limit
1D (t/w)°° o’
2D 7In(1/w7) w7’
3D T O

“The model parameter 3 ranges between 1 and 2 and accounts for
correlation effects due to Coulomb interactions of the jumping ion or to
structural disorder (see ref 8).

slope. The jump rates associated with the peak maxima can be
obtained using the maximum conditions wq ~ 7 ' and 20, ~
7' (see above)."”**** The resulting rates T~ '(T = Ty, are
shown in Figure 3 in an Arrhenius plot (red data points). The
dashed line represents an Arrhenius fit to the four points, yielding
E4 = 0.18 eV. The value of 7, " turned out to be on the order
of 10" s™'. For comparison, a Li jump rate deduced using
galvanostatic intermittent titration technique (GITT) measure-
ments (see ref 5) is also included.

The behavior of the NMR SLR rate flanks [i.e., for tempera-
tures above that of the rate maximum (77" > ®) or below it
(t' < )] requires a model-dependent examination. The high-
temperature (HT) and low-temperature (LT) limits of J(w)
according to models for 1D,** 2D,**** and 3D'?*? diffusion in
solids are listed in Table 1 (see ref 8). In the case of 3D diffusion,
the NMR SLR rate in the high-temperature limit T '>w)is
proportional to 7. As a result, the activation energy derived from
that flank should be equal to that obtained from the jump rates
T '(Tima) obtained from the maxima of the SLR rate peaks.
Furthermore, the NMR SLR rate on the HT flank is exgpected to
be independent of the resonance frequency applied.'”** How-
ever, in the present case, neither of these predictions was met for
the four diffusion-induced SLR rate peaks mentioned above and

highlighted in Figure 2 by dashed lines. Interestingly, the NMR
SLR rates in the HT limit (z7' > o) revealed a distinct
frequency dependence. The corresponding HT flanks of the
four rate peaks in Figure 2 seem to be parallel (cf. the dashed
lines). The apparent activation energy deduced from the HT
flanks was approximately half the actual activation energy that
was obtained from the jump rates derived from the rate maxima
(see the dashed line in Figure 3). These findings are clear
indications that the ultrafast diffusion process observed for
Li;,Si5 is of a low-dimensional nature. Accordin§ to the theore-
tical description for 1D diffusion given by Sholl,** the diffusion-
induced NMR SLR rate on the HT flank is proportional to
73w . Hereby, the factor 7°° is responsible for the smaller
slope on the HT flank, which is e)gpected to be half the slope in
the Arrhenius plot. The factor @~ brings about the frequency
dependence. Although there are many systems in which (quasi)
1D diffusion occurs, in none of these, except for the related
phenomenon of 1D diffusion of electron spins,”> could the
theory be checked until now. Essentially, the lack of suitable
data stemmed either from the circumstance that the HT flank
was not accessible because the diffusion process was too slow or
the fact that the HT flank was masked by strong interactions of
Li" with paramagnetic ions dominating the NMR SLR rate. In
the latter case, the NMR SLR rate would no longer be governed
solely by Li diffusion. However, in the case of Li,,Si;, the two
predictions for 1D diffusion were met with satisfying agreement.
The apparent activation energy (0.09 eV; see Figure 2) was
approximately half the actual one, and the frequency dependence
of the SLR rate on the HT flank turned out to be ~w™ %4,
whereby a frequency range of more than 3 orders of magnitude
was covered. Therefore, we assume that this diffusion process is a
quasi-1D one. Preliminary considerations with regard to the
crystal structure and electronic bonding properties of Li;,Si, (see
refs 13, 18, and 33) make our assumptions plausible. In particular,
the extended structural analysis by Nesper et al."® clearly showed
the existence of two well-separated 1D infinitesimal partial
structure elements along the [100] direction, corresponding to
the compositions [Li;,Sis] and [LigSis]. These findings support
our conclusion about the quasi-1D or at least strongly anisotropic
diffusion process. For comparison, the experimental verification
of the predicted spectral density function for Li,TiS, showing
pure 2D diffusion was previously reported by our group.*®

Apart from this low-dimensional and very fast dynamic
process in Lij,Siy, the Ty, '(1/T) data revealed two additional
jump processes showing up as two well-separated “Li NMR SLR
rate peaks at higher temperatures (see Figure 2). The jump rates
derived from the corresponding rate maxima are also included in
Figure 3 (see the solid and dashed-dotted lines).

The underlying motional processes of the two T1p71(1 /T)
rate peaks exhibit the characteristics of 3D diftusion, since in both
cases the rates on the HT flanks coincide (i.e., the diffusion-
induced SLR rates are independent of the locking frequency
used). The faster of the two processes caused the T, ' rate to
pass through characteristic peak maxima near room temperature
(at 3.5 K™ on the 1000/T scale; see Figure 2). Presumably, the
same process led to the slight shoulder appearing at 1000/ T ~
1.5 K" on the HT flank of the rate peak T; ' (1/T) measured at
77.7 MHz (see the arrow in Figure 2). For measurements at
155.4 MHz, only temperatures up to 633 K were accessible with
our equipment. This was not high enough to clearly reach the
corresponding rate maximum at the largest resonance fre-
quency used. Still, the respective incipient rate peak seems to
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be indicated in the SLR rates measured at the highest tempera-
tures and 155.4 MHz. The activation energy of the faster 3D
jump process obtained from the three rate maxima (dashed-
dotted line in Figure 3) and the one taken from the slope of the
HT flank of the rotating-frame SLR rates (solid line in Figure 2)
are identical within experimental error (0.32 eV). Beyond doubt,
this is expected for a 3D diffusion process (see above and Table 1).
The second 3D process, which is characterized by the highest
activation energy, was visible only in the T, '(1/T) data (see
Figure 2). The corresponding Arrhenius line in Figure 3 (black line)
is not a fit through the two points obtained from the SLR rate
maxima. Here, the activation energy was taken from the HT flank of
the rotating-frame SLR rates, yielding Ey = 0.55 eV for this 3D
process. The Arrhenius line for this jump process is in very good
agreement with the Li jump rate deduced from a first measurement
by 2D exchange magic-angle-spinning (MAS) NMR spectroscopy.”’
As also found for the quasi-1D process, the pre-exponential
factors T, ', which are interpreted as attempt frequencies of the
two 3D processes, were on the order of 10"" s ". This value is ~2
orders of magnitude lower than the optical phonon Li modes of
Li;»Si; obtained from ab initio calculations.'® Generally, the
tendency to have lower pre-exponential factors in the Arrhenius
relation in comparison with the phonon frequencies can be
understood in terms of cooperative motions or strong anharmo-
nicities of the potential landscape next to a vacancy; the latter
might lead to lower vibrational frequencies than in the vacancy-
free bulk (for a discussion of low pre-exponential factors
obtained by NMR spectroscopy, see, e.g., refs 24, 28, and 29).
In summary, the low-dimensional hopping process found for
polycrystalline Li;»Si; (Ex = 0.18 eV) is one of the fastest Li
diffusion processes in solids known in the literature. Its quasi-1D
nature has been revealed by frequency-dependent NMR SLR
measurements. The fast 3D Li jump process (Ey = 0.32 eV),
although much slower than the quasi-1D process, is nonetheless
comparable to diffusion processes in typical superionic Li
conductors.*®”** The slower 3D process has an activation energy
of 0.55 eV, which is similar to that for self-diffusion in lithium
metal.*® To our knowledge, this is the first system in which three
distinct Li jump processes, which are activated one after the other
according to their increasing jump barriers, have been separately
characterized using diffusion-induced NMR SLR measurements.
Subsequent studies will include the identification of the diffusion
pathways and sites related to the revealed jump processes. From the
structure, even many more than those three distinct jump processes
are expected. Presumably, exchange processes between comparable
crystallographic sites show similar jump barriers and therefore are
not separately seen in NMR relaxometry. 1D and 2D MAS NMR
measurements carried out at very low temperatures might help
identify the crystallographic sites connected to the three main
diffusion processes probed by NMR SLR.
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