¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

lon transport mechanism in anhydrous lithium
thiocyanate LiSCN part Il: frequency dependence
and slow jump relaxationf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 20198

£ Igor Moudrakovski, (22
© Rotraut Merkle, (&) *@

a

Markus Joos, (2 Maurice Conrad,
Maxwell W. Terban, 2 Ashkan Rad,® Payam Kaghazchi,
Robert E. Dinnebier, €22 Thomas Schleid (2 ° and Joachim Maier

Specific aspects of the Li* cation conductivity of anhydrous Li(SCN) are investigated, in particular the
high migration enthalpy of lithium vacancies. Close inspection of impedance spectra and conductivity
data reveals two bulk relaxation processes, with comparatively fast ion transport at high frequencies and
slow ion migration at low frequencies. The impedance results are supported by solid state nuclear
magnetic resonance (ssNMR), and pair distribution function (PDF) analysis. This behavior reflects a
frequency dependent conductivity, which is related to the extremely slow thiocyanate (SCN)~ anion
lattice relaxation that occurs when a Li* cation jumps to the next available site. Two possible migration

Received 21st April 2022, models are proposed: the first model considers an asymmetric energy landscape for Li* cation hopping,

Accepted 27th July 2022 while the second model is connected to the jump relaxation model and allows for 180° rotational
disorder of the (SCN)~ anion. A complete kinetic analysis for the hopping of Li* cations is presented,

which reveals new fundamental insights into the ion transport mechanism of materials with complex
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1. Introduction

Anhydrous Li(SCN) is an intrinsically Schottky defective mate-

rial with lithium vacancies V/Li as mobile defects." Based on the
thermodynamic and kinetic knowledge of its defect chemistry,
we investigate the specific physical mechanism of Li" cation
hopping, especially regarding the role of the anisotropic thio-
cyanate anion (SCN) .

In literature, it has been shown for numerous materials,
especially with complex anions, that the cation mobility is
significantly affected by the interplay with the motion of the
anion. A common term used to describe this interplay is the
so-called “paddle-wheel” mechanism, which was originally
proposed for ionic systems with complex anions such as
Li,(S0,).> The anion could actively promote cation conduction
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by dragging it along through Coulomb interaction when it fully
rotates (paddle wheel). Further investigations also led to some
controversy,”” and an alternative interpretation based on free
volume increase (“percolation model”) was proposed.®’” Here,
the anion could only indirectly promote transport by increasing
the free volume through rotational disorder, creating a flatter
potential landscape and eliminating energetic bottlenecks.
Actually, neither of the two ideas is exclusive, and the increase
of free volume is even a requirement for the rotation of the anion
to occur. Regardless of the underlying mechanism, the interplay
between cation mobility (translational motion, i.e. hopping) and
anion mobility (reorientational motion, i.e. rotation) can, in a
limiting case, lead to an anomalous and strong increase in ionic
conductivity, which is known as the rotor phase transition. The
underlying material properties for this transition to occur can be
summarized accordingly: (i) the material’s anion (or cation)
lattice needs to become fully disordered (molten sublattice).
If the anion has an internal structure ((SO4)* , (PO4)*",
(WO4)*7), it becomes fully symmetric by fast local rotational
disorder (rotor phase). (ii) The material’s crystal structure needs
to be spacious enough for the anion (or cation) to become fully
disordered. Since full disorder of the anion (and/or cation) lattice
is accompanied by a structural change (otherwise a change in
aggregate state occurs), polymorphism is often observed in these
systems (e.g. also seen in Na,(S,03)).°
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An increasing number of investigations concluded that
dynamic correlations of cation and anion motion in phases
with rotationally disordered complex anions are beneficial for
fast cation transport,”* and supplied detailed atomistic views,
e.g. from molecular dynamics (MD) simulations (¢f also
ref. 14). However, it is not necessary to have full rotational
disorder of a complex anion to see effects on cation dynamics.
Partial rotations and other local relaxations may be important.
Such effects are often related to a frequency dependence in the
bulk conductivity connected to different characteristic times of
the involved substeps of the transport processes.

The underlying physical concept of the role of anion
disorder for cation transport can be nicely brought into context
with the jump relaxation model introduced by Funke.'® This
concept describes the time/frequency effect of the structural
rearrangement of a site in which an ion (coming from a relaxed
site) has just hopped in. Importantly, relaxation effects in the
microwave or submicrowave regime are usually not caused by
the fast phononic relaxation but by rearrangement of the other
mobile ions. When the anion lattice becomes more mobile
(higher degree of disorder), the relaxation process occurs faster
and long-range transport is promoted.

Regarding the (SCN) ™ anion, the complexity of thiocyanate
coordination chemistry is twofold: (i) thiocyanates can form
a variety of coordination compounds with different ligands,
e.g. Li(SCN) with H,O or tetrahydrofuran (THF)"®® as well as
other metal thiocyanates (M = Na with H,0;'° M = Mg with H,O
and/or THF;*° M = Ca with H,0, dimethoxyethane (DME) or
acetonitrile (NCMe)).>"** (ii) As a non-spherical, bidentate
ligand, it can bind in different orientations and different
binding strengths. The effect of M—-(SCN) coordination on
physical properties in solid crystals such as local structure,
thermal expansion, elasticity, spin-lattice dynamics, etc. has
been reviewed and studied in detail for K(SCN).>*>° The (SCN)~
anion can reorient locally between two energetically non-
equivalent states, which become (on a timescale of <10 2 )
equivalent after a phase transition. It is therefore reasonable to
consider the reorientation of (SCN)~ as a decisive relaxation
process when investigating the Li* cation transport in Li(SCN).
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Here, we will explicitly discuss the physical mechanism of Li*
ion (or rather V| ;) hopping and the influence that (SCN)~ local
motion has on the cation transport in anhydrous Li(SCN). With
the combination of electrochemical impedance spectroscopy
(EIS), solid state nuclear magnetic resonance (ssSNMR) and pair
distribution function (PDF) analysis, it is concluded that the
transport of mobile defects is distinctly frequency dependent.
Below 150 °C, local (backward-forward) cation hopping is
observed at high frequencies, and successful long-range motion
(i.e. direct current (DC) conductivity) only occurs at low
frequencies (<0.1 Hz at 25 °C). At higher temperatures, lattice
relaxation processes occur faster, and local and global cation
motions become no longer distinguishable. We show that this
frequency dependent conductivity is related to local relaxation
processes of the (SCN)™ anion, and can be interpreted in terms
of the jump relaxation model."”® The presented results of
Li(SCN) are compared to literature data of other materials with
complex anions.

2. Results and discussion

2.1. Impedance spectroscopy

As shown in Fig. 1, the measured complex impedance arcs of
anhydrous Li(SCN) reveal two relaxation processes at high (w;)
and low (w,) frequencies, which is best seen in the modulus
representation in Fig. 1b. The dependence on the sample
thickness made clear that both signals correspond to the bulk
responses and not e.g. to electrode processes (¢f. ESI,T Fig. S3).
With increasing temperature the two relaxation times become
similar and eventually the two signals become indistinguishable
in the complex impedance representation (Fig. 1c). For compar-
ison, the impedance of Lil was also measured (ESI,T Fig. S4b).
Despite the chemical similarity, Lil shows only one EIS semi-
circle with a (rather) temperature independent dielectric con-
stant of 30. These results strongly suggest that the presence of
two EIS bulk signals in Li(SCN) is connected with the anisotropic
properties of the (SCN)™ anion.
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(a) Complex impedance and (b) complex modulus plot of anhydrous Li(SCN) at 69 °C (cold-pressed pellet, relative density 89%, data from ref. 1).

(c) Impedance spectra of anhydrous Li(SCN) at various temperatures. The Warburg feature at low frequencies expected for ion blocking electrodes was

observed but is omitted for clarity.
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Two serial processes with different relaxation times 7 (t, =
R,C,) are often phenomenologically described by a simple
Ser{Par[R;,C,], Par[R,,C,]} circuit. However, the EIS spectra of
anhydrous Li(SCN) show a strong convolution for the high (®,)
and low (w,) frequency signals, especially at lower temperatures.
For such a situation, the circuit in Fig. 1a yields a better fit (due
to the cross term jw,C;R,, which links the impedance signals).

If blocking grain boundaries were present, bulk and grain
boundary capacitances are expected to differ by at least two to
three orders of magnitude (depending on grain size), and the
relaxation times should sufficiently differ for the semicircles to
be separated. Fig. S5 in the ESIf demonstrates that even at
higher temperature when the electrode arc comes into the
measured frequency range no response from blocking grain
boundaries is observed between bulk and electrode response.
Furthermore, Li(SCN) is not expected to have strongly blocking
grain boundaries considering its soft behavior.>® Porosity
effects or current constriction at grain contacts can also be
ruled out, as a 94% dense sample prepared by SPS (included in
Fig. 2) yielded the same EIS response as cold pressed pellets.

Fig. 2 shows the conductivities and dielectric constants at
different temperatures calculated from the high (w,) and low
(w,) frequency contributions to bulk transport obtained with
the circuit shown in Fig. 1a. Even though the dielectric constant
& at low frequencies (w,) is higher than at high frequencies
(,), it is too low to correspond to an interfacial process. If
blocking grain boundaries were present, one would expect the
apparent grain boundary dielectric constant to be at least 2-3
orders of magnitude higher than for bulk (for the Li(SCN) grain
size in the micrometer range).>® Also the temperature dependence
of &, does not match the expectation for grain boundaries.

The high frequency process (w;) changes its activation
energy at ~150 °C from (0.5 £ 0.2) eV to (1.2 + 0.2) eV (error
bar calculated from averaging over all measurements), while its
dielectric constant remains relatively constant at roughly 25.
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This permittivity (er,.,,) value is almost identical to the one of
LiI and is within the typical range of solid ion conductors with
large, polarizable anions. In contrast, &, is strongly temperature
dependent and can exceed 100 at low temperatures. Both features
indicate a relation to the (SCN)~ anion, since its local motion can
induce polarization, causing an increased dielectric response.

As extensively discussed in the literature (see e.g. ref. 15) and
as mentioned in the introduction, ion transport in a material
can exhibit a frequency dependence related to relaxation
processes of the jumping ion’s environment. Each hop has a
probability for a reverse jump (high, as long as the environment
has not yet accommodated to the jumped ion), or for continuing
the transport process in other directions and thus contributing
to the long-range DC conductivity. At high frequencies, ions hop
in correlated forward-backward motions (many back-jumps) and
hardly contribute to long-range ion migration. This manifests
itself as a high frequency plateau in the frequency dependent
real part of the complex conductivity (Fig. 3a, regime I). With
decreasing frequency, such forward-backward jumps contribute
increasingly less, and the real part of the complex conductivity
becomes smaller. This leads to a dispersive behavior depicted as
regime II in Fig. 3a. Finally, at low frequencies (long time) only
the few successful hops including environment relaxation are
recorded and the DC plateau corresponding to long-range ion
transport is reached (regime III). Fig. 3 shows both the frequency
dependent real conductivity o(w) and dielectric constant &,(cw,) at
various temperatures, for which the values at high (c0) and
low (0) frequencies are indicated (¢(0) represents the low fre-
quency plateau). At elevated temperatures a blocking electrode
feature appears (ie. Warburg diffusion), recognized at low
frequencies by its apparently high dielectric constant &, (w).
The Warburg feature is also observed in the impedance spectra
in Fig. 1, yet is omitted for clarity.

In our case, the direct observation of the high frequency
plateau at room temperature is remarkable, considering that
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(a) Conductivity and (b) dielectric constant ¢, as a function of inverse temperature from different samples of anhydrous Li(SCN). The figure shows

the high (w;) and low (w,) frequency process of bulk transport as fitted by the circuit in Fig. 1a as red and black symbols (full symbols: heating, empty
symbols: cooling). The vertical line indicates the transition after which the two impedance arcs merge and only one peak frequency is observed.
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(a) Frequency dependent real conductivity a(w) and (b) dielectric constant ¢,(w) at various temperatures. Black and red spheres refer to the specific

relaxation times; i.e. 1, = 1/w, = R,Cn, n = 1 or 2. (c) Frequency dependent real conductivity after subtraction of DC conductivity [o(w) — (0)].

typically much lower temperatures (for MHz range) or microwave
techniques in the GHz range are required."> The astonishingly
long relaxation time for local ion hopping in regime I entails a
very short dispersive regime II, until the DC plateau in regime III
is reached. According to the jump relaxation model JRM, the
frequency dependence of o(w) for the transition from regime II
to III is well approximated with [o(w) — ¢(0)] oc @” (Fig. 3c). The
exponent p relates to the “mismatch parameter” « (or § in the
Kohlrausch-Williams-Watts approach), which describes the
energetic asymmetry when the immediate neighborhood of an
ion relaxes after a hop. The activation energies (enthalpies) for
high (w,) and low (w,) frequencies in Fig. 2 correspond to the ion
motion in regime I and III, reflecting local short time forward-
backward hopping, and long-range ion migration, respectively.

2.2. ’Li and "N solid state NMR spectroscopy

Fig. 4 shows the results from static "Li ssNMR measurements at
various temperatures. At low temperatures up to about 60 °C,

anhydrous Li(SCN) displays a broad signal characteristic to the
spin 3/2 quadrupolar nucleus, and consists of the signals from
central and satellite transitions. At 70 °C, an additional, narrow
signal becomes visible at the top of the central transition.
This signal intensifies as the temperature increases, while the
intensity of both the central and satellite transitions of the
initial spectrum simultaneously decrease. When the tempera-
ture exceeds 230 °C the broad component vanish, and only the
narrow signal remains.

The change in the width of the central transition by
motional narrowing can be detected already above 60 °C, and
becomes very pronounced above 150 °C (Fig. 5a), i.e. at the
same temperature region where the low-frequency process in
impedance spectra becomes indistinguishable. Together with
the results on spin-lattice relaxation times T; (Fig. 5b), we can
identify the emerging narrow signal as the high frequency
process (w4), and the broad signal as the low frequency process
(w,) observed from impedance (Fig. 3). The respective changes

narrow signal

broad signal J l 25°C / \.

400 200 0 -200 -400
chemical shift &, / ppm

Fig. 4
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’Li ssNMR spectra of anhydrous Li(SCN) at various temperatures, with appropriate magnifications on the right hand side.
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(red) components as shown in Fig. 4. Dashed lines are a guide for the eye.

in the signal shapes and widths reflect the lithium ion trans-
port dynamics in the same manner as seen by impedance, with
the high frequency process showing a much higher transport
rate than the low frequency one. From the change in full width
at half maximum (FWHM) in Fig. 5a, an activation energy can
be calculated with the empirical expression ER™** = 1.617 x
103 eV-T./K, where T, is the onset temperature of motional
narrowing.>”*® The obtained value of 0.69 eV is close to the one
for high frequencies (w,) from EIS ((0.5 & 0.2) eV, within the
experimental error range). The observed T; spin-lattice relaxa-
tion times of the broad signal (exceeding 1000 s below 150 °C)
are extremely long. This comparison demonstrates the comple-
mentarity of these two techniques. While NMR spin-lattice
relaxation times are not necessarily identical to the inverse of

-150 -300  -450 -600

chemical shift § , / ppm

peak integral / %
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(a) Full width at half-maximum (FWHM) and (b) spin—lattice relaxation rate (1/T;) as a function of temperature for the broad (black) and narrow

the jump rate of the cation, both processes are nevertheless
related. The fact that the long-range transport process is
limited to such low frequencies explains why the transition to
the high frequency process (w;) also occurs at comparably low
frequencies, and thus the high frequency plateau falls into the
EIS measurement range.

In addition to “Li NMR, >N NMR spectroscopy was con-
ducted on an enriched Li(SC'’N) sample to probe the mobility
of the thiocyanate anion (Fig. 6). The observed axially aniso-
tropic signal (shaded area in Fig. 6a) agrees well with the
expected shape for >N in the (SCN)~ anion,* and reflects an
essentially immobile (SCN)~ unit in the lattice. In complete
agreement with the observations for Li" cations, at tempera-
tures above 150-170 °C, an additional narrow peak appears on

T/°C
50 100 150 200 250
100 m-----mee-ioao-o- . ]
T' e,
broad signal "
m

-100 -200 -300 -400 -500 -600
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400 500
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350

Fig. 6 !N ssNMR spectra of enriched Li(SC!°N) at various temperatures, showing (a) the signal shapes, and (b) the integrated signal area as a function of
temperature. In (b) an exemplary peak fit is shown, as well as the thiocyanate anion with the ellipsoidal shape for the chemical shielding anisotropy in the

nitrogen (*°N) atom.
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top of the broad signal. The position, the symmetry and highly
reduced line width of the signal all indicate a much higher
isotropic mobility of the new moiety. With increasing tempera-
ture the ratio of the narrow signal gradually increases (Fig. 6b),
demonstrating a similar behavior to the narrow signal in "Li
NMR (Fig. 4 and 5). The essential preservation of the axially
anisotropic line shape up to the highest studied temperatures
hints at the development of two slowly communicating (on the
NMR time scale) anionic species; ie. the simultaneous
presence of two differently magnetically shielded (SCN)~
anions. This indicates either both slow (broad, anisotropic
signal) and fast (narrow, isotropic signal) moving (SCN)~
anions (e.g. partial or full rotation), or an increasing fraction of
(SCN)~ anions being isotropically shielded by the fast moving Li"
cations (VLi’ defects) around them.

In conclusion, the observed changes in “Li and >N NMR
spectra with temperature both support the observations from
impedance in Fig. 2, and also suggest a relation between Li"
cations and (SCN)~ anions in the migration mechanism of V;;
(analogous to Na;(POy), ¢f. discussion in the ESIT).”?° With an
increased mobility of the anion lattice, the relaxation after the
initial jump occurs much faster, and the faster reorientation of
the (SCN)~ anion cancels its anisotropic polarization effect.
However, NMR is a local technique, reflecting local processes,
and NMR frequency or rather time domains cannot directly be
related to the frequency (time) range of impedance (integral
technique).”?°

A good comparison is K(SCN), in which the spin-lattice
relaxation behavior of *°K has been explained with the rota-
tional motion of (SCN)".>* In the K(SCN) structure, the (SCN)~
anion has a higher degree of rotational freedom compared to in
Li(SCN), which is reflected by the far lower T; relaxation time of
39K compared to “Li, and the structural transition. The anion
can change its orientation between two states, until at 142 °C
the degree of reorientation strongly increases (full rotational
disorder on average time scale) and a phase transition occurs
(however, based on volume contributions Plester et al.>® considers
complete rotational disorder of (SCN)™ in K(SCN) unlikely). Such a
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transition does not occur in Li(SCN) below its melting point. This
evident difference in anion mobility behavior can be understood
from two aspects: (i) the more spacious K(SCN) structure allows
for the (complete) rotation of (SCN)~, and (ii) for the larger and
softer K" cation there is no preference for K-N over K-S bonding.
Therefore, any rotational disorder of (SCN)™ in Li(SCN), if it
occurs at all, would likely be very small in magnitude. It remains
an open question whether or not the (SCN)™ anion can perform
full 180° rotations or merely reorientates.

2.3. Pair distribution function

The impact of (SCN)~ rotational disorder on the local structure
was investigated with X-ray total scattering measurements and
PDF analysis at 20, 120, and 226 °C (Fig. 7a). As expected, there
is negligible change in the atom-pair distances within the
anions. The shifting and broadening of the peaks at higher
distances signify expansion of the intermolecular distances and
increased thermal displacements.

Rotations of the anions away from their average positions,
particularly off the mirror planes, effectively lower the symme-
try of the local structure environments. Structure refinement
over short distances in real space yields information about the
preferred relative orientations of the molecules, independent of
the presence or absence of long-range correlation between
rotational states. This allows one to compare how well models
with different rotational distortions describe the data. To
systematically test for the preference of symmetry-breaking
rotations, starting with the Pnma parent structure,® all rota-
tional isotropy subgroups in orthorhombic, monoclinic, and
triclinic crystal systems were determined.’*** For each sub-
group, the structure model with (SCN) ™ anions defined as rigid
bodies was refined allowing free rotation around the central
carbon atom. The lithium and carbon positions were kept fixed
to reduce the number of parameters. All models were tested
against the measurement at 226 °C. Then, the top performing
models in each crystal system were refined against the lower
temperature datasets. The refinement goodness-of-fit is plotted
against the number of refined parameters for each case in Fig. 7.
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Number of Refined Parameters

Number of Refined Parameters

(a) PDF data for Li(SCN) measured at different temperatures. The shaded region highlights the portion of the signal strongly affected by systematic

errors from the data reduction and noise at high Q in the measured diffraction data. (b) Goodness-of-fit (R,) plotted as a function of the number of
parameters in the refined models, defined in either orthorhombic, monoclinic, or triclinic crystal systems, for the dataset measured at 226 °C. The
number of rigid body molecules defined in the asymmetric unit is given in curly braces {#}. (c) Ry, plotted as a function of the number of refined
parameters and temperature of the dataset for selected models. The dashed lines serve only as a guide to the eye.
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Every subgroup tested gives an improved description of the local
structure, especially when including multiple molecules in the
asymmetric unit, which allows for more disordered relative
anion orientations. However, even with one molecule allowed
to rotate freely off the mirror plane in Pnma (e.g. in P24/c), the fit
already improves by ~1.5%. The number of refined parameters
increases with each model, so the results are not completely
unambiguous, however they do suggest that the local structure
prefers distortions of both rotational orientations and the lattice
metric away from the average. Refinements suggest the presence
of rotational distortions at lower temperatures, although the
increasing improvement in the fits for 120 and 226 °C suggests
prominence at higher temperature. In this sense, the PDF results
support the observations from ssNMR of reorientational dis-
order of (SCN)~ in Li(SCN), which becomes more pronounced
with increasing temperature.

2.4. Discussion

Based on the experimental evidence shown above, we want to
develop possible kinetic models to explain the V/Li transport

mechanism in anhydrous Li(SCN). The migration of V|, i.e. the
hopping of Li* cations, is considered to occur via next nearest
neighbors (adjacent sites) which was used to construct the
defect model in Part 1,' and is depicted in Fig. 8a. Every Li*
cation has two nearest neighbor Li" sites at a distance of 3.16 A.
The vacancies can move in a ‘zigzag” fashion along the b
direction via octahedral sites. The temperature dependent
behavior of &, shown in Fig. 2b, as well as the results from
ssNMR (Fig. 4-6) and PDF (Fig. 7) suggest that the (SCN)~ anion
is also involved in the jump process, since its reorientation is
expected to cause polarization changes. The conductivity mea-
surements were clearly frequency dependent with two distinct
activation energies both at high (w;) and low (,) frequencies.
We can therefore conclude that the mechanism of V,Li migra-
tion in Li(SCN) involves two energy barriers which are overcome
at different frequencies, as shown in Fig. 8b, and that the first

b)

LA S A

o OLi

®
ONeC OS
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barrier (AnH,, », At high frequencies w4) reflects local Li'
Li’

cation hopping, while the second barrier (AmHv;_i'wzat low

frequencies w,) corresponds to long-range Li* cation transport.
The reason for this frequency dependence, however, is still
ambiguous. Nonetheless, based on these considerations, we
hypothesize two alternative transport models that would lead to
a frequency dependent conductivity.

Model 1: if we presume that the structure and Coulomb
interactions in Li(SCN) do not allow for full 180° rotations of
the (SCN)™ anion, only small local relaxations (i.e. reorienta-
tions) occur during Li* cation hopping (V'Li migration). Between
the edge sharing octahedra are empty tetrahedral (interstitial)
sites V;, which are composed of [V; N;S] units (Fig. 9). These
empty tetrahedral sites are closer to the regular Li' cations
(1.96 A and 2.11 A are the distances to the next regular Li" site,
cf. Fig. 9), and the cations could hop on the V; sites (transition
from (1) to (2) in Fig. 8b and 9), resulting in a tetrahedral
(interstitial) site mediated migration mechanism (such a path
has also been discussed for Lil).** In a rigid lattice without
relaxation, such a process is energetically unfavorable and the
ion would just jump back. However, the hopping of Li" to V;
induces local relaxation of the neighborhood and the potential
energy of the interstitial site decreases (red dashed line in
Fig. 8b). Since the Li* cation favors the Li-N coordination, the
tetrahedral sites offer a rather favorable bonding situation as
the concentration of Li-N bonds is high compared to the
concentration of regular octahedra sites. As a consequence of
this rather stable position, the barrier for the jump to the next
regular site is high (transition from (2) to (3) in Fig. 8b and 9).
Another important point is that the barriers for entering and
leaving the tetrahedral site differ (¢f Fig. 8b) because the Li"
cation moves either through a [N;] face or a [N,S] face (cf:
Fig. 9), which offer more or less available space for the passing
Li" cation. This could explain why the transition from local
hopping to long-range transport, which requires overcoming
also the larger of the two barriers, occurs at comparatively low
frequencies. For successful long-range motion to the next

Fig. 8 (a) Migration path for lithium vacancies V’Li in anhydrous Li(SCN). Jumps to next nearest neighbors (adjacent sites) of VILi (i.e. regular lithium sites

Lij;) are indicated by red lines. (b) Scheme of the energy levels of a cation (i.e. V/Li) hopping to its adjacent site (solid black line), and subsequent structural
relaxation (dashed red and black lines). The numbers indicate the initial state (1), an intermediate (meta-stable) state (2), and the final state (3) after the

cation has jumped.
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empty tetrahedral (
site [V;N,S]

V,; on a regular
octahedral site

Fig. 9 Empty tetrahedral (interstitial) sites V; composed of [V;N3S] units
(red tetrahedra, blue spheres are nitrogen atoms, yellow spheres are sulfur
atoms, grey spheres are lithium atoms). The transparent spheres inside of
the tetrahedra indicate where a Li* cation would be situated if they were
filled. The solid red line describes the overall migration path between the
regular octahedral Li* sites to the nearest neighbor (cf. Fig. 8a). The dashed
blue line describes the migration path of V;_i according to model 1, if their
transport is mediated via the empty tetrahedral (interstitial) sites. The
encircled numbers (1)-(3) correspond to the energy level scheme in
Fig. 8b.

octahedral site, the high migration barrier AnH,,  has to be
Li*®2

Ko}
overcome.

In summary, for the Vy, in Fig. 9 to migrate from (1) to (3),
the adjacent Li" cation will first jump through the [N,S] face
into the empty tetrahedral site, after which the cation’s
immediate environment relaxes in the form of small (SCN)~
reorientations (dashed red line in Fig. 8b). In order for the
long-range transport to be successful, the second, larger
energy barrier from (2) to (3) (¢f. Fig. 8b) has to be overcome.
The Li" cation has to pass through the [N;] face to reach the
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octahedral position, after which the occurring (SCN)™ reorien-
tations lower the site energy and relax the structure. This means
that the main cause of the two different barrier heights are the
geometric differences in the [N;] versus [N,S] face, and the
structural relaxations compensate for the associated energetic
asymmetry (dashed red and black lines in Fig. 8b). This
path bears some resemblance to a random barrier model
(see e.g. ref. 35).

Model 2: if we assume that full 180° rotations of the (SCN)~

anion can occur locally (possibly facilitated by V’Li), we can
think of an alternative mechanism for Li" cation transport
(Fig. 10). A lithium vacancy would prefer a sulfur coordination
(because then an occupied Li" site can benefit from the nitrogen
coordination), which would induce rotation of the (SCN)™ in its
immediate surrounding. The vacancy would first jump to the
nearest octahedral site (transition from (1) to (2) in Fig. 8b and 10),
which is, however, less favorable as long as it is coordinated to
nitrogen, and thus prone to a fast back jump. Relaxation of the
structure by rotation of the next (SCN)~ anion would stabilize it,
making the jump long-time successful (transition from (2) to (3)
in Fig. 8b and 10). In this mechanism the second barrier refers
to the energy the Li* cation has to muster for hopping, as well
as to a 180° rotation of the (SCN) ™ anion (i.e. the rotation energy
is related to the high value of AynH

Li
According to the defect model and the derived enthalpies of

Li(SCN) (c¢f. Table 2 in Part I),' the V/Li generation by Schottky

i.,(uz)'

reaction requires 0.6 eV, and the V|, concentration [V/Li] can be

calculated. Local ion hopping occurs with the high frequency
' With  the

. migration enthalpy AmHV’L o relation

A%

u /LiT = (JV/U T)/(Zv’ue' [VL]), where 2y and e are the charge

local hopping of VILi

jump relaxation process

long-range transport

rotation of SCN’

Fig. 10 Jump relaxation model for migration of V/Li based on local, rotational disorder of the (SCN)™ anion. Blue spheres are nitrogen atoms, brown
spheres are carbon atoms, yellow spheres are sulfur atoms and grey spheres are lithium atoms. The solid red line describes the overall migration path
between the regular octahedral Li* sites to the nearest neighbor (cf. Fig. 8a). The dashed blue line describes the initial local forward—backward hopping of

V/Li according to model 2, if their long-range transport is enabled by rotational disorder of the (SCN)™ anion. The encircled numbers (1), (2), and (3)
correspond to the energy level scheme in Fig. 8b. The bent arrows for (2) are not meant to exactly specify the rotation axis (also an in-plane rotation axis
may be possible for SCN™). At present we cannot predict which axis is energetically more feasible.
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of V/Li and of an electron, as well as the conductivity shown in
Fig. 2a, the high frequency mobility u,,  is obtained (Fig. 11):
Li’

uy ,T= 10%#D exp (7(0'6;;707;1)6\1) em®? K Vst (1)

The migration entropy value is most likely positive yet small,
and below the experimental error bar.

The situation described in model 2 matches with the jump
relaxation model JRM, in which relaxation of the immediate
environment (here (SCN)~ anions) significantly affects cation
transport. Within the JRM, the energy barriers Ej, Ey, and Ey
for the three frequency regimes in Fig. 3a and associated
relaxation energies can be estimated accordingly (Fig. 12): the
energies E; and Ejyy are the local and long-range migration
enthalpies of the lithium vacancies AmHV;_i‘w] =0.6eV and

AmHV/L oy =089V, The energy well immediately after the

initial jump is denoted as ¢, and the associated relaxation as
0'. The barrier Ey; may be expressed as Eyy = E; + 2A(E; — 9), in
which A is a constant close to unity.">>° The energy term related
to the rotation of (SCN)™ corresponds to AHgcn = 2A(E; — 0) =
(0.3 £ 0.1) eV, which means § =~ (0.5 £ 0.1) eV. Based on the
JRM, for the dispersive regime Ey; = (1 — p)Ey; applies, yielding
Ey = (0.17 £ 0.02)eV (Fig. 3c). The energy Ey indicates the
energetic change during the relaxation of the lattice after the
mobile ion has jumped locally, i.e. 6’ ~ Ey. The sum J + ¢’ is
then (0.7 £ 0.1) eV, close to E;.

Overall, the two possible mechanisms can be
summarized as:
x 0.6¢V 0.89¢V

Vi +Vi+ L, S5V + LIt + V), & Li,+Vi+Vy, (2)

T/°C
250 200 150 100 50
107 T T T T :
] ]
<
hid
<
>
X
~
£
o
g . =(0.6+01)ev
~ L w,
2z ] Amsv;i,,,,,=(‘°'7i3) kg
104 E
] ]
10t ; . ; ; . ; . ;
1.8 20 22 24 26 28 3.0 32 34

1000/T / K*

Fig. 11 High frequency mobility of V/Li in anhydrous Li(SCN). Dashed lines
correspond to linear fits. Full squares are heating, and empty squares are
cooling data (cf. Fig. 2a).
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Fig. 12 Energy level scheme of VI]_i migration in Li(SCN) with assignment
based on the jump relaxation model. The solid black line refers to the
energy levels, while the dashed red and black line reflect occurring
structural relaxation. The dashed blue line indicates the hopping of V'Li

(i.e. the Li* cation). The numbers (1), (2), and (3) refer to the mechanism
shown in Fig. 10.

VI +SCNF e +Li% 22 LiX +SCNZ g+ Vi
0.89eV «

S8 LifANCSes+ Vi, 3)

The transition at ~150 °C (¢f. Fig. 2) occurs due to the correlated
mobility increase of Li" cations (Fig. 4) and (SCN)~ anions
(Fig. 6) accompanied by the lattice expansion (Fig. 1 in
Part II),”’ especially in b direction (ie. ions have more space and
can move more freely). The higher degree of fast (SCN)™ anion
reorientation weakens anisotropic polarization effects and &,
decreases (c¢f Fig. 2b). Ion hopping occurs now at much higher
frequencies and jump relaxation becomes more rapid, meaning
that only long-range ion motion is observed, and the high (w,) and
low (w,) frequency signals become undistinguishable.

The newly discovered phase Mg; o,Li; o6(SCN)s in Part I" is a
perfect comparison to Li(SCN) to support the just discussed
concept. In this new material, Mg>" is almost exclusively bonded
to nitrogen atoms of (SCN)™, and the sulfur atoms coordinate to
Li". This favors the generation of lithium vacancies (the Schottky
reaction formation enthalpy AsH® is lowered) and the conduc-
tivity is increased. This observation supports the above state-
ment that (SCN)™ coordination via sulfur stabilizes V/Li.
Regarding the cubic phase of Mg, o,Liz06(SCN)s above 62 °C,
the lower activation energy of the conductivity (¢f Part I, Fig. 1a)*
indicates that there V|, might be more mobile compared to
Li(SCN). The impedance spectra do not show any sign of an
additional high frequency response, and the dielectric constant
suggests a very different reorientation behavior of (SCN)™ in this
system (cf. Part I, ESL,t Fig. $10)." A higher degree of local (SCN)~
motion is indeed expected for Mg; ¢,Li3 96(SCN)e, given the more
spacious lattice and the higher flexibility in cation to anion
coordination (partially mixed occupancy).

2.5. Comparison to other alkali metal cation conductors

Fig. 13 compiles conductivities of several other cation conductors.
Some of them show a phase transition into a high temperature

This journal is © the Owner Societies 2022
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Fig. 13 Comparison of Li(SCN) conductivity (black circles) with literature
data of K(SCN),® and different ion conducting material systems with complex
anions (Li* solid lines, Na* dotted, K* dashed, mixed cations dash-dotted);
Lis(PO4),**? (0-)Na3(PO,),*° Lin(CO3),* o~ and B-Lix(SO4),*>***° LiNa(SO4),*®
LIAG(SO4)," Nay(SO4),%® B-Liz(PS,), %84 y-Lis(PS4),*° a-, p- and y-Nas(PS,), >
and 75Li,5-25P,Ss glass ceramic®? (cf. also ref. 14).

phase with full rotational disorder (rotor phase transition Li,(SO,),
Liy(CO3), Liz(PS,), Nas(PO,), Nas(PS,)). Even below such a transi-
tion, local relaxation phenomena and corresponding frequency
dependence of the conductivity is expected. Evidence can be
found in various compounds."> However, the key difference
between Li(SCN) and fast cation conductors with complex anions
is that the degree and rate of reorientational motions of the anion
in Li(SCN) is much lower. It is comparable to the anion reorienta-
tional motion in fast cation conductors at subzero Celsius tem-
peratures, effectively meaning a signal shift to lower frequencies,
enabling the direct observation of local cation hopping with
impedance. This is seen eg in the impedance spectra of
LigSI(SbS,) at —78 °C (¢f Fig. 3 in ref. 38) and LisSCI(PS,) at —
100 °C (cf: Fig. 4b in ref. 39). There, the presence of two semicircles
was interpreted as bulk and blocking grain boundaries. However,
considering the chemistry of these materials, blocking grain
boundaries would be less expected for such soft compounds -
neither Lil (ESL, T Fig. S4b) nor Li,S (Fig. 1 in ref. 40) show blocking
grain boundaries. Furthermore, the two semicircles are strongly
convoluted, and the capacitances differ by less than one order of
magnitude, which would only occur for grain sizes in the nan-
ometer range. Instead, a more likely explanation are contributions
from both local ion hopping (high frequency signal) and long-
range motion (low frequency signal), as seen for Li(SCN) between
room temperature and ~150 °C (¢f Fig. 1 and 2).

As briefly discussed in Part I," Li(SCN) differs in its defect
chemistry from related systems such as lithium halides: its
defect formation enthalpy is low (stabilization of V.,), yet the
migration barrier is high. The reason for this large migration

This journal is © the Owner Societies 2022
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barrier is the connection between cation (or rather V) migra-
tion and anion reorientation mobility (i.e. slow relaxation of
(SCN)7). Such a correlation between cation-anion mobility has
been shown for various systems employing different methods
(M(SO,) (M = Li,, LiNa, LiAg, Na,) Raman spectroscopy and ab
initio MD,>>** 75Li,8-25P,S; ab initio MD,'? Na;(PO,) NMR,**°
Na,(PS,) ab initio MD,*? [Na;,Sn,]PnCh;, (Pn =P, Sb and Ch =S,
Se) neutron diffraction and ab initio MD,"" and M,(B1,H1,) (M =
Li, Na) neutron diffraction and ab initio MD>>"%), and does
typically apply for materials with complex anions'* (however, this
correlation is not limited to complex anions, as the Li" cation
mobility in Li,(OH)Cl was shown to correlate with the proton
disorder).”” Naturally, one would expect the anion reorientation
rate to predominantly influence the pre-exponential factor of
cation mobility. However, the influence of anion reorientation
might also extend to the migration enthalpy, as anion disorder
has been suggested to flatten the energy landscape of the system
(¢f Fig. 8 in ref. 58, referred to as increasing anharmonicity).

Since the cation mobility is linked to the anion reorientational
motion, the anion reorientational rate (amongst other factors)
determines the ionic conductivity. Typical anion reorientation
times are between 1-100 ps for highly conductive rotor phases
(300-800 °C),"* 13393375 in which the anion is considered to have
full rotational disorder. Given the demand to find highly conduct-
ing materials for room temperature application, it is desirable to
retain these small anion reorientation times below the rotor
temperature range.'> However, many materials undergo structural
changes (i.e. phase transitions) at lower temperatures, increasing
the reorientation times strongly, and accompanied by a sudden
drop of conductivity (e.g. Nas(PO,)).”>°

The comparison of the activation energy from conductivity
data (directly related to the cation) with the anion reorientation
energy in Table 1 provides insight into the limiting factor for
the transport mechanism: if either energy value is high, the
cation conductivity will be limited by that high value. We can
compare isotropic ((BizHiz)?", (POL)®™, (PS4)?7, (SO,)*7) and
anisotropic ((CN)~, (FHF), (N3)~, (SCN) ™) anions. Although the
anisotropic shape is more restricting, the energy values are
rather similar to isotropic anions. This emphasizes the, besides
shape, other two important factors for anion reorientation time
(and energy): crystal structure and cation-anion coordination.
Larger cations cause a lower packing density, which provides
more space for the anion to move.** Furthermore, the more
different cation and anion are in size, and the more similar they
are in electronegativity, the higher both their mobilities will be.

We can now understand the observed conductivity of
Li(SCN) compared to (AO,)"” and (AS,)"” anions in Fig. 13.
The (SCN)™ anion encompasses both situations; strong ionic
bonding with Li-N—C—S coordination similar as for (AO,)"~
systems, which mostly have lower conductivities than Li(SCN),
and weaker Li-S-C=N bonds enabling facile anion disorder and fast
cation conduction as observed for AS;~ systems. However, the pro-
nounced anisotropy of (SCN)~ (compared to e.g. (CN) ), as well as the
rather dense crystal structure of Li(SCN) (compared to eg Cs(N3))
restrict the anion reorientational motion strongly, and prevent it
from becoming a rotor phase (compared to eg K(SCN)).>*?*
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Table1 Data of cation and anion motion in various materials with complex anions. E, . refers to the reorientation energy of the anion, and rotor phases

are marked with an upper case R (for more information, cf. text)

Compound Activation energy E/eV Anion Eo/eV Ref.
R(bce) Nay(By2Hi) (Exp.) 0.21 (B12H1y) (Exp.)* 0.26 55 and 59
tetr.) Na;(PO,) (Exp.) 0.98 (POL)*™ (Exp.)° 0.65 9 and 30
(fec o) Naz(PO,) (Exp ) 0.42 (PO4)*~ (Exp.)° 0.18 30
[Na;;Sn,]PS;, (Exp.) 0.24-0.31 (PS,)*~ (C alc )" 0.12-0.24 11
(Cale.) 0.19
[Na;;1Sn,|PSe;, (Exp.) 0.28 (PSe,)? (Calc.)* 0.12-0.20 11
(Calc.) 0.18
[Na;1Sn,]|SbS;, (Exp.) 0.34 (PSby)*~ (Cale.)™ 0.60-0.86 11
(Calc.) 0.25
(bee B-) Nay(PSy) (Exp.) 0.40 (PS4)*~ (Calc.)? 0.66 13 and 51
R(y-) Na,(PS4) (Exp.) 0.10 (PS4)*~ (Calc.)? 0.15 13
75Li,S-25P,S; (Exp.) 0.38 (PS,)*~ (Cale.)? 0.27 12
(Exp.) 0.35 60
(C alc) 0.24 52
R(fee o) Liy(SOy) (Exp.) 0.36 (S04)*~ (Exp.)” 0.40 44
(Ex p) 0.34 53
R(bce) LiNa(SO,) (Exp.) 0.63 (Li*)/0.64 (Na*) (804>~ (Exp.)” 0.86 53
R(bee o) LiAg(SOy) (Exp.) 0.52 (Li")/0.52 (Ag") (S0, (Exp.)? 0.72 53
(hex.) Na,(SO,) (Exp.) 1.68 (804>~ 53
Na(CN) (c=N)~ (Calc.) 0.11-0.26 61
K(CN) (c=N)~ (Calc.) 0.02-0.08 61
K(HF,) (F-H-F)~ (Exp.) 0.52 24
Cs(HF,) (F-H-F)~ (Exp.)® 0.26 24
Cs(N3) (N=N=N)" (Exp.)” 0.39 24
AmHV;_i Y /CV
Li(SCN) (Exp.) 0.89 + 0.08 (sCcN)™ This work

“ Neutron diffraction. ®

In conclusion, we can summarize that the anisotropic shape and
bidentate coordination of the (SCN)™ anion is of absolute impor-
tance regarding ion transport in the whole temperature range.

3. Conclusion

This work presents a detailed investigation of Li* cation transport
in anhydrous Li(SCN), combining impedance, sSNMR, and PDF.
Li* cation hopping is impeded by the slow anion lattice relaxation,
which imposes a frequency dependence on the ion transport. The
reason for this slow lattice relaxation is the bidentate coordination
in (SCN)™ and the connected favor for Li-N and disfavor for Li-S
bonds. Based on the coordination and defect chemistry of
Li(SCN), it is proposed that lithium vacancies favor sulfur coordi-
nation by (SCN)~ in contrast to Li" cations. Two possible migra-
tion models are suggested, which comprise partial or complete
rotation of (SCN)~ close to the migrating ion, and thereby relax
the immediate surrounding. With this approach respective kinetic
data are derived. Li(SCN) is one of the few known systems in
which the high frequency plateau of the bulk conductivity can
directly be observed by impedance spectroscopy at room tempera-
ture. A comparison with literature data of other ion conductors
with complex anions suggests connections with the kinetic model
presented here. However, the specific properties of (SCN)~ (aniso-
tropic shape and very different Li-S and Li-N bond strengths) lead
to a comparatively low ion conductivity.

20208 | Phys. Chem. Chem. Phys., 2022, 24, 20198-20209
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