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Abstract All-solid-state batteries with ceramic electrolytes
and lithium metal anodes represent an attractive alternative
to conventional ion battery systems. Conventional batter-
ies still rely on flammable liquids as electronic insulators.
Despite the great efforts reported over the last years, the
optimum solid electrolyte has, however, not been found
yet. One of the most important properties which decides
whether a ceramic is useful to work as electrolyte is ionic
transport. The various time-domain nuclear magnetic res-
onance (NMR) techniques might help characterize and
select the most suitable candidates. Together with conduc-
tivity measurements it is possible to analyze ion dynam-
ics on different length-scales, i.e., to differentiate between
local, within-site hopping processes from long-range ion
transport. The latter needs to be sufficiently fast in the
ceramic, in the best case competing with that of liquid
electrolytes. In addition to conductivity spectroscopy, NMR
can help understand the relationship between local structure
and dynamic parameters. Besides information on activation
energies and jump rates the data also contain suggestions
about the relevant elementary steps of ion hopping and, thus,
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diffusion pathways through the crystal lattice. Recent
progress in characterizing ion dynamics in ceramic elec-
trolytes by NMR relaxometry will be briefly reviewed.
Focus is put on presently discussed solid electrolytes such
as garnets, phosphates and sulfides, which have so far been
studied in our lab.

Keywords Solid electrolytes - Nuclear magnetic resonance
spectroscopy - Relaxation - Bulk Li ion diffusivity

1 Introduction

The march of global warming caused by overmuch green-
house gas emissions is hoped to be met, at least in the
medium run, by powerful electrochemical energy storage
systems [1, 2]. Abandoning combustion engines will greatly
cut our dependencies on fossil fuels. Systems based on
mobile lithium ions are currently the most advanced bat-
teries with which most of the portable devices and electric
vehicles are powered [2—15]. Although we have witnessed
remarkable advances in the last decades further progress in
lithium-ion battery technology based on liquid electrolytes
[12, 16—18] might crest in the future. All-solid-state lithium
metal batteries with solid electrolytes [19-22] (c¢f. Fig. 1)
represent one of the next-generation technologies [23-31].
Such systems, taking advantage of ceramic solid elec-
trolytes [19, 22, 58, 59], are advantageous because of two
considerations: (i) turning away from highly flammable
liquid electrolytes is expected to greatly improve safety and
longevity, i.e., to reduce aging processes; (ii) (highly) dense
and electrochemically stable inorganic electrolytes would
allow the use of metallic Li as anode material, instantly
increasing current charge capacities. The search for suitable
materials that are characterized by ultra-fast ion dynamics
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Fig. 1 Temperature dependence of the conductivity of various
solid, inorganic electrolytes. For comparison, some liquid elec-
trolytes are also included. For the sake of clarity, in Fig. 1(b)
a cut-out is shown including the most important solid elec-
trolytes with high Li* conductivity near ambient temperature. (a)
Data were taken from the literature: «-Li»SO4 [32]; LISICON
(Li14Zn(GeOy)4) [33]; Li-B-alumina [34]; LijoGeP2S12 [35]; s-LisN
(pure, sintered) [36]; d-Li3N (doped with H) [37]; tetragonal LLZ
(LizLa3Zry012) [38]; cubic-Al-LLZO (Li;LazZr,O12 with 0.9 wt%
Al added) [39]; cubic-Ga-LLZO (Ga-containing garnet, bulk values)

and negligible electronic transport has already reached an
unprecedented level. If chemically and electrochemically
stable against Li metal, such ceramics can not only be
used for lithium metal (or lithium-ion) batteries but also for
systems with even higher discharge capacities such as all-
solid-state Li/sulfur batteries. Moreover, their implementa-
tion in non-aqueous, and possibly even aqueous, Li/oxygen
batteries seems to pe promising.

Regarding (hybrid) automotive applications the all-solid-
state concept may be advantageous because ceramics eas-
ily withstand higher operation temperatures. This feature
also enables them to be used in stationary energy stor-
age systems. In the majority of cases ion transport in solid
electrolytes is usually some orders of magnitude slower
than that in liquid or gel-type organic electrolytes. Over
the last couple of years some breakthroughs have, how-
ever, been reported. As an example, in 2011 Kanno and
co-workers reported on extremely high ionic conductiv-
ity ojon Of 1.7 x 1072S cm™! for Li;¢GeP,S1, [35] which
exhibits quasi-isotropic three-dimensional lithium diffusion
pathways [60]; for Li;P3S;, on the other hand, Seino et al.
[52] showed that in heat-treated and highly dense Li7P3Sy;
Oion can reach values up to 1.7 x 1072Scm™! at room
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[40]; LiBSO (0.3LiBO,-0.7Li;SOy4, thin film) [41]; LiPON

(lithium phosphorous oxynitride, thin film) [42]; PEO:LiClO4 [43];
LiBF4:EMIBF, [44]; LiPFs:EC:PC [45]; LiPFg:EC:PC:PVDF:HFP
[46]. (b) Li3<25Geo<25POA7554 [47]; glass LizS:SiSz:Li3PO4 [48];
glass LipS:SiS;:LigSiO4 [49]; glass LipS:SiS,:P>Ss:Lil [50]; glass
LipS:P2Ss [51]; LizP3Syy [51]; d-LiyP3S;; (dense samples) [52];
LijoSnP;S2 [53]; LiSiPO (LigSiO4:LisPO4 solid solution) [54];
LATPO (Lij3Alp3Ti;7(PO4)3 crystal) [55]; LizInBrg [56]; LLTO
(Lag 51Lip 34 TiO3 94, bulk conductivity) [57]

temperature, too. The same holds for Li;P3S;; that was pre-
pared through spark plasma sintering [61]. Already in 2008
Deiseroth and co-workers reported on argyrodite-type Li ion
conductors, especially LigPSsBr, with ionic conductivities
being on a par with those of liquid organic electrolytes [62].
Regarding possible oxides, in 2007 Weppner and Thangadu-
rai introduced the garnet Li;La3ZryO1, (LLZO) with cubic
symmetry that is characterized by ionic conductivities in
the order of 107* to 1073Scm™"' [63]. In the meantime
many LLZO-based materials have been presented and an
overview is given in refs. [19, 22] where the relationships
between chemical composition, structure and ionic conduc-
tivity of the Li-stuffed garnet-type oxide as well as rele-
vant Li ion conduction mechanisms are discussed. Among
the known Li-stuffed garnets, Lig4La3zZr; 4TagcO12 and
Al(Ga)-stabilized cubic-LizLa3zZr,O1, exhibit the highest
Li-ion conductivity (1073Scm™! at 295 K) [19, 22, 40].
While activation energies derived from impedance spec-
troscopy lie around 0.2 eV for the sulfides [64], for
the highly conducting garnet-based oxides values of ca.
0.35 eV were reported [19]. During recent years titanium
phosphates again entered the spotlight; for some of the
Lij 5Al, Tio—(POy4)3 samples investigated so far bulk ion
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conductivities have been reported to be in the order of
1073S ecm~! with activation energies ranging from approx-
imately 0.2 to 0.35 eV [65]. An overview of conductivities
of earlier and just recently studied ceramic electrolytes is
given in Fig. 1.

To study ion dynamics in promising ceramics on the
angstrom length scale, that is, from an atomic scale point
of view, nuclear magnetic resonance (NMR) can be applied
[18, 66, 67]. NMR plays on the various interactions of the Li
spins with external and internal magnetic fields. By sensing
the dipolar-magnetic or quadrupolar-electric fluctuations as
a function of temperature, through NMR relaxation tech-
niques bulk ion dynamics are probed that shed light on
the elementary steps governing ion hopping. Moreover, in
ideal cases NMR also allows to draw conclusions about
the underlying motional correlation functions [68—72]. In
contrast to impedance or conductivity measurements no
post-preparation of the synthesized powder, i.e., pressing
of dense pellets, applying of electrodes, is necessary. NMR
is a non-destructive and non-contact method applicable to
all kinds of powder samples or single crystals including
also mixed-conducting materials [73, 74]. Before we present
some of the recently collected results on selected elec-
trolytes, the demands on solid electrolytes and all-solid-state
batteries are briefly discussed. A high ionic conductivity or
diffusivity is just one of several requirements that need to be
fulfilled to realize an efficiently working system.

2 The demands on solid electrolytes
and all-solid-state batteries

A number of hurdles still need to be overcome to develop
a long-lasting and powerful all-solid-state system; some
of these aspects are illustrated in Fig. 2. Even if an elec-
trolyte with sufficiently high ionic but negligible electronic
conductivity is at hand, its chemical and electrochemi-
cal stability has to be studied thoroughly. In many cases,
especially if nanostructured materials with large interfacial
regions are considered [75-77], we do not know much about
any possible low electronic contributions. These may lead
to slow self-discharge of the whole system during long-
term operation. Such long-term observations are also key
to other issues. While for thin-film batteries, prepared by
cost-intensive sputtering or other (vacuum) deposition tech-
niques, Li metal anodes might be difficult to implement, for
bulk-type batteries the use of metal anodes will provide the
necessary jump in energy density to make them a serious
option for electric vehicles. Although the ceramic acts as
a ’dense’ membrane the risk of unsolicited Li plating and
dendrite formation along grain boundaries is still given [78].

Besides Li dendrites, which may cause short-circuits
leading to increased fire hazards, a passivating layer at the
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electrode-electrolyte interface, see, e.g., ref. [79], as well as
at the solid electrolyte-liquid electrolyte interface in hybrid
batteries may form [80]. The formation of such layers,
which in most cases consist of decomposition products of
the electrolyte, depend on the electrochemical stability of
the ion conductor. Many electrolytes known are unstable
against Li metal [81-84]. If high-voltage cathode materi-
als are used to increase the power and energy density of
the system, the electrolyte has to withstand potentials as a
high as 5 V. Although electrochemical stability of solid elec-
trolytes has been shown to be much better than that of liquid
organic blends [84], the long-term stability of a given solid
at high cathode potentials or being in contact with Li metal
is still one of the white areas future research has to tackle.
Placing a very thin, artificial interlayer such as crystalline
(or amorphous) LiAlO,, LiTaO3, LiNbO3 or even Al,O3
[85] at the cathode-electrolyte interface may increase chem-
ical and electrochemical stability [21, 79, 86, 87]. These
electronically insulating extra phases may, however, suf-
fer from low intrinsic conductivity. They should be kept as
thin as possible in order to not increase the corresponding
charge transfer resistance. Paying attention to cost-effective
processing techniques, able to implement such layers, is
another key factor that might delay the breakthrough of
large scale solid-state batteries.

Crossing the macroscopic boundaries and interfaces in a
solid-state battery, which may change in chemical compo-
sition and morphology during the diverse operating condi-
tions, represent the major hurdle the ions themselves have
to master [79, 80, 86]. Impedance spectroscopy might be
the method of choice to study internal resistances as a func-
tion of ageing. Considering the ’internal’ barriers of the
solid electrolyte a picture with similar complexity shows up.
While, in ideal cases, AC conductivity spectroscopy is able
to differentiate between bulk and grain boundary responses
[65, 88], ion dynamics inside the lattice is often controlled
by a highly irregular potential landscape. Hence, opyx and
its activation energy E, ac represent mean values. For many
materials there is not a single diffusion mechanism or
jump process at work but many processes run in parallel.
Depending on the frequency range looked at, the weighed
superposition of these processes yields E, ac. With the use
of NMR the ion dynamics on the angstrom length scale can
be (separately) characterized. Differences between results
from NMR and AC conductivity spectroscopy [89-91], even
if carried out in the MHz range where NMR operates [92],
can be explained by the different motional correlation func-
tions to which the methods are sensitive. The difference in
results from NMR, driven by spin fluctuations, and conduc-
tivity spectroscopy, driven by electrical relaxation, has been
the topic of many studies employing several models to assist
in interpretation; see refs. [93-95] that serve as some of the
early examples dealing with this aspect. Worth noting, NMR
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Fig. 2 Even if suitable candidates with high ionic conductivities have
been identified, additional hurdles need to be overcome to realize
a stable working all-solid-state battery. Stability concerns chemical
and electrochemical robustness as well as mechanical solidity. For
instance, the battery has to withstand mechanical stress originating
from vehicle vibrations. (a) Schematic illustration of a solid-state bat-
tery with a ceramic solid electrolyte (SE), a Li metal anode and a
composite cathode; see text for further explanation. While conductivity
measurements are able to probe charge transfer across the macroscopic
interfaces including the formation of passivating layers such as ’solid

is not only restricted to measure short-range motions but is
also able to get access to long-range ion transport parame-
ters [18]. This simply depends on the temperature window
and on the effective resonance frequency used to monitor
any changes in magnetization [66, 70, 96].

3 The NMR point of view: from fast to ultra-fast
ion diffusivity

In NMR relaxometry the spin-lattice relaxation rate (Ry) is
the central parameter that is recorded as a function of tem-
perature [97]. It is a measure of how fast an ensemble of
spins recovers from a non-equilibrium to the state of equi-
librium defined by thermodynamics. At the beginning, i.e.,
in thermal equilibrium, the spins occupy the energetically
distinct Zeeman levels according to Boltzman’s distribu-
tion term. This distribution can be perturbed by exciting the
spin systems with radio frequency pulses. Without any inter-
actions of the spins with, e.g., phonos, electrons, spins of
paramagnetic impurities, this non-equilibrium state gener-
ated is conserved for an extremely long time since sponta-
neous transitions are negligible. Apart from spin-phonon or
spin-electron interactions, which usually control R; at low
temperatures, Li ion hopping processes have a much larger
effect on relaxation toward thermal equilibrium. In many

(b)
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across or along g.b.

electrolyte interfaces’ (SEI), NMR might help assist to probe bulk ion
dynamics. (b) Complex potential landscape the ions are exposed to in a
rigid lattice crystal structure; grain boundaries (g.b.) can largely influ-
ence through-going ion transport. Depending on the time-scale and
length-scale to which NMR or AC conductivity spectroscopy are sen-
sitive different activation energies are probed. The local (electronic)
structure of the g.b. themselves may largely differ from the situation
in the bulk. In the case of fast ion conductors these regions often block
long-range ion transport

cases the purely diffusion-induced recovery can be well
separated from non-diffusive effects if a wide temperature
range is covered.

3.1 Some basics of NMR relaxometry, 3D motion
in solids

To extract the R; rates the change of the magnetization
M = M,, which is the sum of the magnetic moments of
the spins, has to be followed as a function of delay time.
Usually, we use a saturation recovery pulse sequence [98]
with a comb of closely spaced m/2 pulses to prepare a
defined non-equilibrium state (Fig. 3). From this state,
which is given by M (t; = 0) = 0, the amplitude of M,
increases, in the simplest case exponentially, according to
M. (t)/Moy = 1 — exp(—tq/ T1). (1)
The rate 1/ 71 = R; depends on the fluctuations of internal
fields sensed during ionic motions. They can be described
by a so-called correlation function G(¢). According to
the model introduced by Bloembergen, Purcell and Pound
(BPP) [99], developed for random jump diffusion in three
dimensions, G (¢) is assumed to be a single exponential

G(r) = G(0) exp(—r]/ ). 2
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Fig. 3 (a) Pulse sequence to record spin-lattice relaxation rates in
the laboratory frame of reference. (b) The spin-lock sequence used to
acquire the rates Ry ,. During the locking pulse the transversal mag-
netization is exposed to the much weaker B; field. M, has do adapt
itself to the new energetic situation. Hence, it decays toward a new,
much smaller equilibrium amplitude that fits to By. FID: free induction
decay

7. is the correlation time which, within a factor of the
order of unity, equals the mean residence time t between
two successive jumps. The Fourier transform of G(z), to
which R is related, is the spectral density function J (w). It
has a Lorentzian shape when G (¢) is an exponential. Most
importantly, spin-lattice relaxation becomes effective when
J (w) has intensities at the resonance frequency wy, which is
in the MHz range [97].

21,
1+ (wote)?

The temperature dependence of 7. in Eq. 3 is typically given
by an Arrhenius relation

T = o exp(Ea/(kT)), “

where 1 is the pre-exponential factor and E the (mean)
activation energy of the diffusion process. T is the absolute
temperature and kg denotes Boltzmann’s constant. Thus,
for a given Larmor frequency wy, the so-called diffusion-
induced relaxation rate Rjgiff, measured at w = wy, first
increases with increasing T (low-T range, wgt >> 1), passes
through a maximum at a specific temperature Ty,x and
decreases when temperature is further increased (high-T
range, ot < 1)). Taking into account the frequency depen-
dence of R giff the behavior can be summarized as follows:

1/Ty = Ry o< J(wo) =~ G(0) 3

Ry gitr ~ exp(EX =T /kgT), if T > Tinax (o) Q)

high—T

Ryaitt ~ of exp(—Ex & " /kpT), if T < Tnax(@0).  (6)

The lower the Larmor frequency the lower Tiax(wp).
Especially in disordered materials E:lgh*T is larger than
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so that an asymmetric diffusion induced rate peak is
observed. This behavior is in contrast to uncorrelated BPP
behavior that leads to a symmetric Ry gier(1/7) peak in the
Arrhenius plot [97].

For BPP-type relaxation the exponent 8 is 2. For cor-
related motion, however, 1 < f < 2 is found. This is in
line with several models developed to describe ion motions
in disordered ion conductors where the ions are subjected
to, e.g., Coulomb interactions in a heterogeneous potential
landscape (see above). In particular, the coupling concept
[90], the jump relaxation model [89], the dynamic structure
model [100] or the assumption of a distribution of jump cor-
relation times [101] predict exponents 8 < 2. The parameter
B, being thus a rough measure of deviation from uncorre-
lated motion, links the frequency dependence of Rj gjff to
the asymmetry of the peak, i.e., the two activation energies
are related according to the simple relationship

low—T
Ea

high— T

EPYT — (- DE, )

NMR relaxation entails an almost model independent
access to diffusion parameters if 7. is read out via the max-
imum condition, wgt, = 0.62 (BPP behavior) [96]). With
7. & t a microscopic self-diffusion coefficient can be cal-
culated via the Einstein-Smoluchowski relation Dinmr) =
a®/(67). a denotes the average jump length which can
be estimated from the lattice parameters of the crystals.
D values obtained from NMR can be compared with
those estimated from AC conductivity measurements (see
above). The conductivity o, if recorded at low frequencies,
is directly related to the long-range diffusion coefficient
Dcong. via the Nernst-Einstein relation

okgT
Ng?
where g denotes the charge and N the number density

of charge carriers. o T also follows Arrhenius behavior
according to

®)

Deond. =

oT = Aexp (—Ea, AC/(kBT)) . ©)]

Finally, the self-diffusion coefficient D is linked to D¢opg.
via the relations Dygacer = HyDcond. and Dygcer = fD
where Diracer 18 the so-called tracer diffusion coefficient. H,
as well as f represent the Haven ratio and the correlation
factor connecting Dypycer With D. This yields

(o2 kB
Dyacer = H; = fa /(67) (10)
Ng?
which gives
6kgT
= [Ny an

directly relating the motional correlation rate t—! avail-

able by NMR with o. Assuming H, ~ 1 and uncorrelated
motion (f = 1) the ratio H,/f is almost 1.
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Since wy is in the order of some MHz if external mag-
netic fields of several Tesla are used to measure M, (#;), the
corresponding residence time 7(Tnax) takes values in the
ns regime. T & 1 ns roughly transforms into conductivities
in the order of 1073Scm™!; the corresponding diffusion-
induced rate peak Rjgifr should desirably show up at or
even below ambient temperature [18]. Replacing wg for-
mally with a much smaller frequency in the kHz regime
would shift the corresponding peak toward much lower tem-
peratures. The measurement technique that can be used
for this purpose is called spin-lock NMR where transver-
sal spin-lattice relaxation is observed in the rotating frame
of reference [102-106]: Immediately after a 7 /2-pulse the
magnetization M, pointing along the (—y’)-axis, is locked
by the magnetic field B used to generate the excitation
pulse (Fig. 3). The decay of M/, is then probed as a
function of the locking pulse length #ock.[107]. In the easi-
est case M, follows an exponential decay governed by
Ry ,. Because of wp > wj, spin-lock NMR is able to probe
slower ionic motions. In many cases this enables access to
the high-T flank of the corresponding rate peak [97]. As for
R1, the slope of this flank describes long-range ionic motion
through the crystal lattice.

In the following we will review some examples where
both laboratory frame (R) and rotating frame (R ,) NMR
relaxometry has been used to characterize ion dynamics in
some of the most promising solid electrolytes. Emphasis
is put on extracting Li jump rates and activation energies
describing both short-range and long-range ion dynamics.

3.2 2D diffusion in lithium boron hydride: LiBH4

Lithium boron hydride (see Fig. 4) is known as a reduc-
ing agent in organic synthesis. At room temperature the

(a)
%
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Fig. 4 (a) LiBH4 exists in two modifications below its melting point
of 548 K. Below 381 K the poorly conducting orthorhombic phase
is stable, whereas at elevated 7 the layered modification is avail-
able. Through variable-temperature and variable-frequency ’Li and

W

reversible v‘7 Wi ﬁ/

orthorhombic modification is stable that exhibits only a poor
ion conductivity. While the Li ions are rather immobile on
the MHz time scale, fast reorientations of the BH4 units
are seen through !B, 'H NMR, and indirectly through the
Li spins [108, 109]. At Thex/ortho ~ 381 K ortho-LiBHy
reversibly transforms into its hexagonal modification, see
Fig. 4, which may be used as solid electrolyte in a lithium
battery (see ref. [110, 111] and Fig. 5). Hexa-LiBH4 shows
a layered structure that facilitates ion diffusion. The asso-
ciated jump in ion conductivity is well documented by
Maekawa et al. [112, 113]. At approximately 393 K the
ionic conductivity is in the order of 2 x 1073Scm™! and
E, turns out to be ca. 0.51 eV. These parameters are in
excellent agreement with what has been found by "Li NMR
relaxometry carried out at temperatures above Thex /ortho> SE€
Fig. 4(b).

Above the phase transition temperature, the static 'Li
NMR line is drastically narrowed because of fast Li
exchange processes that average Li-Li homonuclear dipole
interactions of the 3/2-spins. This corroborates that the
relaxation rate peaks seen in the hexagonal regime are due to
extremely fast LiT translational motions. At T, ~ 450 K
the jump rate 7! is in the order of 10°s~!. From conductiv-
ity spectroscopy, ¢ ~ 14 mScm™! is obtained which is in
reasonable agreement with results from NMR [113]. Worth
noting, the frequency dispersion of the high-T flank of
the rate peaks indicates spatially confined Li ion diffusion.
Indeed, °Li NMR spin-lattice relaxation reveals the same
characteristics which can be interpreted as 2D ionic motions
[70, 114, 115] in the layered structure of LiBH4 [116]. As
the ®Li nucleus (spin-quantum number / = 1) is subject
to much less dipolar and quadrupolar interactions it can be
described as a quasi spin-1/2 nucleus. This circumstance is
important for the meaningful use of 2D relaxation models

(b) 1000 500 400 300 200
T HL LI T T T

Thex.lonho

1.0

hexagonal
(layer-structured)

orthorhombic

Rl A i A

1 2 3 4 5 6 7

P6;mec ;
1000/T /K~

SLi NMR relaxometry Li ion diffusion in the hexagonal form has been
shown to be 2D in nature. In (b) the rate Ry qi;f = 1/7) is plotted vs.
the inverse temperature; R giff was recorded at two different Larmor
frequencies as indicated
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Fig. S LiBHj4 as solid electrolyte: (a) electrochemical stability tested
via cyclic voltammetry in the potential range from 1 V to 5 V, the
scan rate was 0.05 mVs~! (BioLogic VMP3 multichannel potentio-
stat/galvanostat). (b) Discharge curves of a Li | LiBH4 | LTO cell
prepared by cold pressing of the battery components. The cell was

[115] which only take into account dipolar interacting spins.
Interestingly, the corresponding ®Li NMR rate peaks indeed
reveal a smaller slope in the high-T range [116] which is,
in combination with the frequency dependence observed,
indicative for low-dimensional diffusion and in line with
the semi-empirical model for 2D diffusion introduced by
Richards [115]. The low-T regime can be approximated
with 8 = 2, i.e., pointing to an exponential motional corre-
lation function controlling the magnetic-dipolar fluctuations
of the low-dimensional diffusion process.

Because of the favourable ion conductivities of hexa-
LiBH4 at elevated T we evaluated the solid electrolyte in a
lithium metal cell with LisTi5sO, (LTO) as cathode mate-
rial. The insertion potential of LTO is at 1.56 V vs. metallic
lithium. Via cyclic voltammetry we tested the electrochem-
ical stability of polycrystalline LiBH4. The material was
ball-milled for 5 min in a planetary mill for better pro-
cessability. Currents recorded do not exceed £20uA; with
increasing cycle no. negligible decrease in current / is seen.
These observations point to a rather stable electrolyte. From
cycling the system with a constant current of / = 100 A we
deduced a specific charge transfer resistance at the LiBH4
| Li interface of 34 Q cm?. The overall, initial conductivity
of the symmetric Li | LiBH4 | Li cell used is 2.4 mS cm™L;
compared to the ionic conductivity of LiBH4 at 393 K this
suggests that the overall resistance is mainly given by that
of the solid electrolyte. Of course, this might change when
batteries are tested at temperatures much lower than 393 K
as in the present case.

Cycling the cell with potential limitation at different C-
rates results in initial capacities that significantly exceed the
theoretical capacity of LTO which is 175 mAh g~!. Further
cycling, especially if C-rates of C/10 (148 wA cm™2) are
considered, reveal that a stable capacity of 125 mAhg~! can
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capacity / mAh/g

cycle number

placed in an airtight Swagelok cell and galvanostatically cycled with
potential limitation between 2 V and 1 V at 393 K; discharge refers
to the reaction LisTisO1, + 3LiT + 3e~ — LiyTisO1, (¢) Discharge
capacities obtained at different C-rates and cycles

be reached without any remarkable overpotentials seen in
the discharge curves; this is in agreement with recent studies
by Sveinbjornsson et al. [111]. The drastic fade in capac-
ity occurring after the first cycles has to be looked for in
electrochemical side reactions and the formation of inter-
face layers (at the cathode side). Further fading because of
increased C-rates might be traced back to kinetic reasons.
Nevertheless, capacities in the order of 125 mAhg~! at
C/10 mark a starting point for further research. Pure LiBHy4
can also be replaced with LiBHy4:Lil solid solutions; the
incorporation of Lil stabilizes the highly conducting hexag-
onal modification of LiBHs down to lower temperatures
[111, 113].

3.3 Garnet-type oxides: cation-stabilized cubic LLZO
and LLZMO

The chemical robustness and high ionic, but negligible elec-
tronic, conductivities of various garnet-type oxides [19] are
beneficial for the design of all-solid-state lithium batteries
with metal anodes. Regarding LiyLa3ZryOq5, its tetrago-
nal modification is a moderate Li ion conductor [119]. The
replacement of La and Zr ions with isovalent or aliovalent
cations greatly affects, however, (i) the defect chemistry, (ii)
the crystal structure parameters and (iii) also the Li con-
tent of the garnets [40, 120—122]. These variations lead to
a series of oxides that may largely differ in ionic conduc-
tivities [19]. Furthermore, grain boundary structures and
distinct morphologies because of the different preparation
routes used influence overall ion transport, too [19].

If trivalent cations such as AI** or Ga’* are used to
replace the Li ions by a few percent, vacant sites in the Li
sublattice are introduced. The small change in lattice con-
stants as well as the exitance of vacant Li sites immediately
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causes the tetragonal form to adopt cubic symmetry [123].
The Li ions, which originally have occupied the 16f and 32g
sites in tetragonal LLZO, now reside on the 96h positions
which corresponds to the empty 16e site in tetra-LLZO;
ions on 8a in tetra-LLZO now occupy the 24d position in
the cubic polymorph [123]. In Al-stabilized cubic-LLZO
the trivalent “dopants” also reside on the 24d and 96h sites
[124]. Since many of these sites are vacant, facile Li ion
diffusivity can be expected; indeed, Al-bearing c-LLZO
belongs to the fastest oxide ion conductors known [39]. The
arrangement of the Li sites is sketched in Fig. 6, see also
ref. [118]. Li diffusion along the 3D 24d-96h-24d diffusion
pathways (see Fig. 7(c)) is expected to largely depend on
the Li content, the dopant distribution as well as the kind
and number of defects, mainly vacancies, in the vicinity of
the Li ions [22]. Thus, we expect a heterogeneous potential
landscape with many correlated jump processes running in
parallel and for which the activation energies for forward
and backward jumps will also differ. The immobile triva-
lent dopant ions may easily block some of the fast diffusion
pathways, thus clearly interacting with the mobile charge
carriers.

Through conductivity spectroscopy the average activa-
tion energy for long-range ion transport in Al-stabilized
c-LLZO is given by ca. 0.35 eV [39]. Similar values have
also been deduced from NMR relaxometry (see below
and ref. [39]); the temperature dependence of the rates
R aitr and R| , giff, however, clearly reveals complex length-
scale dependent ion dynamics, see Fig. 7. While in the li-
mit wgt > 1 the flank of Ry qisr(1/T) is governed by only
0.12 eV, Rj pdgifr data in the range w;t < 1 points to larger
(mean) barriers the ions have to surmount. Other garnets,
not necessarily those with trivalent cations on 24d and 96h,
have to be characterized by the same R giff behavior [118],
see Fig. 7(b).

Another almost universal feature of Ry, gifr in the case
of cation-disordered LLZO is the broad relaxation rate peak
that spans an extraordinary large temperature range [39,
117]. It is definitely the result of a superposition of distinct

24d

96h 9%6h
% s 489
o) ¢ 9 . &9
7TN \
[} \

& q

Fig. 6 Illustration of some of the elementary hopping steps of ion
hopping in garnet-type LizLa3ZryOp, with cubic symmetry (Ia3d).
The 96h-24d exchange leads to correlated 3D diffusion (a); larger
activation energies are expected for jumps between the atom-split

local and long-range jump processes. This is in contrast to
crystal structures with similarly high ionic diffusivity but
with no foreign ions on the Li sites [118]. As an example, in
Fig. 7 the diffusion-induced NMR relaxation rates of poly-
crystalline Al-free Lig sLazZr; 75Mo0.25012 (LLZMO) are
shown. In LLZMO the Li-sublattice is not influenced by
blocking dopant ions and the Rj ,giff data can be approxi-
mated with two individual rate peaks. These peaks represent
two almost similarly activated jump processes that differ
in the pre-exponential factor of the underlying Arrhenius
equation. From the peak, which is shifted toward higher
temperatures, at Tp,x = 315K a jump rate of 4.2 X
10°s~! is obtained. This translates, using the Einstein-
Smoluchowski equation, into a self-diffusion coefficient D
of 1.9 x 10~ Mem? s~ [118].

The jump rate obtained via spin-lock NMR agrees well
with that directly measured through 7Li stimulated (spin-
alignment) echo (SAE) NMR measurements [118]. With
SAE NMR Li jumps between electrically inequivalent Li
sites are probed. For the present case, this principle means
that the garnet sites 24d and 96h are definitely involved in
Li jump diffusion. Note that the SAE NMR method [38, 66—
70, 96, 126-131] is able to sense very low exchange rates
< 10571

3.4 Phosphates with NASICON structure:
Liz.5Alp.5Ti1.5PO4

The titanium phosphate Lij Al Tio—PO4 with x = 0.5 is
one of the most promising compounds of the LATP family
with ionic conductivities high enough to realize solid-state
lithium batteries [65]. Its electrochemical stability against
Li metal and other high-voltage cathode materials needs
to be ensured by protective coatings. Via NMR we have
investigated bulk ion dynamics in LATP with the com-
position Lij 5Aly5Ti; 5PO4 [125]. In contrast to a recent
NMR study [132], the sample investigated by us was pre-
pared by a novel sol-gel method that allowed precisely
controlling the composition and morphology of the product

strictly
localized
motions

&

sites (96h-48f-96h), see (b). In ¢ = (c) strictly localized movements
are indicated that are expected to be controlled by lower activation
energies
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Fig. 7 (a) 'Li NMR spin-lattice relaxation rates of Al-containing
and Ga-bearing Li;La3Zr;O1» (LLZO). (b) Arrhenius plot of the 7Li
SLR NMR rates of crystalline LigsLa3Zr| 75Mo0 25012 (194 MHz,
33.3 kHz locking freuency). The continuous line represents the sum
of two single rate peaks shown each with a dashed line. The dashed-
dotted line drawn through the Tl_1 data points is a combination of an

obtained. Importantly, the low sintering temperatures partic-
ularly prevent Li loss during the final annealing step.

Rhombohedral Lij 5AlpsTi; sPO4 crystallizes with the
space group R3c and adopts the NASICON structure (Na
super-ionic conductor, Naj,ZrpSi P30 (0 < x <
3)). It is composed of alternating, corner-sharing [PO4]
tetrahedra and [TiOg] octahedra in which Li can occupy
interstitial sites such as the M1(6b) site (see Fig. 8(c)). If
starting from LiTi;POy4 the Ti*t are consecutively replaced
by lower valent Al*3 jons, for the reason of charge neu-
trality additional Li ions are inserted that occupy the M3
voids (Fig. 8(c), [134]). This enhancement of the charge car-
rier concentration directly affects Li ion dynamics. Indeed,
at room temperature an already fully motionally narrowed
7NMR line is recorded that is characterized by a quadrupo-
lar powder pattern with a (mean) coupling constant of 45.4
kHz, see Fig. 8b = (b). The sharp (residual) powder pat-
tern emerges from a featureless quadrupole hump with low
intensity seen at very low T'.

Li NMR relaxometry corroborates the high Li diffusivity
indicated by line shape measurements; the rates R gifr and
R , qaitr when plotted vs the inverse temperature reveal sev-
eral distinct peaks that point to multiple Li jump processes
in Lij 5Alp5Tij sPOy4 [125]. The first Ry pair(1/7T) peak
shows up at ca. 182 K (Fig. 8(a)). Thus, well below ambient
temperature the jump rate has already reached values in the
order of 10%s~ 1. For comparison, for LLZMO the first max-
imum, at a similar locking frequency, is seen at 263 K [118].
The corresponding R qirr(1/7T) peak of LATP is found at
ca. 333 K. A second pair of relaxation rate peaks is seen at
somewhat higher 7. The dashed lines in Fig. 8(a) represent
so-called joint or global fits that simultaneously reproduce
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Arrhenius fit with a power-law fit that takes into account background
relaxation at low T. For comparison, decay rates obtained from 7Li
stimualted echo NMR, able to measure slower exchange processes,
are also shown. (¢) Cubic crystal structure (Ia3d) of Li;La3Zr,Oy5.
Figures adapted from refs. [39, 117, 118]

the peak in the laboratory and in the rotating frame. For the
two pairs of relaxation processes activation energies were
found to be rather small (0.174 eV and 0.160 eV) [125].
Such low values are in agreement with a diffusion pathway
that involves interstitial positions as has been the outcome
of recent calculations performed by Lang et al. using density
functional theory [135].

The differences in Tpax might be explained by the
pre-exponential factors tp determining the two underly-
ing Arrhenius relations. Although thermally activated with
rather equal activation energies the configurational entropy
terms may differ for the two pathways. In LATP Li ions that
are (i) displaced from their original sites in Al-free LTP or
(i) trapped in the neighbourhood of Al cations might have
access to a different number of available sites to jump to.
As in the case of Al-stabilized LLZO, the low-T flank of
the Ry qirr(1/T) is characterized by an even lower activation
energy (0.11 eV) than found with Ry, gifr(1/7) in the limit
wpT > 1. While for the rotating-frame data § = 2 well
reproduces the peak, for those measured in the lab frame the
small slope causes 8 to adopt a value of 1.66. Localized M 1-
M3 exchange processes or within-site motions in the rather
large and distorted M3 voids might be responsible for this
behavior [135], which would be in analogy to the caged Li
ion dynamics in the split-site 96h-48g-96h in LLZO, see the
discussion above.

In Fig. 8(d) the NMR rate peaks of LATP are compared
with those of garnet-type c-Lig ¢LazZr; ¢Tag4012 [125] and
one of the best ion conducting sulfides: LigPSsBr, which,
in terms of conductivity, is comparable to LijoGeP»S12,
see above [35, 62]. Since the locking frequencies used
are comparable, the lower the temperature at which the
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Fig. 8 (a) 7Li NMR spin-lattice relaxation rates R giff and Ry dgiff
of Lij 5Alg 5Ti; 5PO4 recorded at 116 MHz and 30 kHz. In the upper
graph the stretching exponents of the magnetization transients are
given; values smaller than 1 show deviations from single exponen-
tial behavior: M, (fiock) o< exp(—(tiock/ T1)"?). The smallest values
of y, are found when the rate Ry, qifr passes through the maxima.
Figure adapted from ref. [125]. (b) Quadrupole powder pattern of a
7Li NMR static spectrum recorded at 295 K; the intensities next to the

diffusion-induced rate peak shows up, the higher the dif-
fusivity seen via time-domain NMR. Thus, Li ion self-
diffusion increases in the order c-LigglLazZr; ¢Tag 4012 <
Lij 5Alp5Ti; 5POs < LigPSsBr. While LATP adopts an
intermediate position, ultra-fast Li ion exchange is seen for
the sulfide [133].

3.5 Sulfides: LigPSsBr and Li7yP3S11

The NMR rate peaks Rygiff(1/7T) and Ry ,qirr(1/7T) of
LigPS5Br are shown in Fig. 9. The rates recorded at a lock-
ing frequency of 14 kHz pass through a rate maximum at
temperatures as low as 167 K. In the limit w; T >> 1 the rates
turned out to be independent of frequency which points to
3D diffusion. The asymmetric shape of the peaks with its
lower slope on the high-7 side (w17 < 1) clearly reveals
correlated motions because of the influence of disorder on
the angstrom length scale combined with Coulomb inter-
actions. From a global fit, represented in Fig. 9(b) by the
solid line, an activation energy as alow as 0.2 eV is obtained
[133]. It represents translational long-range Li ion dynam-
ics; the corresponding value on the low-T side is only 0.08
eV, which is indicative for local(ized) ion dynamics.

1000/T/K'

6 8 R3c (167)

c
a./t‘»b

central line originate from the interaction of the quadrupole moment
of 7Li with the average electric field gradient the ions are exposed to
in LATP. Assuming axial symmetry of the corresponding tensor, the
spikes at £11.35kHz yield a coupling constant of 45.4 kHz. (¢) Crys-
tal structure of LATP; the M1 and M3 sites form 3D zig-zag pathways
the ions can use to migrate through the crystal. For the sake of clarity
only 2 (adjacent) M3 sites have been filled. Al and Ti cations share the
12c site. (d) Comparison with results from other electrolytes

In line with the Ry ,qif(1/7T) data, the rate peaks mea-
sured with the saturation recovery sequence show up at
temperatures well below ambient. In the limit w;t > 1 the
rates Ry gifr sense the same local hopping as Rj , gifr does. At
T = Tmax, with wo/27 = 116 MHz we end up with a diffu-
sion coefficient in the order of 7.6 x 10~ 8cm? s~ ! at 263 K.
This value is obtained if we assume a mean jump distance of
ca. 2.5 A. D translates into a Li ion conductivity in the order
of 1072Scm~! which definably makes LigPS;5Br an ultra-
fast ionic conductor with a liquid-like diffusion behavior [133].

The finding that LigPS5Br offers rapid Li ion exchange
processes was corroborated by 'Li NMR line width stud-
ies (see Fig. 9(a)) and SLi NMR relaxometry measurements
in the lab frame, see Fig. 9(b). Due to the weaker electric
and magnetic interactions of the ®Li spins the absolute rates
R gifr are shifted toward lower values. Because of the lower
resonance frequency used to acquire the Rjgifr(1/7T) peak
in the case of °Li the rate maximum shows up at lower Tinax,
as expected [133].

As is seen in Fig. 9a (a), motional line narrow-
ing reveals that while Li self-diffusion in LigPSsBr is the
fastest, the incorporating of Cl and Br anions in general lead
to a jump in Li ion diffusivity. The lower the onset temper-
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Fig. 9 (a) 7Li NMR motional line narrowing of Li7PSeg, LicPSesCl,
and LigPSsBr observed over a temperature range from 13 K to 420
K. The almost independent line width in the rigid-lattice allows for a
direct comparison of the narrowing curves. As is indicated, the intro-
duction of CI and Br anions into the structure shifts the onset of line
narrowing toward lower temperatures. This means Li ion diffusivity
gets faster in the following order: Li;PSeg < LigPSesCl < LigPSsBr.
Obviously, the mismatch in ionic radii as well as polarization effects
immensely influence Li self-diffusion resulting in extraordinary low

ature of motional narrowing, the faster Li self-diffusivity.
Line narrowing results from averaging of (homonuclear)
dipole-dipole interactions due to sufficiently fast hopping
processes. At very low temperatures ion diffusivity can be
regarded as frozen with respect to the NMR time scale.
With increasing temperature, however, Li diffusivity rapidly
increases. When mean jump rates in the order of the low-T
line width are reached, this is ca. 6 to 7 kHz in the present
case (cf. Fig. 9(a)), the line starts to narrow. Therefore,
we conclude that at approximately 90 K the jump rate in
LigPS5Br has already reached values in the order of 10* to
103s~!. For other solid electrolytes, such results are usually
seen at 200 K and higher. It is evident that the replace-
ment of S or Se anions with Cl or Br differing in ionic radii
causes local strain that may facilitate ionic diffusion [133].
This mismatch in size combined with the different polariz-
abilities of the halogen ions could serve as an explanation
of the enhancement seen when going from Li7PS(e)g to
Li(,PSSBI'.

As a last example of a fast ion conductor, which plays
an increasing role in all-solid state batteries, Li;P3S1; is
presented. If at hand in the form of a glass ceramic, the
NMR spin-lattice relaxation behavior at both frequencies in
the MHz and kHz range turned out to be rather complex.
As an example, in Fig. 10 the ®Li and Li NMR relaxation
rates are shown [64]. The rates recorded in the laboratory
frame, R, show Arrhenius-type flanks from which a series
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onset temperatures for the Br-bearing compound. (b) Li NMR rate
peaks Ryqiff(1/T) and Ry pqifr(1/T) of LigPSsBr that were recorded
in both the rotating frame and the laboratory frame. For comparison,
also the analogous °Li NMR data are shown. From the high-T' flank
an activation energy for long-range Li ion diffusion of only 0.2 eV
is obtained that perfectly agrees with the low onset temperature seen
in line shape studies. See text for further explanation. Figure adapted
from ref. [133]

of activation energies in different ranges of temperature
were deduced. For example, the 7Li NMR rate R | starts to
be influenced by dynamic processes at temperatures being
larger than 250 K. Then the rate runs through a peak area
with unusual shape. Usually the high-T side of a given
relaxation peak is expected to be characterized by an activa-
tion energy larger than that of the low-7 side. In the present
case, this is not fulfilled. A similar behavior is seen if the
®Li nucleus is used to follow spin-lattice relaxation. The
anomalous shape of the rate peaks can be explained if we
simply assume a number of dynamic phenomena, including
also rotational motions of the P-S units, to be responsible
for overall longitudinal relaxation.

Indeed, on the kHz range, even the magnetization tran-
sients cannot be represented with a single (stretched) expo-
nential. Only a combination of three decay functions is able
to properly describe the decay of M, as a function of lock-
ing frequency, see Fig. 10(b). In the upper part of the figure
some selected transients M, are shown, in the lower part the
transient recorded at 226 K and a locking frequency of 25
kHz is displayed together with the fit used to parameterize
its shape; y; withi = 1, 2, 3 denote the stretching exponents
in My ; (tiock) o exp(—(tiock/ T1p)""). Interestingly, the fast
decay at short locking times #1,cx resembles that of spin-spin
relaxation behavior. Further NMR experiments making use
of 3P spin-lattice relaxation may throw some light on the
dynamic situation in Li7P3S;.



J Electroceram (2017) 38:142-156

153

(@)

—~
O
N

N
<}

o
o

0.6

0.4

magnetization (a.u.)

0.2

0.0

magnetization (a.u.)

4 — —
2
2 — —]
’UT %0905 5 0.
5 T
8 ol .
|
_2_ ~ —
© 5Li,R 4
J 1 | | l
2 4 6 8 10
1000/7/ K"

Fig. 10 (a) °Li and 7Li NMR (variable-temperature) spin-lattice
relaxation rates of the glass-ceramic Li;P3S1;. Extremely complex
spin-lattice relaxation behavior is seen manifesting in multiple relax-
ation processes that take place simultaneously in the sulfide. The
magnetization transients to extract Ry, cannot be parameterized with
a single (stretched) exponential function of the Kohlrausch-Williams-

Looking at activation energies from conductivity and
impedance spectroscopy, the values deceived from NMR
are indeed in agreement with barriers as low as 0.1 eV
and 0.2 eV reported for the glass ceramic LiyP3S;, see
the overview in ref. [64] and ref. [52]. Interestingly, purely
amorphous Li7P3S1; needs, however, to be characterized
by larger activation energies in the order of 0.35 eV or
higher [136]. For Li ion conductors, usually the glassy (or x-
ray amorphous) forms represent better ion conductors than
their crystalline counterparts, see, e.g., refs. [137-143] and
ref. [144] for a recent investigation on the thiophosphate
LigP>S¢. Li7P3S;; constitutes an exception. Large amor-
phous fractions need to be avoided since they seem to hinder
the ions to mover easily over long distances. Just recently,
a systematic in situ study has been published to find out
the optimum synthesis parameters to prepare crystalline
Li7P3S11 as a glass ceramic [145].

4 Conclusions and outlook

All solid-state batteries are expected to become one of the
principal actors in battery research for, e.g., electric (hybrid)
vehicles. The route to realize such batteries is, however,
two-fold. (i) Suitable materials have to be developed and

tlock/ S

Watts (KWW) type. Instead, a sum of three KWW functions have to
be used to describe the decay of transversal magnetization adequately,
see (b). One of the components seen in M (fjock) Was rather sim-
ilar to the rate characterizing spin-spin relaxation. For comparison,
spin-spin-relaxation rates (R;) are shown in the Arrhenius plot, too

characterized with the help of (physical) solid state chem-
istry and electrochemistry, then, materials engineering is
needed to optimize properties and to find the right synthesis
strategies to prepare processable or machineable materials.
(ii) In parallel, manufacturing processes have to be devel-
oped to enable a cost-effective large scale production of
batteries. The second task is as complex as the first that has
to deal with conductivities and defect chemistries, the inter-
play of interfaces as well as chemical and electrochemical
stabilities.

Over the last couple of years enormous progress has
been presented especially if we regard solid electrolytes
that exhibit ionic conductivities able to compete with those
known for liquids. Currently, we are witnessing an encour-
aging starting point to develop such systems. If solid
batteries with ceramic electrolytes should become the next-
generation technology, of course, we have to find and
develop even better inorganic conductors also with regard to
their energy footprint and environmental friendliness. Some
of these highly promising examples have been presented
above. They take advantage of fast Li ion dynamics neces-
sary to guarantee a low overall resistance of the battery, at
least from the point of view of bulk properties. While con-
ductivity spectroscopy, mostly applied to characterize the
electrolytes, is able to monitor (average) activation energies

@ Springer



154

J Electroceram (2017) 38:142-156

from a rather macroscopic view, NMR may assist in speci-
fying the underling rules that determine fast ion movements.
Thanks to its atomic-scale point of view local barriers can
be characterized and assigned to the elementary steps of
LiT hopping. The results obtained need to be compared
with those from computational chemistry to allow for a
meaningful interpretation. Of course, in many cases NMR
is also able to provide valuable structural information, e.g.,
as a function of state of charge or ageing processes, to
complement our understanding of solid electrolytes.
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