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Currently, a variety of solid Li+ conductors are being discussed that could potentially
serve as electrolytes in all-solid-state Li-ion batteries and batteries using metallic Li
as the anode. Besides oxides, sulfides and thioposphates, and also halogenides,
such as Li3YBr6, belong to the group of such promising materials. Here, we report
on the mechanosynthesis of ternary, nanocrystalline (defect-rich) Li[InxLiy]Br4, which
crystallizes with a spinel structure. We took advantage of a soft mechanochemical
synthesis route that overcomes the limitations of classical solid-state routes, which
usually require high temperatures to prepare the product. X-ray powder diffraction,
combined with Rietveld analysis, was used to collect initial information about the
crystal structure; it turned out that the lithium indium bromide prepared adopts
cubic symmetry (Fd3m). The overall and electronic conductivity were examined via
broadband conductivity spectroscopy and electrical polarization measurements. While
electric modulus spectroscopy yielded information on long-range ion transport, 7Li
nuclear magnetic resonance (NMR) spin-lattice relaxation measurements revealed rapid,
localized ionic hopping processes in the ternary bromide. Finally, we studied the influence
of thermal treatment on overall conductivity, as the indium bromidemight find applications
in cells that are operated at high temperatures (330 K and above).

Keywords: lithium halogenides, all-solid-state batteries, ceramic electrolytes, diffusion, ionic conductivity,

impedance spectroscopy, solid-state NMR

1. INTRODUCTION

Next-generation energy storage systems, which rely on lithium-based batteries, need to be
improved in terms of energy density and safety. One possibility for developing powerful batteries
is to replace the flammable F-containing liquid electrolytes usually used by ceramic electrolytes
(Goodenough, 2013; Bachman et al., 2016; Janek and Zeier, 2016; Zhang et al., 2018). The thermal
runaway of such batteries is expected to shift significantly toward higher temperatures.

Suitable ceramics need to show very high ionic conductivities and a sufficiently high
electrochemical stability. To achieve high energy densities, the use of Li metal as anode material is
necessary. Li metal has already been used as anode material (Wenzel et al., 2016) in the early stages
of Li-battery research. However, stability issues, the lack of suitable (liquid) electrolytes (Bruce
et al., 2008), and the formation of dendrites (Porz et al., 2017) prevented the commercialization of
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such systems. The discovery of highly conducting ceramics has
changed this path of development. Of course, many studies have
revealed that the Li|electrolyte interface suffers from contact
issues (Cheng et al., 2014; Yu et al., 2017; Zhang et al., 2017).
These interface issues are closely related to the formation of
resistive interfacial phases (Richards et al., 2016). Controlling
or preventing their formation is still a problem that needs to
be overcome for the majority of ceramics currently discussed as
solid electrolytes.

Presently, a range of Li-bearing oxides (Murugan et al.,
2007; Buschmann et al., 2011; Thangadurai et al., 2014; Stanje
et al., 2017; Uitz et al., 2017), sulfides (Kamaya et al., 2011;
Wang et al., 2015; Dietrich et al., 2017), hydrides (Maekawa
et al., 2009; Matsuo and Orimo, 2011; Kim et al., 2019), and
thiophosphates (Deiseroth et al., 2008; Hanghofer et al., 2019) are
being investigated with respect to ionic conductivity, stability and
interfacial properties. Besides these classes of materials, halides
(Lutz et al., 1990; Marx and Mayer, 1996; Gupta et al., 1997) are
also regarded as up-and-comingmaterials to be employed as solid
electrolytes. For instance, mixtures of Li+ ion conductors with
lithium salts, e.g., Li2S mixed with LiBr, as well as compounds
like LiI1−xBrx, which were already being studied in the 80s
(Mercier et al., 1985; Schoch et al., 1986), show increased ionic
conductivity as compared to the binary halides. The latter,
particularly if we consider LiI and LiF, represent extremely poor
ionic conductors. Regarding ternary Li-bearing halides with Y or
In, compounds like Li3YBr6 or Li3YCl6 have entered the spotlight
of research (Asano et al., 2018). Recently, the performance
of a 3.5 V cell with either Li3YBr6 or Li3YCl6 as electrolyte
has been investigated. First-principle analysis confirmed such
compounds to have high ionic conductivity as well as relatively
broad electrochemical stability. For example, a stability window
of 0.59–3.15 V has been reported for Li3YBr6 (Wang et al., 2019).
Because of this encouraging result, it is worth looking at this
interesting class of materials and studying related compounds.

Here, we synthesized a cubic form of defect-rich Li[InxLiy]Br4
in a nanocrystalline form. LiInBr4 has been mentioned in the
literature in a study carried out by Yamada et al. (2006). The
authors speculated whether LiInBr4 should be described by
(Li)8b[In2]16dBr4 or by (2)8b[InLi]16dBr4, where 8b and 16d
represent the tetrahedral and octahedral voids formed by the Br
anion lattice. Preliminary studies also reported on coarse-grained
Li3InX6 (X = Cl, Br) (Tomita et al., 2008, 2014; Li et al., 2019).
In the present case, classical solid-state synthesis routes resulted
in samples with a large amount of side phases, so we decided
to take advantage of a mechanochemical synthesis approach
to prepare Li[InxLiy]Br4, which we characterized, apart from
X-ray diffraction, also by high-resolution 6Li and 79Br magic
angle spinning (MAS) nuclear magnetic resonance (NMR).
Preliminary Rietveld analysis of the corresponding X-ray powder
pattern revealed that nano-Li[InxLiy]Br4 most likely crystallizes
with cubic symmetry; roughly speaking the stoichiometry
of the sample is best described by Li[In0.62Li1.38]Br3.92. We
used variable-temperature broadband conductivity and electrical
modulus spectroscopy to measure its ionic transport properties.
To understand the results from conductivity spectroscopy, we
estimated site energies and diffusive barriers with the help of the

bond valence energy landscape (BVEL) methodology developed
by Chen et al. (2019). Here, at 293 K, the so-called direct current
(dc) total ionic conductivity, σdc, is given by 4.9 × 10−6 S cm−1.
Of course, as a higher conductivity is needed for cells operated
at room temperature, the ternary bromide might be a suitable
electrolyte for cells that are cycled at T > 330 K. Furthermore,
we characterized our sample in terms of temperature stability,
electronic conductivity, and Li self-diffusion. The latter was
investigated by means of 7Li NMR line shape and spin-lattice
relaxation measurements (Kuhn et al., 2011; Wilkening and
Heitjans, 2012; Pecher et al., 2017; Stanje et al., 2017; Uitz et al.,
2017; Dawson et al., 2018; Martin et al., 2019). Interestingly,
7Li NMR points to rapid localized ion-hopping processes in the
nanocrystalline form of the ternary indium bromide.

2. MATERIALS AND METHODS

2.1. Mechanochemical Synthesis of
Nanocrystalline Li[InxLiy]Br4
Mechanochemical synthesis was carried out in ZrO2 beakers with
a volume of 45 ml and using milling balls made of the same
material with a diameter of 5 mm. The beakers were loaded with
LiBr (99.999%, Sigma Aldrich) and InBr3 (99.99%, Alfa Aesar)
at a ratio of 3:1. Synthesis was carried out using a high-energy
planetary mill Fritsch Pulverisette 7 premium line at a milling
speed of 600 rpm. The total milling time was 10 h, whereas after
each milling duration of 15 min, the beakers were allowed to cool
down and to rest for 15 min. Loading as well as emptying of the
beakers was strictly carried out in an argon-filled glovebox (H2O,
O2 < 0.5 ppm), as both the starting materials and the product are
highly hygroscopic.

2.2. X-Ray Powder Diffraction
X-ray powder diffraction (XRPD) was carried out on a Bruker
D8 Advance diffractometer [Bragg Brentano geometry, CuKα

radiation (1.5406 Å)]. Between 10 and 100◦ 2θ data points
were collected for 1 s and with a stepsize of 0.02◦ 2θ . The
measurements, at ambient temperature, had to be performed
with a sample holder designed for air-sensitive materials; here,
the samples were protected from anymoisture by a Kaptonr foil.
For reasonable background correction, we performed a reference
measurement, that is, a blank run using the empty sample
holder and the Kaptonr foil only. X-PertHighScorePlus software
(PANalytical) was used to analyze the pattern according to the
method introduced by Rietveld.

2.3. Conductivity and Electric Modulus
Spectroscopy
The overall conductivity of site-disordered Li[InxLiy]Br4 was
investigated by broadband conductivity spectroscopy. Small
amounts of the powdered sample were pressed into cylindrical
pellets (5 mm in diameter) by applying a uniaxial pressure of
0.8 GPa. The pellets were equipped with ion-blocking electrodes
(Pt, 100 nm in thickness) by sputtering (Leica, EM SCD050).
Finally, the pellets were put in an air-tight sample holder. All
preparation steps were carried out inside an Ar-filled glovebox
(H2O, O2 < 0.1 ppm). Alternating current (ac) impedance data
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were recorded with a Novocontrol Concept 80 spectrometer
in combination with an active BDS 1200 cell and a ZGS
interface (Novocontrol). A QUATRO cryosystem was employed
to precisely control and monitor the temperature via Pt100
thermocouples. Here, we varied the temperature T from −40
to 100 ◦C. The frequency range covered for each isothermal
measurement was 10−2–107Hz.

2.4. Polarization Measurements to
Estimate the Electronic Conductivity
The as-prepared nanocrystalline Li[InxLiy]Br4 was pressed into
a cylindrical pellet (d = 8 mm, h = 1.51 mm) under uniaxial
pressure (0.3 GPa). Pt electrodes were applied on both sides
via sputtering. Due to its hygroscopic character, the pellet with
this electrode sandwich configuration was mounted in an air-
tight Swagelok-type cell. We prepared the pellet and the cell in
a glovebox (O2, H2O < 0.1 ppm) and subsequently placed the
cell in a drying oven at 60◦C. The cell was then connected to
a Parstat MC potentiostat (Princeton Applied Research), which
is equipped with a low-current option. We applied a constant
voltage U of 300 mV and measured the change of current I(t)
over time.

2.5. 6Li and 79Br MAS NMR
High-resolution 6Li and 79Br magic angle spinning (MAS) NMR
spectra were acquired with a 500 MHz Bruker Avance III
spectrometer connected to a 11.7 T cryomagnet (Bruker Biospin,
Ultrashield 500 WB plus). This magnetic field corresponds to
resonance frequencies of 73.58 MHz for 6Li and 125.27 MHz for
79Br, respectively. The powder sample was stuffed into 2.5 mm
ZrO2 rotors designed for the MAS probehead used (Bruker). The
spinning speed was set to 25 kHz; spectra were recorded at a
bearing gas temperature of 303 K (frame cooling: 35% target
gas flow, target gas flow: 400 L h−1). 6Li MAS NMR spectra
were recorded at selected temperatures viz. at 253, 273, and
303 K. We used single-pulse excitation and converted the free
induction decays (FIDs) into spectra by Fourier transformation.
LiBr served as reference material (0 ppm) to determine
chemical shifts δiso.

2.6. Static 7Li NMR Spectroscopy
7Li NMR longitudinal spin-lattice relaxation (SLR) rates (1/T1)
were recorded on a Bruker Avance III spectrometer with a
nominal magnetic field of 7.05 T. This field corresponds to a
7Li Larmor frequency of 116.59 MHz. A home-built NMR probe
was used to record the static NMR signal in a temperature
range from −40 to 100◦C. Diffusion-induced SLR rates in
the laboratory frame of reference were recorded by using a
saturation recovery pulse, which includes a set of ten 90◦

pulses, destroying longitudinal magnetization Mz , and delay
times td, after which the magnetization was detected with a
single 90◦ pulse. The resulting transients Mz(td) were analyzed
with stretched exponentials to determine 1/T1. The spin-lock
NMR technique was used to acquire SLR̺ rates in the so-called
rotating frame of reference. We used a spin-locking frequency
to record 7Li NMR diffusion-induced rates 1/T1̺ at a locking
field that corresponds to ω1/2π = 20 kHz. For the static 7Li

NMR experiments, the sample was fire-sealed under vacuum in a
glass (Duranr) ampoule with a diameter of 5 mm and a length
of∼3 cm.

3. RESULTS AND DISCUSSION

3.1. X-Ray Diffraction and Diffusion
Pathways
The crystal structure of nanocrystalline Li[InxLiy]Br4 was first
characterized using XRPD. We used an airtight sample holder to
record the diffraction pattern at ambient temperature; the pattern
is shown in Figure 1. It perfectly agrees with that presented
by Yamada et al. (2006). Our pattern reveals relatively broad
reflections, which points to a sample with either low crystallinity
or very small crystallites. According to the Scherrer equation
(Scherrer, 1918; Heitjans et al., 2007), the mean crystallite size
〈d〉 is in the order of 17(5) nm if we use the reflections (448),
(226), and (004) to estimate 〈d〉. These reflections correspond
to the structure model estimated via Rietveld analysis with
information derived from the bond valence energy landscape
(BVEL) methodology developed by Chen et al. (2019). For our
BVEL estimation, we used the structure model of Li2MnBr4.
Despite the low crystallinity and the Kapton tape used to avoid
degradation of the sample in air, we were able to propose a
structure model (seeTable 1), which summarizes the results from
Rietveld refinement.

Indexing of all Bragg peaks is possible with the space group
Fd3m (no. 227). Only a small amount of an unidentified extra
phase is present. In addition, we cannot exclude that small
amounts of amorphous LiBr or InBr3, being invisible for X-ray
diffraction, are present. Because of the low scattering factor of
Li, its exact assignment to crystallographic positions is difficult
if not impossible for powder samples. In order to obtain an
initial guess for the refinement, we calculated site energies and
diffusive barriers based on the BVEL methodology (see above)
(Chen et al., 2019). Although the values calculated have unclear
physical meaning, they can be used to estimate cation pathways
and site preferences. It turned out that the Li ions prefer to
occupy the sites 16d (octahedral site) and 8b (tetrahedral site).
By using this information from BVEL calculations, we were able
to estimate the Li site occupancies at the Wyckoff positions 16d
(Li2) and 8b (Li1) via Rietveld refinement. The site occupancies
are best described by 1.38(11) per formula unit (pfu) and
1.00(32) pfu, respectively. For In, placed at 16d, thus sharing
the same site with Li2, and Br (32e), we obtained 0.62(11) pfu
and 3.92(9) pfu, respectively. Finally, this yields the composition
Li8b[In0.62Li1.38]16dBr3.92, with Li-In positional disorder on 16d.
Indium is in the oxidation state+3.

This inverse spinel-type structure displays a 3D framework
consisting of edge-sharing InBr6 octahedra (see inset in
Figure 1A). Each 16d site shares faces with two tetrahedral 6b
sites, whereby each 8b site shares common faces with four 16d
sites. This polyhedra connection forms a 3D diffusion pathway,
as described by the calculated isosurface of the Li BVEL map
(see Figure 1B). The corresponding activation energy of this
pathway turned out to be ∼0.5 eV. This value is in good
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FIGURE 1 | (A) The observed (obs) XRPD pattern as well as the calculated and difference patterns (obs-calc) of the Rietveld refinement for the intended compound
Li[InxLiy ]Br4. Vertical lines below the profile mark the positions of the possible Bragg reflections of spinel-type Li[InxLiy ]Br4 with its site disorder. Inset: framework
formed by InBr6 octahedra, and the Li-ion sublattice composed of tetrahedral and octahedral sites. (B) An energetically favored Li+ diffusion pathway as estimated via
the BVEL method; this pathway directly links the two crystallographically positions 16d and 8b. The corresponding iso-surface is shown in the inset.

TABLE 1 | X-ray diffraction data of Li[InxLiy ]Br4 with positional disorder on the 16d
site as determined through Rietveld refinement; space group: Fd3m (no. 227); Z =

8; lattice parameters: a = b = c = 11.026141(86) Å; R factors: Rexp = 1.78,
Rwp = 4.54, Rp = 3.53; goodness of fit (GoF) = 2.56.

Site x/a y/b z/c Uisoa Occ.b

Li1 8b 1/8 5/8 1/8 4.60(31) 1.00(32)

Li2 16d 1/2 1/2 1/2 1.51(13) 0.69(11)

In 16d 1/2 1/2 1/2 1.51(13) 0.310(11)

Br 32e 0.25328(10) 0.25328(10) 0.25328(10) 1.316(51) 0.98(9)

a× 100 [Å2 ], boccupation factor; 1.0 denotes full occupation of the site.
Uiso and Occ. were at first refined iteratively and finally simultaneously, leading to
no change.
The occupation number of Li1 was set to 1, leading to an improved refinement. As Li2
and In share the 16d position, the occupation number of both together was constrained
to 1.

agreement with that extracted from conductivity spectroscopy
(vide infra).

3.2. Conductivity Measurements and
Electrical Modulus
To characterize long-range ionic transport in Li[InxLiy]Br4,
we measured conductivity isotherms over a relatively broad
frequency range (10−2–107 Hz). Figure 2A shows the isotherms,
that is, the real part, σ ′ of the complex conductivity σ̂ plotted as a
function of frequency ν. The isotherms reveal three characteristic
regions that are universally found (Funke et al., 2005; Dunst
et al., 2014). At high temperatures and low ν, the ions pile
up at the ion-blocking electrode. This charge accumulation
causes the effect of electrode polarization, which is not seen
at low temperatures, as ionic conductivity sharply decreases
with decreasing temperature. At sufficiently high frequencies,

electrode polarization passes into the so-called direct current
conductivity plateau, which is characterized by σdc, which
we identify as the conductivity value that characterizes long-
range ion transport. The same value could be extracted from
complex plane representations of the impedance Ẑ; σdc refers
to the intercept of the location curve with the abscissa of the
corresponding Nyquist plot.

With decreasing temperature, we recognize that the dc-
plateau of the isotherms shifts toward lower frequencies;
simultaneously, at higher frequencies, it passes into a frequency-
dependent dispersive regime. At the very low temperatures,
the dispersive parts reveal a negligible temperature dependence,
which indicates the beginning of the so-called nearly constant
loss (NCL) regime (Dyre et al., 2009; Dunst et al., 2016). The
latter is often ascribed to caged-like jump processes. While
successful ion displacements govern the dc regime, the non-
NCL disperse part is sensitive to unsuccessful jumps, including
localized motions but also forward-backward jumps. In many
cases, σ ′(ν) in the dispersive regime can be approximated with
Jonscher’s power law σ ′ ∝ νκ . κ usually takes values ranging
from 0.6 to 0.9 if ionic transport occurs in three dimensions. 1D
and 2D ionic transport might result in lower values (Sidebottom,
2009). Here, we found κ ≈ 0.6 (253 K), pointing to 3D
ionic transport (see Figure 2A), as expected from the BVEL
estimation (vide supra).

σdc values were directly read off from the distinct dc-plateaus
of Figure 2A. σdcT, plotted vs. 1000/T, is shown in Figure 2B.
The linear behavior seen for the 1. run, which corresponds to
the heating run, points to Arrhenius behavior according to σdcT
= σ0 exp(Ea/(kBT)). Here, kB denotes Boltzmann’s constant and
σ0 represents the Arrhenius pre-factor. The activation energy Ea
turned out to be 0.58(2) eV. Above 313 K, a kink is seen and, at
higher T than 313 K, the activation energy reduces to 0.42(3) eV.
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FIGURE 2 | (A) Conductivity isotherms σ ′(ν) of Li[InxLiy ]Br4; isotherms were recorded at temperatures ranging from 173 to 373 K in steps of 20 K (1. run, heating).
(B) Arrhenius plot to illustrate the temperature dependence of σdcT for both the 1. run (heating) and the 2. run (cooling). (C) Real part of the complex resistivity ρ ′

expressed as M′′/ν as a function of the inverse temperature 1/T and recorded for a fixed frequency of either ν = 10 kHz or ν = 100 Hz.

FIGURE 3 | (A) The upper graph shows the Arrhenius behavior of the characteristic frequencies νmax at which the M′′ peaks appear. Frequency dependence of the
imaginary part of the complex part of the modulus as a function of frequency (ν). (B) Longtime measurement of σdc of Li[InxLiy ]Br4 over a time period of 58 h; we
cycled the temperature in the sample chamber between 273 and 333 K. (C) Potentiostatic polarization curve (U = 300 mV ) of Li[InxLiy ]Br4 sandwiched between two
Pt electrodes. The I(t) curve was recorded at T = 333 K. After t = 18 h, a final current of Ifinal = 8× 10−8 A has been reached (see also inset), which leads to an
electrical conductivity of σeon = 3× 10−8 Scm−1.

Ea ≈ 0.58 eV (193–313 K) agrees nicely with the value estimated
from BVEL (0.5 eV, see above).

The origin of the change of Ea at 313 K remains so far
unknown; it was also observed by Yamada et al. (2006). If no
phase transition takes place in Li[InxLiy]Br4, one might assume
that an order-disorder transition could cause this kink in the
Arrhenius line. Such a transition has also been observed for
Li2MnBr4 and Li2MgBr4 but at higher temperatures (Schmidt
and Lutz, 1984). In addition, above 313 K, grain growth may
already start, which is accompanied by the healing of, for
example, point defects. It is well-known than the ionic self-
diffusivity in poorly conducting materials can be drastically
increased by the introduction of defects, either through

mechanical treatment or through radiation (Stathopoulos and
Pells, 1983; Ishimaru et al., 2003). Hence, at temperatures above
313 K, the material continuously changes and transforms into
a more ordered structure. As expected, the conductivity values
recorded during the 2. run, that is, the cooling run (313 K →

233 K), turn out to be lower by ∼3 orders of magnitude as
compared to that governing the 1. run.

To investigate ionic transport further by means of electric
modulus formalism (Hanghofer et al., 2019), we recorded the
quantityM′′/ν (see also Figure 2C) as a function of temperature
and for constant frequency (ν = 100Hz and ν = 10 kHz, 173 K ≤

T ≤ 373 K). It turned out that, beginning from very low T,
the quantity M′′/ν obeys a weaker-than-activated temperature
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behavior, in agreement with NCL-type electrical relaxation
processes. Above 250 K, we recognize a strong increase with
the inverse temperature. From the linear behavior observed,
we extracted activation energies of 0.65(2) eV (10 kHz) and
0.71(3) eV (100 Hz). The increase seen if we compare these
values to that found by σdc [0.58(2) eV] indicates that the
number of charge carries seems to depend on temperature.
Again, above 313 K, and independent of frequency ν, we observe
a drastic change in M′′/ν(1/T). The corresponding apparent
activation energy of ∼0.18 eV (and 0.28 eV, see Figure 2) is
much smaller than that seen in conductivity spectroscopy. We
attribute this kink and the associated decrease in Ea to changes
in morphology and the defect chemistry of the bromide. Finally,
we looked directly at the temperature dependence of the electric
modulus M′′(ν); the corresponding modulus peaks are shown
in the lower part of Figure 3A. The Arrhenius behavior of the
characteristic frequencies νmax at which the M′′ peaks appear
is displayed in Figure 3A. The linear fit points to an activation
energy of 0.55 eV, which is smaller than that seen by σdc. The
lower activation energy again points to a T-dependent charge
carrier concentration N−1 that increases with temperature. As
σdc is directly proportional to the charge carrier mobility muq,
the charge of the moving species q and N−1, νmax, being a
characteristic electrical relaxation frequency, increases slightly
less with T than σdc.

At 293 K, we obtain an ionic conductivity of σdc = 4.9 ×

10−6 S cm−1; this value is far below values needed for ceramic
electrolytes in all-solid-state batteries. Thus, the current material
is expected to be used in systems operated at higher T. For
this reason, we studied the temperature stability of the ionic
conductivity of the defect spinel over a time period of 58 h
between 273 and 333 K. Moreover, as a sharp decrease in ionic
conductivity was observed during the cooling run, we were
interested in finding out which final conductivity value will be
reached after annealing the sample for many hours at 333 K,
which is just slightly above the kink seen in Figure 2. Hence,
we kept the sample at 333 K for 1 h and then measured σ ′(ν).
The time needed to record the isotherm was 23 min. After
that, we decreased the temperature in the sample chamber to
273 K, waited 1 h, and measured another isotherm σ ′(ν); this
cycle was repeated several times (see Figure 3B). For both the
measurements at 333 K and at 273 K, we see the same trend. The
conductivity decreases and reaches an almost constant value of
σdc = 2× 10−5 S cm−1 at 333 K. The corresponding conductivity
at 273 K is two orders of magnitude lower as compared to
that measured at 333 K. The reason for the slight increase in
conductivity with increasing cycle number is still unknown.

Apart from overall conductivity and thermal stability, the
ability of a material to conduct electrons is of significant
importance when it comes to its application (Han et al., 2019).
Ideally, the electronic conductivity should be orders ofmagnitude
lower than the ionic contribution to the overall conductivity.
Only electronically insulting ceramics will prevent soft shorts
or the formation of detrimental Li dendrites. Here, we used a
symmetric Pt | Li[InxLiy]Br4 | Pt cell to monitor the evolution
of current I(t) at a constant voltage U = 300 mV. The final
current of such a polarization measurement (Breuer et al., 2018a;

Gombotz et al., 2019) will give the upper limit of the electronic
conductivity σeon. The curve shown in Figure 3C refers to 333 K
and reaches a steady state of I after 18 h. The final current (Ifinal
= I(18 h)) can be used to estimate σeon according to σeon =

Ifinal/U · d/(r2π), d denotes the thickness of the pellet and r
refers to its diameter. For σeon we obtain σeon = 3× 10−8 S cm−1

at 333 K, which is a factor of 103 smaller than the overall
conductivity at this temperature (σdc ≈ 6 × 10−5 S cm−1).
For battery applications, even smaller values for σeon would
be desirable (σdc/σeon > 106) and, thus, great care has to
be taken when In-containing ceramics play a role as solid
electrolytes. As an example, for oxide electrolytes, values of σeon
in the order of 10−8 S cm−1 have been reported to trigger Li
dendrite formation in all-solid-state batteries (Han et al., 2019).
Li dendrites constitute a major safety problem, as they initiate
short circuits and, thus, thermal runaways.

3.3. 7Li NMR Spin-Lattice Relaxation and
Line Shapes
To study solely ion dynamics in Li[InxLiy]Br4, we took advantage
of 7Li NMR SLRmeasurements. In general, NMR spectroscopy is
a contactless method and does not require any post-preparation
steps, such as the application of conducting electrodes. As it is
mainly sensitive to bulk ion dynamics, any interfering effects of
ion-blocking grain-boundary regions are absent. Of course, the
latter holds only for single crystals or polycrystalline materials
with crystallites that show diameters in the µm range. For
nanocrystalline samples, the ions residing in the large volume
fraction of interfacial regions can be, simultaneously with those
in the bulk regions, visualized by NMR (Wilkening et al., 2003;
Breuer et al., 2018b). Here, we recorded diffusion-induced 7Li
SLR rates, in both the laboratory and rotating frame of reference,
as a function of the inverse temperature (233–393 K) (Heitjans
et al., 2005). The magnetization transients were analyzed in
terms of stretched exponential functions (Stanje et al., 2017).
The stretching exponents γ1(̺) are given in the upper graph of
Figure 4A; the corresponding rates are shown in the Arrhenius
diagram below.

Interestingly, the SLR NMR rates 1/T1 of nano-Li[InxLiy]Br4
reveal only a slight dependence on reciprocal temperature.
We recognize shallow maxima at ca. 333 K and ca. 260 K.
Usually, if purely induced by diffusion, the rate 1/T1(1/T) passes
through a rate peak whose flanks contain the activation energy.
For 3D uncorrelated motion, a symmetric peak is expected
(Bloembergen et al., 1948); correlated motion, which originates
from structural disorder and/or Coulomb interactions, often
produces an asymmetric peak with a lower slope in the limit
ω0τ ≫ 1, that is, on the low-T side of the peak. The same
asymmetry is obtained for ionic diffusion in an irregularly shaped
potential landscape, with short-range motions being different
from long-range ionic transport. In the limit ω0τ ≫ 1, the flank
contains a mean activation energy that characterizes short-range
diffusion, i.e., localized site-to-site hopping processes. In the
limit ω0τ ≪ 1, that is, the high-T side of the peak, the slope
of the flank contains an average activation energy that might
be identified with that sensed by σdc. Here, the shallow peaks
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FIGURE 4 | (A) 7Li NMR spin lattice relaxation (SLR) rates 1/T1(̺) (116.59 MHz) of nanocrystalline, cubic-Li[InxLiy ]Br4 as a function of inverse temperature measured
(233–393 K). The upper graph shows the γ1(̺) values used to approximate the magnetization transients. (B) 7Li NMR line width (fwhm = full width at half maximum,
total fwhm from net spectrum) as a function of temperature; regime (1) denotes the rigid lattice, (2) refers to the motional narrowing regime, and (3) represents the
regime of extreme narrowing. The solid line (up to 353 K) represents a fit according to the model Abragam, yielding an activation energy of ∼0.25 eV. (C) Change of
the shape of the 7Li NMR spectra with temperature (233, 295, 353, and 413 K). The spectrum at 295 K has been deconvoluted with a sum of a Gaussian and a
Lorentzian function (see dashed lines). Motional narrowing is almost completed at T = 353 K.

are characterized by very small values of Ea ≈ 0.1 eV. Thus,
they seem to sample localized ionic motions, which could also
originate from Li spins in the interfacial regions (Wilkening et al.,
2003; Breuer et al., 2018b) of nanocrystalline Li[InxLiy]Br4. Note
that at above 313 K, the Arrhenius line of σdcT reveals a kink.
Thus, care has to be taken if we want to interpret the rates 1/T1

recorded at T > 313 K; they might be affected by irreversible
change in the nanostructured sample, which produces only an
apparent rate peak.

To study 7Li NMR SLR behavior at temperatures well
below 313 K, we recorded spin-lock NMR rates 1/T̺ in
the rotating frame of reference. These rates sense, per se,
slower ion dynamics as, formally, the Larmor frequency in the
MHz range is replaced by a value in the kHz range. Here,
we used a locking B1 field that corresponds to a spin-lock
frequency of 20 kHz. The rates obtained are also included
in Figure 4A. At low T, they follow an activation energy of
0.22 eV, which we attribute to the elementary hopping barrier
in site-disordered Li[InxLiy]Br4, also including jump processes
in the interfacial regions of the sample. If considering the
crystal structure of spinel-type Li[InxLiy]Br4, 1/T̺ seems to
sense (local) hopping between the sites 16d and 8b. At higher
temperatures, the rate shows a sharp increase, passing into
a region that is activated with an activation energy of only
0.1 eV. Again, irreversible changes in the heat-sensitive sample
seem to be responsible for the anomalous behavior appearing at
elevated T.

Alternatively, Li ion dynamics in the ternary indium bromide
were studied by recording 7Li NMR spectra; selected spectra
are displayed in Figure 4C). At low T, that is, the so-called
rigid-lattice regime, Li+ motions are too slow to effectively

average dipole-dipole interactions. Thus, the line can be well-
described with a broad Gaussian. With increasing T, we clearly
see the onset of motional line narrowing. This narrowing process
proceeds in a heterogeneous way, i.e., a narrow line appears
on top of the broad one. At T = 295 K, the area under the
narrow line amounts to about 15%, showing that only a fraction
of the available Li spins participate in rapid ion exchange. As
for other nanocrystalline ceramics, one might attribute this
fraction to those spins residing in the structurally disordered
interfacial regions (Wilkening et al., 2003; Breuer et al., 2018b)
of nanocrystalline Li[InxLiy]Br4. At elevated T, the whole line
is affected by motional narrowing. The regime of extreme
narrowing is reached at 350 K.

At even higher temperatures, intensities next to the central
line appear (see arrow in Figure 4C), which we attribute to
quadrupole satellites. Likely, grain growth and healing of defects
ensure the formation of an ordered phase. In nanocrystalline or
amorphous ceramics, satellite intensities are usually smeared out
and only appear as a broad foot. Distinct singularities, referring to
spin-transitions between the Zeeman levels characterized by mI

= ±1/2 and m = ±3/2, are seen in samples with a high degree
of crystallinity. Here, σdc of the annealed sample is, however,
much lower than σdc of the as-prepared, mechanosynthesized
sample (see Figure 2B). The full narrowing curve of the 7Li
NMR central transition is shown in Figure 4B. The solid line
shows a fit with the model introduced by Abragam (1961)
to parameterize the curve; the activation energy turned out
to be 0.25 eV, in agreement with the value seen by spin-
lock NMR. Details on analyzing NMR line widths with the
Abragam formula are given elsewhere (Wilkening et al., 2002).
Interestingly, at higher T, a second step in the motional
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FIGURE 5 | (A) 79Br MAS NMR spectra (125.27 MHz) of nano-Li[InxLiy ]Br4 and pure LiBr for comparison. Spectra were recorded at 303 K. LiBr served as a primary
reference for both the 79Br MAS NMR and 6Li MAS NMR spectra, see (B). (B) 6Li MAS NMR spectra (73.58 MHz) of the nanocrystalline sample; the signal of pure
LiBr is shown for comparison. The overall signal of Li[InxLiy ]Br4 is composed of two lines appearing at 0.43 and 0.15 ppm. The total NMR signal was deconvoluted
with the help of two Lorentzian functions to estimate the area under the signal with low intensity (8%). (C) Variable-temperature 6Li MAS NMR spectra (73.58 MHz)
recorded at 253, 273, and 303 K. Dipolar interactions cause line broadening at low temperatures.

narrowing curve is seen, which is in line with the deviations
seen by σdc measurements and by the analysis of M′′/ν

data (see above).
Finally, we checked whether it is possible to distinguish any

magnetically inequivalent Li sites by 6Li high-resolution (MAS)
NMR. For this purpose, we recorded variable-temperature 6Li
NMR spectra (Figures 5B,C). Note that the quadrupole moment
of the 6Li nucleus is a factor of 50 smaller than that of the 7Li
one. Thus, any interfering second-order quadrupole interactions,
which are not averaged under ordinary MAS conditions, are
almost eliminated, leading to a higher resolution of 6Li NMR
spectra. At 253 and 273 K, we detected only a single 6Li line
at δiso = 0.43 ppm. We used LiBr (0 ppm) as a primary
reference of the spectra. At 303 K, however, increasing dipole-
dipole averaging originating from motional narrowing, which
adds up to the elimination of dipolar broadening by MAS,
reveals a second line at δiso = 0.15 ppm. At first glance,
we would simply assign this additional line to LiBr. The
area under the line with low intensity amounts to ∼8% if
we convolute the total signal with a sum of two Lorentzian
functions. Interestingly, the line at 0.15 ppm does not match
the isotropic shift of LiBr exactly. Furthermore, 79Br MAS NMR
gives no strong evidence for LiBr being indeed detectable by
NMR (see Figure 5A). The signal with low intensity might be
attributed to the unidentified phase seen in XRD. Possibly, the
presence of In-doped LiBr could serve as an explanation of
the signal.

4. CONCLUSION

We successfully synthesized nanocrystalline Li[InxLiy]Br4
directly via a one-pot mechanochemical route. The

nanostructured sample was characterized by X-ray powder
diffraction and 6Li, 79Br MAS NMR. Li[InxLiy]Br4 needs to be
described by a spinel structure with positional disorder on the
16d site. Via the bond valence energy landscape methodology,
we estimated site energies and a hopping barrier between
the Li sites 16d and 8b. Broadband conductivity helped us to
measure long-range ion transport that is characterized by an
activation energy of 0.61 eV. Electric modulus data pointed to
barriers as high as 0.71 eV if analyzed at 100 Hz. Most likely
because of the non-stoichiometry of the sample, a relatively high
electronic conductivity in the order of 10−8 S cm−1 has been
found, which is a factor of 103 lower than the room-temperature
ionic conductivity. Local barriers were probed by diffusion-
induced 7Li NMR SLR measurements. In particular, spin-lock
NMR yielded an activation energy of 0.22 eV, which either
characterizes local (forward-backward) Li jumps between 16d
and 8b or motional events of the Li ions in the interfacial regions.
As σdc is rather low at room temperature, Li[InxLiy]Br4 seems to
be a candidate for high-temperature battery cells.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

MG: synthesis of the material via the mechanochemical synthesis
route, characterization, evaluation and interpretation of the data,
and writing. DR: rietveld refinement, Li pathway calculations,
and data interpretation. HW: supervision, conceptualization,

Frontiers in Chemistry | www.frontiersin.org 8 February 2020 | Volume 8 | Article 100

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Gombotz et al. Ion Transport in Lithium Indium Bromide

data interpretation, and writing. All authors contributed to the
manuscript revision, read, and approved the submitted version.

FUNDING

This work was supported by TU Graz Open Access
Publishing Fund.

ACKNOWLEDGMENTS

We thank Prof. Günther J. Redhammer (Salzburg)
for helpful discussion regarding the interpretation
and analysis of our preliminary XRPD data. We
thank our colleagues at the ICTM (TU Graz) for
fruitful discussions.

REFERENCES

Abragam, A. (1961). The Principles of Nuclear Magnetism. Oxford: Clarendon.
Asano, T., Sakai, A., Ouchi, S., Sakaida, M., Miyazaki, A., and Hasegawa, S. (2018).

Solid halide electrolytes with high lithium-ion conductivity for application
in 4 V class bulk-type all-solid-state batteries. Adv. Mater. 30:1803075.
doi: 10.1002/adma.201803075

Bachman, J. C., Muy, S., Grimaud, A., Chang, H.-H., Pour, N., Lux, S. F., et al.
(2016). Inorganic solid-state electrolytes for lithium batteries: mechanisms
and properties governing ion conduction. Chem. Rev. 116, 140–162.
doi: 10.1021/acs.chemrev.5b00563

Bloembergen, N., Purcell, E. M., and Pound, R. V. (1948). Relaxation effects in
nuclear magnetic resonance absorption. Phys. Rev. 73, 679–712.

Breuer, S., Gombotz, M., Pregartner, V., Hanzu, I., and Wilkening, M.
(2018a). Heterogeneous f anion transport, local dynamics and electrochemical
stability of nanocrystalline La1−xBaxF3−x . Energy Storage Mater. 16, 481–491.
doi: 10.1016/j.ensm.2018.10.010

Breuer, S., Uitz, M., andWilkening, H. M. R. (2018b). Rapid Li ion dynamics in the
interfacial regions of nanocrystalline solids. J. Phys. Chem. Lett. 9, 2093–2097.
doi: 10.1021/acs.jpclett.8b00418

Bruce, P. G., Scrosati, B., and Tarascon, J.-M. (2008). Nanomaterials for
rechargeable lithium batteries. Angew. Chem. Int. Ed. 47, 2930–2946.
doi: 10.1002/anie.200702505

Buschmann, H., Döelle, J., Berendts, S., Kuhn, A., Bottke, P., Wilkening, M.,
et al. (2011). Structure and dynamics of the fast lithium ion conductor
Li7La3Zr2O12. Phys. Chem. Chem. Phys. 13, 19378–19392. doi: 10.1039/c1cp2
2108f

Chen, H.,Wong, L. L., and Adams, S. (2019). SoftBV—a software tool for screening
the materials genome of inorganic fast ion conductors. Acta Cryst. B 75, 18–33.
doi: 10.1107/S2052520618015718

Cheng, L., Crumlin, E. J., Chen, W., Qiao, R., Hou, H., Franz Lux, S., et al. (2014).
The origin of high electrolyte–electrode interfacial resistances in lithium cells
containing garnet type solid electrolytes. Phys. Chem. Chem. Phys. 16, 18294–
18300. doi: 10.1039/c4cp02921f

Dawson, J. A., Attari, T. S., Chen, H., Emge, S. P., Johnston, K. E., and Islam, M. S.
(2018). Elucidating lithium-ion and proton dynamics in anti-perovskite solid
electrolytes. Energy Environ. Sci. 11, 2993–3002. doi: 10.1039/C8EE00779A

Deiseroth, H.-J., Kong, S.-T., Eckert, H., Vannahme, J., Reiner, C., Zaiss, T., et al.
(2008). Li6PS5X: a class of crystalline li-rich solids with an unusually high Li+

mobility. Angew. Chem. Int. Ed. 47, 755–758. doi: 10.1002/anie.200703900
Dietrich, C., Weber, D. A., Sedlmaier, S. J., Indris, S., Culver, S. P., Walter,

D., et al. (2017). Lithium ion conductivity in Li2S-P2S5 glasses—building
units and local structure evolution during the crystallization of superionic
conductors Li3PS4, Li7P3S11 and Li4P2S7. J. Mater. Chem. A 5, 18111–18119.
doi: 10.1039/C7TA06067J

Dunst, A., Epp, V., Hanzu, I., Freunberger, S. A., and Wilkening, M. (2014).
Short-range Li diffusion vs. long-range ionic conduction in nanocrystalline
lithium peroxide Li2O2—the discharge product in lithium-air batteries. Energy
Environ. Sci. 7, 2739–2752. doi: 10.1039/C4EE00496E

Dunst, A., Sternad, M., and Wilkening, M. (2016). Overall
conductivity and NCl-type relaxation behavior in nanocrystalline
sodium peroxide Na2O2—consequences for Na-oxygen batteries.
Mater. Sci. Eng. B 211, 85–93. doi: 10.1016/j.mseb.2016.
06.002

Dyre, J. C., Maass, P., Roling, B., and Sidebottom, D. L. (2009). Fundamental
questions relating to ion conduction in disordered solids. Rep. Prog. Phys.
72:046501. doi: 10.1088/0034-4885/72/4/046501

Funke, K., Cramer, C., and Wilmer, D. (2005). “Concept of mismatch and
relaxation for self-diffusion and conduction in ionic materials with disordered
structures,” in Diffusion in Condensed Matter-Methods, Materials, Models, 2nd

Edn, eds P. Heitjans and J. Kärger (Berlin: Springer), 857–893.
Gombotz, M., Lunghammer, S., Breuer, S., Hanzu, I., Preishuber-Pflügl, F., and

Wilkening, H. M. R. (2019). Spatial confinement–rapid 2D F− diffusion
in micro- and nanocrystalline RbSn2F5. Phys. Chem. Chem. Phys. 21:1872.
doi: 10.1039/C8CP07206J

Goodenough, J. B. (2013). Evolution of strategies for modern rechargeable
batteries. Acc. Chem. Res. 46, 1053–1061. doi: 10.1021/ar2002705

Gupta, H. C., Zwinscher, J., and Lutz, H. D. (1997). Lattice dynamical calculations
of deficient NaCl superstructure-type Li2CoCl4 and Li2MnBr4. J.Phys. Chem.

Solids 58, 173–175. doi: 10.1016/S0022-3697(96)00082-0
Han, F., Westover, A., Yue, J., Fan, X., Wang, F., Chi, M., et al. (2019). High

electronic conductivity as the origin of lithium dendrite formation within solid
electrolytes. Nat. Energy 4, 187–196. doi: 10.1038/s41560-018-0312-z

Hanghofer, I., Brinek, M., Eisbacher, S. L., Bitschnau, B., Volck, M., Hennige,
V., et al. (2019). Substitutional disorder: structure and ion dynamics of the
argyrodites Li6PS5Cl, Li6PS5Br and Li6PS5I. Phys. Chem. Chem. Phys. 21,
8489–8507. doi: 10.1039/c9cp00664h

Heitjans, P., Masoud, M., Feldhoff, A., and Wilkening, M. (2007). NMR and
impedance studies of nanocrystalline and amorphous ion conductors: lithium
niobate as a model system. Faraday Discuss. 134, 67–82. doi: 10.1039/b602887j

Heitjans, P., Schirmer, A., and Indris, S. (2005). Diffusion in Condensed Matter—

Methods, Materials, Models. 2nd Edn. Chapter 9. Berlin: Springer, 369–415.
Ishimaru, M., Bae, I.-T., and Hirotsu, Y. (2003). Electron-

beam-induced amorphization in SiC. Phys. Rev. B 68:144102.
doi: 10.1103/PhysRevB.68.144102

Janek, J., and Zeier, W. G. (2016). A solid future for battery development. Nat.
Energy 1:16141. doi: 10.1038/nenergy.2016.141

Kamaya, N., Homma, K., Yamakawa, Y., Hirayama, M., Kanno, R., Yonemura,
M., et al. (2011). A lithium superionic conductor. Nat. Mater. 10, 682–686.
doi: 10.1038/nmat3066

Kim, S., Oguchi, H., Toyama, N., Sato, T., Takagi, S., Otomo, T., et al.
(2019). A complex hydride lithium superionic conductor for high-energy-
density all-solid-state lithium metal batteries. Nat. Commun. 10:1081.
doi: 10.1038/s41467-019-09061-9

Kuhn, A., Narayanan, S., Spencer, L., Goward, G., Thangadurai, V., andWilkening,
M. (2011). Li self-diffusion in garnet-type Li7La3Zr2O12 as probed directly by
diffusion-induced 7Li spin-lattice relaxation nmr spectroscopy. Phys. Rev. B
83:094302. doi: 10.1103/PhysRevB.83.094302

Li, X., Liang, J., Chen, N., Luo, J., Adair, K. R., Wang, C., et al. (2019). Water-
mediated synthesis of a superionic halide solid electrolyte. Angew. Chem. Int.

Ed. 131, 16579–16584. doi: 10.1002/ange.201909805
Lutz, H., Cockcroft, J., Kuske, P., and Schneider, M. (1990). Polymorphism of the

fast ionic conductor Li2MnBr4 - neutron diffraction and differential scanning
calorimetry.Mat. Res. Bull. 25, 451–456.

Maekawa, H., Matsuo, M., Takamura, H., Ando, M., Noda, Y., Karahashi, T.,
et al. (2009). Halide-stabilized LiBH4, a room-temperature lithium fast-ion
conductor. J. Am. Chem. Soc. 131, 894–895. doi: 10.1021/ja807392k

Martin, D. Z. C., Haworth, A. R., Schmidt, W. L., Baker, P. J., Boston, R.,
Johnston, K. E., et al. (2019). Evaluating lithium diffusion mechanisms in
the complex spinel Li2NiGe3O8. Phys. Chem. Chem. Phys. 21, 23111–23118.
doi: 10.1039/c9cp02907a

Marx, R., and Mayer, H. M. (1996). Darstellung und lithiumteilstruktur
von lithiumnnitridtribromid, Li6NBr3 und lithiumnitridtriiodid,
Li6NI3/preparation and lithium sublattice of lithium nitride

Frontiers in Chemistry | www.frontiersin.org 9 February 2020 | Volume 8 | Article 100

https://doi.org/10.1002/adma.201803075
https://doi.org/10.1021/acs.chemrev.5b00563
https://doi.org/10.1016/j.ensm.2018.10.010
https://doi.org/10.1021/acs.jpclett.8b00418
https://doi.org/10.1002/anie.200702505
https://doi.org/10.1039/c1cp22108f
https://doi.org/10.1107/S2052520618015718
https://doi.org/10.1039/c4cp02921f
https://doi.org/10.1039/C8EE00779A
https://doi.org/10.1002/anie.200703900
https://doi.org/10.1039/C7TA06067J
https://doi.org/10.1039/C4EE00496E
https://doi.org/10.1016/j.mseb.2016.06.002
https://doi.org/10.1088/0034-4885/72/4/046501
https://doi.org/10.1039/C8CP07206J
https://doi.org/10.1021/ar2002705
https://doi.org/10.1016/S0022-3697(96)00082-0
https://doi.org/10.1038/s41560-018-0312-z
https://doi.org/10.1039/c9cp00664h
https://doi.org/10.1039/b602887j
https://doi.org/10.1103/PhysRevB.68.144102
https://doi.org/10.1038/nenergy.2016.141
https://doi.org/10.1038/nmat3066
https://doi.org/10.1038/s41467-019-09061-9
https://doi.org/10.1103/PhysRevB.83.094302
https://doi.org/10.1002/ange.201909805
https://doi.org/10.1021/ja807392k
https://doi.org/10.1039/c9cp02907a
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Gombotz et al. Ion Transport in Lithium Indium Bromide

trihalides, Li6NHal3 (Hal = Br, I). Z. Naturforsch. 51b, 525–530.
doi: 10.1515/znb-1996-0415

Matsuo, M., and Orimo, S.-I. (2011). Lithium fast-ionic conduction in
complex hydrides: review and prospects. Adv. Energy Mater. 1, 161–172.
doi: 10.1002/aenm.201000012

Mercier, R., Tachez, M., Malugani, J., and Robert, G. (1985). Effect of homovalent
(I− - Br−) ion substitution on the ionic conductivity of LiI1−xBrx systems. Solid
State Ion. 15, 109–112.

Murugan, R., Thangadurai, V., and Weppner, W. (2007). Fast lithium ion
conduction in garnet-type Li7La3Zr2O12.Angew. Chem. Int. Ed. 46, 7778–7781.
doi: 10.1002/anie.200701144

Pecher, O., Carretero-González, J., Griffith, K. J., and Grey, C. P. (2017).
Materials’ methods: NMR in battery research. Chem. Mater. 29, 213–242.
doi: 10.1021/acs.chemmater.6b03183

Porz, L., Swamy, T., Sheldon, B. W., Rettenwander, D., Froemling, T., Thaman,
H. L., et al. (2017). Mechanism of lithium metal penetration through inorganic
solid electrolytes. Adv. Energy Mater. 7:1701003. doi: 10.1002/aenm.201701003

Richards, W. D., Miara, L. J., Wang, Y., Kim, J. C., and Ceder, G. (2016).
Interface stability in solid-state batteries. Chem. Mater. 28, 266–273.
doi: 10.1021/acs.chemmater.5b04082

Scherrer, P. (1918). Bestimmung der Größe und der inneren Struktur von
Kolloidteilchen mittels Röntgenstrahlen. Göttin. Nachrich. 2:98.

Schmidt, W., and Lutz, H. D. (1984). Fast ionic conductivity and dielectric
properties of the lithium halide spinels Li2MnCl4, Li2CdCl4, Li2MnBr4 and
Li2CdBr4. Ber. Bunsenges. Phys. Chem. 88, 720–723.

Schoch, B., Hartmann, E., and Weppner, W. (1986). New fast solid lithium ion
conductors at low and imtermediate temperatures. Solid State Ion 18–19,
529–533.

Sidebottom, D. L. (2009). Understanding ion motion in disordered solids
from impedance spectroscopy scaling. Rev. Mod. Phys. 81, 999–1014.
doi: 10.1103/RevModPhys.81.999

Stanje, B., Rettenwander, D., Breuer, S., Uitz, M., Berendts, S., Lerch,
M., et al. (2017). Solid electrolytes: extremely fast charge carriers in
garnet-type Li6La3ZrTaO12 single crystals. Ann. Phys. 529:1700140.
doi: 10.1002/andp.201700140

Stathopoulos, A. Y., and Pells, G. P. (1983). Damage in the cation sublattice of
γ -Al2O3 irradiated in an HVEM. Phil. Mag. A 47, 381–394.

Thangadurai, V., Narayanan, S., and Pinzaru, D. (2014). Garnet-type solid-state
fast Li ion conductors for Li batteries: critical review. Chem. Soc. Rev. 43,
4714–4727. doi: 10.1039/c4cs00020j

Tomita, Y., Matsushita, H., Kobayashi, K., Maeda, Y., and Yamada, K.
(2008). Substitution effect of ionic conductivity in lithium ion conductor,
Li3InBr6−xClx . Solid State Ion 179, 867–870. doi: 10.1016/j.ssi.2008.02.012

Tomita, Y., Yamada, K., Ohki, H., and Okuda, T. (2014). Structure and dynamics
of Li3InBr6 and NaInBr4 by means of nuclear magnetic resonance. Z. Naturf. A
53, 466–472. doi: 10.1515/zna-1998-6-730

Uitz, M., Epp, V., Bottke, P., and Wilkening, M. (2017). Ion dynamics
in solid electrolytes for lithium batteries. J. Electroceram. 38, 142–156.
doi: 10.1007/s10832-017-0071-4

Wang, S., Bai, Q., Nolan, A. M., Liu, Y., Gong, S., Sun, Q., et al. (2019).
Lithium chlorides and bromides as promising solid-state chemistries for fast
ion conductors with good electrochemical stability. Angew. Chem. Int. Ed. 131,
8123–8127. doi: 10.1002/ange.201901938

Wang, Y., Richards, W. D., Ong, S. P., Miara, L. J., Kim, J. C., Mo, Y., et al. (2015).
Design principles for solid-state lithium superionic conductors. Nat. Mater. 14,
1026–1031. doi: 10.1038/nmat4369

Wenzel, S., Randau, S., Leichtweiss, T., Weber, D. A., Sann, J., Zeier, W. G.,
et al. (2016). Direct observation of the interfacial instability of the fast ionic
conductor Li10GeP2S12 at the lithium metal anode. Chem. Mater. 28, 2400–
2407. doi: 10.1021/acs.chemmater.6b00610

Wilkening, M., Bork, D., Indris, S., and Heitjans, P. (2002). Diffusion in
amorphous LiNbO3 studied by 7Li NMR – comparison with the nano- and
microcrystalline material. Phys. Chem. Chem. Phys. 4, 3246–3251. doi: 10.1039/
b201193j

Wilkening, M., and Heitjans, P. (2012). Frommicro to macro: access to long-range
Li+ diffusion parameters in solids via microscopic 6,7Li spin-alignment echo
nmr spectroscopy. ChemPhysChem 13, 53–65. doi: 10.1002/cphc.201100580

Wilkening, M., Indris, S., and Heitjans, P. (2003). Heterogeneous lithium diffusion
in nanocrystalline Li2O:Al2O3 composites. Phys. Chem. Chem. Phys. 5, 2225–
2231. doi: 10.1039/B300908D

Yamada, K., Kumano, K., and Okuda, T. (2006). Lithium superionic
conductors Li3InBr6 and LiInBr4 studied by 7Li and 115In
NMR. Solid State Ion 177, 1691–1695. doi: 10.1016/j.ssi.2006.
06.026

Yu, C., Ganapathy, S., Eck, E. R. H. V., Wang, H., Basak, S.,
Li, Z., et al. (2017). Accessing the bottleneck in all-solid
state batteries, lithium-ion transport over the solid-electrolyte-
electrode interface. Nat. Commun. 8:1086. doi: 10.1038/s41467-017-
01187-y

Zhang, W., Schroeder, D., Arlt, T., Manke, I., Koerver, R., Pinedo, R., et al. (2017).
(Electro)chemical expansion during cycling: monitoring the pressure changes
in operating solid-state lithium batteries. J. Mater. Chem. A 5, 9929–9936.
doi: 10.1039/C7TA02730C

Zhang, Z., Shao, Y., Lotsch, B., Hu, Y.-S., Li, H., Janek, J., et al. (2018). New
horizons for inorganic solid state ion conductors. Energy Environ. Sci. 11,
1945–1976. doi: 10.1039/C8EE01053F

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Gombotz, Rettenwander and Wilkening. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Chemistry | www.frontiersin.org 10 February 2020 | Volume 8 | Article 100

https://doi.org/10.1515/znb-1996-0415
https://doi.org/10.1002/aenm.201000012
https://doi.org/10.1002/anie.200701144
https://doi.org/10.1021/acs.chemmater.6b03183
https://doi.org/10.1002/aenm.201701003
https://doi.org/10.1021/acs.chemmater.5b04082
https://doi.org/10.1103/RevModPhys.81.999
https://doi.org/10.1002/andp.201700140
https://doi.org/10.1039/c4cs00020j
https://doi.org/10.1016/j.ssi.2008.02.012
https://doi.org/10.1515/zna-1998-6-730
https://doi.org/10.1007/s10832-017-0071-4
https://doi.org/10.1002/ange.201901938
https://doi.org/10.1038/nmat4369
https://doi.org/10.1021/acs.chemmater.6b00610
https://doi.org/10.1039/b201193j
https://doi.org/10.1002/cphc.201100580
https://doi.org/10.1039/B300908D
https://doi.org/10.1016/j.ssi.2006.06.026
https://doi.org/10.1038/s41467-017-01187-y
https://doi.org/10.1039/C7TA02730C
https://doi.org/10.1039/C8EE01053F
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Lithium-Ion Transport in Nanocrystalline Spinel-Type Li[InxLiy]Br4 as Seen by Conductivity Spectroscopy and NMR
	1. Introduction
	2. Materials and Methods
	2.1. Mechanochemical Synthesis of Nanocrystalline Li[InxLiy]Br4
	2.2. X-Ray Powder Diffraction
	2.3. Conductivity and Electric Modulus Spectroscopy
	2.4. Polarization Measurements to Estimate the Electronic Conductivity
	2.5. 6Li and 79Br MAS NMR
	2.6. Static 7Li NMR Spectroscopy

	3. Results and Discussion
	3.1. X-Ray Diffraction and Diffusion Pathways
	3.2. Conductivity Measurements and Electrical Modulus
	3.3. 7Li NMR Spin-Lattice Relaxation and Line Shapes

	4. Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


