Exploring layered disorder in lithium-ion conducting LizY1xINxCle
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Abstract: LizY1xInkCle undergoes a phase transition from trigonal to monoclinic via an
intermediate orthorhombic phase. Although the trigonal yttrium containing end member phase,
LisYCle, synthesized by a mechanochemical route, is known to exhibit stacking fault disorder,
not much is known about the monoclinic phases of the serial composition LisY1xInxCls. This
work aims to shed light on the influence of the indium substitution on the phase evolution,
along with the evolution of stacking fault disorder using X-ray and neutron powder diffraction
together with solid-state nuclear magnetic resonance spectroscopy studying the lithium-ion
diffusion. Although LisY1xInkCle with x < 0.1 exhibits an ordered trigonal structure like
LisYCle, a large degree of stacking fault disorder is observed in the monoclinic phases for the
x> 0.3 compositions. The stacking fault disorder materializes as a crystallographic intergrowth
of faultless domains with staggered layers stacked in a uniform layer stacking, along with
faulted domains with a randomized staggered layer stacking. This work shows how structurally
complex even the “simple” series of solid solutions can be in this class of halide-based lithium-
ion conductors, as apparent from difficulties in finding consistent structural descriptor for the

ionic transport.



1. Introduction

Solid-state batteries have historically, but also are more than ever currently discussed as a
potential alternative to lithium-ion batteries.! Therefore, the search for alternatives to the
organic liquid electrolytes led to the discovery of several lithium-ion conducting solid
electrolyte families including garnets,>® LISICON-types (lithium superionic conductor)*
oxides, thio-LISICONs,>® LiioMP,S12 (M = Si, Ge, Sn),”® argyrodite®12, ternary lithium
halides'*> and most recently lithium oxychlorides'®!’. Although the existence of lithium-ion
conducting halides dates back to 1930,* LisMXs (M =Y, Er, In, Sc, Ho, Yb and X = Cl, Br,
)12 regained attention as ambient temperature solid electrolytes in recent years only. This is
because the halide solid electrolytes are considered superior compared to oxides, in terms of
synthesis, processing as well as their ionic transport. In regards to sulfide-based electrolytes, it
is assumed that the oxidative stability is better while exhibiting similar ionic conductivities.?*
However, studies have shown major issues with the use of these materials in terms of chemical
stability against sulfide-based solid electrolytes and the lithium metal anode.?>~? To understand
and improve the electrochemical stability and ionic transport in halide-based lithium solid
electrolytes, recent studies focused on the thorough structural understanding of these halide

materials via cationic and anionic substitution, as well as various synthesis routes.

For instance, isovalent substitution series LizYCls—xBr,2® LisY1xInxCls,?® inducing structural
changes which alters the ionic conductivity strongly. Further, aliovalent substitution varies the
lithium-ion concentration and therewith, the lithium-ion conductivity in Lis xY1xZrxCle,
Lis—«In1xZrxClg,?% and LizsMls (M = Y; Cd; rare-earth metal, Lu-Sm)* is altered. In the case of
LisYCle, the introduction of Zr induced a structural transformation from a trigonal to an
orthorhombic phase.?® A similar behavior has been observed for a sodium-ion conductor in
which the Nas—xEri—«xZr«Cle series shows faster ion transport when compared to parent
materials, NasErClg and NapZrCls.3* The Lis—xIni—xZr«Cls compositions depict rather minute
change in the ionic conductivity due to change in lithium-ion concentration together with local
structural distorsion.??323 One major advantage of lithium-ion conducting ternary halides is
the ease of solution-based synthesis when targeting LizInCle, which suggests easier processing
of solid-state batteries.>**> However, a strong influence of processing parameters on the
structure and ionic conductivity of such halides is generally observed.?*3 For example, in
addition to high-temperature trigonal phase, a metastable trigonal phase with different yttrium-
ion and lithium-ion position was found when the reaction temperature was below 327 °C for

LisYCls.®” In another example, the mechanochemically synthesized trigonal phase of Li»ZrCls
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undergoes a structural transition to a monoclinic phase upon annealing, together with a
concurrent decrease in conductivity.® Depending on the synthesis conditions, occupational
disorder of the central cation, M (M =Y, Er, In, Sc, Ho, Yb and X = ClI, Br, 1), was connected
to significant changes in the ionic conductivity being suggested in LisY Clg,*?° and LisYBre.*
However, the found average positional disorders may just reflect a more complicated
underlying mechanism, i.e. stacking faults that were recently found.*® According to a recent
report low temperature synthesis routes may be more prone to the formation of stacking
faults,*® but the direct influence of synthesis route on stacking fault formation is not clear yet.

Lithium-ion conducting ternary halides can be considered as layer-like materials. Here,
depending on the cation-anion radius ratio and their polarizability, two different halide
frameworks are possible for the ternary lithium halides, i.e. cubic close-packing (ccp) and
hexagonal close-packing (hcp), which can lead to the formation of three different structures.*:
The hcp arrangement is the basic building block for the trigonal (Figure 1a) and orthorhombic
phases, whereas the monoclinic structure is linked to ccp (Figure 1c). While LisMCle with M
=Tb - Tm and Y crystallize in a trigonal polymorph within space group P3m1 with LisErCls
structure-type, compounds with M = Yb crystallize in an orthorhombic structure with the Pnma
space group. The difference in the two structures is associated with the ordering of the rare-
earth metal ions.*! In the trigonal LizYCls, yttrium-ions can occupy Y (1) (Wyckoff site 1a) in
(001) plane and Y(2) (Wyckoff 2d) in (002) plane; yttrium additionally occupies the Y(2’)
(Wyckoff 2d) in (001) plane (Figure 1a). Trigonal LisYCle has two different lithium-ion sites,
Li(1) (Wyckoff positions 6g) and Li(2) (Wyckoff 6h); Edge sharing LiCle> units forms a
honeycomb-type of arrangement in both the (001) and (002) planes (Figure 1b).
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Figure 1. a) Hexagonal and c) cubic close-packing of chlorides in the trigonal LisYCle and
monoclinic LisInCls phase, respectively. The layer stacking sequences are represented by small
Greek letters and the stacking order of the anion substructure is represented by capital Latin
letters. Randomly occurring changes in stacking sequence of the cation layers generate stacking
faults in the layered LisY—«InxCle structure, whereas the anion substructure remains cubic
close-packed. For better understanding, (001) and (002) planes are marked in the schematic
unit cells. b) and d) show the octahedral halide framework in trigonal and monoclinic phases,
respectively, in which the central metal and lithium-ions occupy some of the octahedral voids
forming the honeycomb network, marked in black. Based on the position of the occupied
octahedral void, the hexagonal close-packing can result in the trigonal or orthorhombic
structure. The occupation of the octahedral voids in the cubic closed-packed structure generates

the monoclinic crystal structure.

In contrast, LizInCle, LisScCls, and LisMBre with M = Sm - Lu adopt a ccp-type of the halide
anion framework and a monoclinic structure with C2/m space group.**#? In the case of LizInCls,
indium is known to occupy In(1) (Wyckoff 2a) and In(2)/Li(4) (Wyckoff 4g) sites in (001)
plane. Recent work on monoclinic LisHoBrsxlx substitution series shows that cation-site



disorder in (001) plane strongly influences the lithium-ion dynamics.* Lithium-ions occupy
Li(1) (Wyckoff 4h), Li(2) (Wyckoff 2d), Li(3) (Wyckoff 8j) in (002) plane along with the
disordered In(2)/Li(4) (Wyckoff 4g) sites. Although LisMCle can crystallize in a trigonal,
orthorhombic, or monoclinic structure, their structures are analogous to the O3-type LiCoO>
structure.**** In LiCoO,, the transition metal slab consists of edge sharing (CoOg)*" octahedra
and the lithium-ion are sandwiched between the (CoOg)® slabs. The general formula of the
ternary halides, LisMCls, can be rewritten as Liys(LizzsMu3)Clz, in which the (CoOg)® slab is
replaced by partially occupied and edge sharing the MCle and LiCle slabs. Partially occupied
lithium-ion in the (002) plane forms edge sharing (LiCls)®" octahedra, in which chloride-ions
are already accounted for in the (MClgs)*", and (LiCles)s- polyhedra from the (001) plane
(Figure 1c). As a result, the structure exhibits a honeycomb layer of edge sharing (Li/M)Cle
octahedra, in which the interstices are partially occupied by central metal (M) ions (Figure 1b,
d). Because of the layer-like geometry with honeycomb arrangement, these compounds are
prone to exhibit stacking fault disorder.*>#" Recent reports confirm the presence of stacking
fault in various ternary halides including LisYCls,*® LisYCl3Brs,?® LisHoBre«Ix*® and LisMI6%,
where M = rare-earth metal. An example of ideal stacking sequence and the faulted sequence
is shown for the LisInCls structure in Figure 2. The ideal stacking sequence of layers can be
described by a stacking vector S1, shown in Figure 2a, which is identical with the c-axis of
monoclinic LizInCle lattice. Based on the relative cation position of the next layer, forming
honeycomb framework, three different stacking vectors are possible. An exemplary different
stacking sequence with stacking vector S2 is shown in Figure 2b, where the CI sublattice
follows an ABCABC stacking, but the cation, M(2)/Li occupies a 32 position instead of B1.
However, a combination of the site disorder of central cation, M and stacking fault makes the
structural analysis complicated. Often, stacking disorder is misinterpreted as cation-site
disorder. A method to deconvolute site disorder and faulting was developed for LizHoBrsxlx,
which shows a less dominant influence of stacking disorder on the lithium-ion dynamics over
site disorder.*® As previous works show the structural complexity of these compounds,®“? here
we study a series of layered-type ternary halides to understand the influence of substitution on

the structure, stacking fault, cation disorder and resulting ionic transport properties.



Figure 2. Possible layer stacking patterns in the monoclinic LisInCls phase where the lithium-
ion layer has been omitted for clarity. Three types of stacking sequences are possible based on
the relative position of atoms forming a honeycomb arrangement in different layers. a) Stacking
pattern of ideal faultless monoclinic phase is represented with stacking vector S1. Here, « and
/5 denotes the layer stacking sequence. b) An exemplary alternate stacking sequence is shown
in which the stacking vector is S2. 1 and B2 correspond to the relative cationic position in the

lattice, which form honeycomb pattern.

In this work, we study the influence of indium substitution on the phase evolution and ionic
transport of LizY1xIn«Cls having a layer-type structure with honeycomb (LiCls)®>" polyhedral
arrangements. Using X-ray diffraction, high-resolution neutron diffraction, impedance
spectroscopy, and solid-state nuclear magnetic resonance spectroscopy, we aim to understand
the evolution of stacking faults and the lithium-ion substructure. This work shows that a
“simple” series of solid solutions in these halide compounds exerts itself in crystallographic
intergrowths of faulted and faultless domains, showing that structure — transport correlations

may not always be straightforward in halide-based lithium-ion conductors.



2. Experimental section

Synthesis. All synthesis steps were performed under Ar-atmosphere. To prepare LizY 1-xInxCls,
a classic high-temperature solid-state synthesis was adopted using LiCl (ChemPur, 99.99 %),
YCl3 (Alfa Aesar, 99.999%) and InCls (99.999%, trace metal basis, Sigma Aldrich) as reaction
precursors. Stoichiometric amounts of precursors for obtaining 1 g product were mixed and
hand ground in an agate mortar, followed by pellet preparation and then filled into a pre-dried
(800 °C) quartz ampule, which was subsequently sealed under vacuum. Only for LisYCls
synthesis, 10 wt.% excess YCls was used, as mentioned elsewhere,?® which allow us to
compare the reported structural information of LizYCls with LisYoglno.1Cle and help to
understand the influence of indium substitution on the LizY Cle structure. Ampules were heated
to desired temperature with heating rate of 100 °C-h%. Since LisInCls has an incongruent
melting point of 444 °C,* the synthesis temperature had to be lowered with increasing indium
content. The reactions were performed at 550 °C (Li3sYClg), 450 °C (LizY1xInxCle, 0.1 <x <
0.7), 400 °C (Li3Yo0.2InogCls) and 280 °C (LisY1xInkCls, 0.9 < x < 1). For completion of
reaction, the annealing duration was always set to one week followed by natural cooling step.
For all the analysis discussed in below, we have considered nominal stoichiometry of elements

from the compositions.

X-ray powder diffraction. The diffraction patterns (Figure 3) of the LizY1-xInxCls phases were
collected on laboratory powder X-ray diffractometers in Debye-Scherrer geometry (Stadi P-
Diffractometer (Stoe), Ag-Kui or Mo-K,i radiation from primary Ge(111)-Johann-type
monochromator, triple array of Mythen 1 K detectors (Dectris). The samples were sealed in
0.3 mm diameter borosilicate glass capillaries (Hilgenberg glass), which were spun during the
measurement. The data were collected in a 26 range between 0 and 110° applying a total scan

duration of three hours.

Neutron powder diffraction. Neutron powder diffraction data of all compositions
LizY1-xInxCle (0.1 < x < 1) were collected at Oak Ridge spallation neutron source (SNS, Oak
Ridge National Laboratory) using the PAC automatic sample changer at POWGEN
diffractometer (BL-11A beamline). Under inert conditions, the samples (~1.2 g) were loaded
into a cylindrical vanadium can (inner diameter — 6 mm) which was sealed with a copper gasket
to avoid exposure to air during the measurement. The diffractograms were collected for four
hours in high-resolution mode using a single bank with a center wavelength of 1.5 A.
Absorption corrected data (Figure S1) were used to analyze the structure.



Diffraction based 2D defect analyses. Rietveld refinement was employed on the X-ray powder
diffraction data of LisY1xInxCls. The program TOPAS 6.0 was used to analyze the X-ray
powder diffraction patterns.®® The background of the diffraction patterns was modelled by
Chebychev polynomials of 6™ order and the peak profile by using the fundamental parameter
approach implemented into TOPAS.*% The instrumental resolution function had been
determined by a Pawley fit>! of a LaBe standard measurement prior to the experiments.

Changes in lattice parameters are shown in Figure 4.

Trigonal phase. Trigonal LisY1xInxCle with x = 0 and 0.1 could be modeled using Rietveld
refinement, shown in Figure S2 and S3a, respectively; structural information reported by

Schlem et al. was used as the starting model.?°

Monoclinic phase. A two-phase model including an ordered monoclinic structure where In/Y
occupy In(1), lithium-ions occupy Li(1) and Li(2) sites and a stacking faulted monoclinic phase
were used to refine the diffraction data of LisY1xInkCls with 0.2 < x < 1.0 to quantify the
stacking fault disorder, since it was not possible to fit the diffraction data using only single
phase monoclinic model. Representative refinement plot is given in Figure S4, for
LizYos5lnosCle showing the limits of Rietveld refinement in terms of analyzing the faulted

phases, which can be overcome by using the stacking fault model (Figure 5a).

For the stacking faulted phase, the layer constitution was derived from the structure dataset
given by Schmidt et al. and like for the ordered phase In/Y was put on the 2a site, exclusively.>
For the refinement, a recursive supercell approach implemented into TOPAS®*** was used that
calculates X-ray patterns from randomly created stacks of layers and averages them. Therefore,
the monoclinic unit cell was transformed into a pseudo-orthorhombic cell with space group P1
according to a procedure described elsewhere.*®*” From the layer constitution, we derived
possible stacking vectors and a faulting scenario in which the staggered stacking of the layers
becomes randomized as described in previous works.*®4” For each refinement, the diffraction
patterns of 100 stacks consisting of 200 layers were averaged. For the final Rietveld refinement,
constraints were applied on the atomic positions to maintain the intra-layer symmetry.*’ Further
details of the models used for the refinement are given in the results section and Supporting
information (Figure S5 and S6). For getting an idea in the estimated standard deviation (ESD),
we performed selected refinements up to 10 times and tracked the results of the pseudo-

quantitative analyses. We noticed fluctuations in the content of ordered and disordered LisY1-



xInxCls phase of up to 0.6 wt-%. Considering the fact that there is some parameter-correlation,
we multiplied this ESD times 3, yielding 1.8 wt-% and rounded to 2.0 wt-%.

Rietveld analysis of neutron diffraction data.

Trigonal structure. As the X-ray diffraction data of LizYo.9lno.1Cls and LisYCls do not show
any indication of stacking fault disorder, we refined the absorption corrected neutron
diffraction data of LizYo9lno1Cls samples with TOPAS Academics 6.0 software package
(Figure S3b)*® and compared with previously reported LisYCls data®® to understand the
influence of indium substitution on the structure of trigonal LisY1xInkCls phase. The profile
refinement includes 1) the background and scaling factors for the main and side phase, 2) lattice
parameters, and 3) peak-shape function, which was convolution of a pseudo-Voigt and GSAS
back-to-back exponential function to obtain a good profile fit.>® The crystallographic
information file of previously reported trigonal LizYCls (for x = 0.1)% is used without 2d site
for metal cation on the (001) plane as the starting model based on the result obtained from

refinement of the X-ray diffractogram.

For the structural refinement, 4) displacement parameters, occupancies and positions were
refined for central metal cation (indium and yttrium) followed by halide anions. Displacement
parameters from all the central metal-ion sites were constrained to improve the fit stability. To
reduce the number of free variables, the indium occupancy was constrained to the nominal
yttrium and indium content (Table S1). After refinement of the immobile framework, 5) the
lithium-ion displacement parameters, occupancies and site coordinates were refined;
parameters from all other atoms were kept constant. Like yttrium and indium, the lithium-ion
content was constrained to the nominal stoichiometry. 6) All the non-lithium octahedral and
tetrahedral positions were evaluated for possible lithium-ion occupancy. The central metal
occupies Y(1) and Y(2) positions on the (002) lattice plane. We found lithium-ion on Li(1) and
Li(2) sites as shown in a previous report.?’ All possible octahedral interstitial sites both for

yttrium-ion and lithium-ion were tested; No additional occupied sites were found.

7) Next, thermal displacement parameters, occupancies, and coordinates of all the sites were
refined together. At the very end, lithium-ion occupancy on the Y(2’) position was checked.
Lithium-ion occupies this position partially. All the structural information obtained from the

refinement is compiled in Figure 6a and Table S2.

Monoclinic structure. The two-phase model obtained from X-ray powder diffraction data

refinement (Figure S5 and S6) was used to model the neutron diffraction data (Figure S7-S9).
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Only the lithium-ion occupancies were allowed to refine constraining all the other parameters
to the X-ray diffraction results. Lithium-ion substructures from our previous report?? is used
for the neutron data refinement. A detailed discussion of the refinements can be found in the
result section (Figure 6b). Refinement constraints are given in Table S3. Representative

refinement parameters are given in Table S4 for LizYo:5InosCls.

Rwp and GoF values for all the diffraction data of LisY1xInkCle are in Table S5. The GoF
appears high for the neutron data refinement. This is however, attributed because the software
used for the refinements (TOPAS 6.0) calculated the GoF by division of Rwp by Rexp. Rexp IS
internally estimated by the counting statistics and usually significantly underestimated for data

measured with noise-free detectors, i.e. synchrotron data or neutron data.
Nuclear Magnetic Resonance (NMR) Spectroscopy.

SLi magic-angle spinning (MAS) NMR measurement. Solid-state °Li MAS NMR experiments
were performed on a Bruker DSX 500 spectrometer equipped with a 11.74 T wide-bore magnet
using a4 mm Bruker MAS probe at a Larmor frequency of wo/2n = 73.6 MHz. As our aim was
to study the influence of indium on the lithium-ion coordination environment to understand the
presence of stacking fault, 5Li MAS NMR experiments were done on LizY1 xInkCls with x >
0.1 (Figure 7a). Radiofrequency pulses of 3.0-6.0 us at 120 W power as m/2-pulse and a
relaxation delay of 15 s were used for the single-pulse MAS NMR experiments executed at a
spinning frequency of 12.5 kHz. Magic-angle calibration was performed using the *Na
spinning sideband pattern from solid NaNO3z under MAS conditions. The °Li chemical shift
was referenced to SLi-enriched solid Li,COs at 0.00 ppm. Powdered samples were packed into
cylindrical-type 4 mm zirconia rotors under Ar-atmosphere of glovebox (H20 < 0.5 ppm, O2 <
0.5 ppm). Spectral analysis based on the lithium-ion content obtained from refinement of

neutron powder diffraction data are shown in Figure S10.

Li NMR Ti-relaxation measurement. Static variable temperature saturation recovery 'Li NMR
experiments were recorded on a Bruker Avance 111 300 spectrometer connected to a wide-bore
magnet of 7.05 T nominal magnetic field for LizY1xInxClsfor x> 0.3 (Figure 7b, S11 and S12).
This magnetic field corresponds to a Larmor frequency of wo/2r = 79.39 MHz for 'Li. A radio-
frequency pulse of 2.5 pus length at 120 W was used as n/2-pulse. Recovery delay lengths were
varied from t; = 10 ps to t31 = 316.23 s with four steps increment per decade. The FIDs (free-
induction decays) were Fourier-transformed to obtain frequency-domain signals which were

integrated in the TopSpin software and corresponding signal intensity curves were fitted with
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exponential type of saturation function with a stretching exponent. The data were recorded in
the temperature range from 220-420 K and a 20 min of waiting period for temperature
stabilization was used at each measurement temperature. N> gas flow and electrical heating
was utilized to regulate the temperature. In the sub-room temperature (T < 300 K) range, cooled
N2 gas flow from an Air Jet XR compressor from SP Scientific (FTS Systems) regulated the
temperature whereas an uncooled stream of N2 gas was utilized for temperature stabilization in
T > 300 K range. Temperature calibration was done using temperature-dependent *H NMR
signal-shifting of methanol (220-290 K) and ethylene glycol (320-420 K)®°.

For x=0.1 and 0.2, T1-relaxation measurements were not performed as lithium-ion dynamics
in the MHz regime cannot be probed for these samples due to their poor ionic conductivity (as
observed in EIS measurement in Figure S14). In general, no rate-maxima is expected for such
poor conducting materials within our achievable experimental temperature range, prohibiting
any qualitative comparison of dynamic processes to those observed in relatively faster ionic

conductors in the series i.e. x >0.3.

Electrochemical impedance spectroscopy. lonic conductivities were measured by
potentiostatic electrochemical impedance spectroscopy (PEIS) for LizY1xInkCle with x > 0.1
using a homebuilt cell casing where stainless steel current collectors are used. Since our main
focus in this work was to understand the influence of indium content on the phase evolution
and associated change in lithium-ion diffusion of LizY1xInxCle series, we have not measured
PEIS for the unfaulted trigonal LizYCle. Instead, we used the transport properties of LizY Cls,
previously reported by Schlem et al., synthesized by classic solid-state synthesis for
comparison.?’ For a typical measurement, approximately 200 mg of each sample were filled
into a 10 mm inner diameter cylindrical PEEK (polyether ether ketone) inlet of the cell case
and subsequently pressed uniaxially with 374 MPa for three minutes followed by a slow
pressure release. Next, stainless steel current collectors, which also work as the blocking
electrodes for the impedance measurements, are connected to the SE pellet using a constant
pressure of 10 Nm on the cell screws. Details of cell setup can be found elsewhere.>” All
obtained geometrical pellet densities were around 80-90% of the crystallographic density. The
impedance measurements were performed with a SP300 impedance analyzer (Biologic) in a
temperature range of 233 K to 313 K and applying a sinusoidal excitation voltage within a
frequency range of 7 MHz to 100 mHz and applying an amplitude of 10 mV. The spectra
analyses were carried out with the RelaxIS 3 software (rhd instruments) (Figure S14 and S15).

Reported conductivities are from the impedance measurements collected in the direction
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parallel to the pellet pressing direction. The uncertainty of conductivity and activation energy

(10) were estimated from the fit errors and geometrical uncertainties of the pellets.

3. Results
Phase evolution in LizY1-xInxCls

To shed light on the influence of substituting Y with In, the LizY1-xInxCls substitution series
was synthesized in steps of x = 0.1 using a high-temperature solid-state synthesis route. The
reaction temperature was varied from 550 °C to 280 °C based on the thermal stability of the
product.*? X-ray powder diffraction analyses (Figure 3a) show that the solid-state synthesis
yields almost pure samples of the LizY1-xInxCle solid solution series. LiCl was found as a minor
impurity (3-5 wt.%) in all synthesized samples except for LisYCls. Compositions of the solid
solution series with a very high yttrium content, x = 0 and x = 0.1, crystallize in the trigonal
LisYCls structure type in space group P3ml. According to X-ray powder diffraction data
refinement, for both compounds fully weighted Rietveld refinements showed that the Y(2’)
position (Y at 2d position at 1/3, 2/3, 0) is vacant, which is to be expected for materials obtained
by high-temperature solid-state synthesis because of strong electrostatic repulsion with the
adjacent yttrium site. Refinements against neutron powder diffraction data of LisY1-xInxCls
with x = 0.1 show similar yttrium site occupancy. Aiming for 20 at.-% indium substitution of
yttrium (x = 0.2) yields a multiphase mixture with orthorhombic (space group Pnma)** (56
wt.%), monoclinic (27 wt.%) and trigonal (13 wt.%) phase of varying compositions of
LisY1-—xInxCle along with minor LiCl impurities (4 wt.%) (Figure S16a). A further increase in
the indium content leads to the formation of the monoclinic structure type. With the indium
content > 30 at.-%, the reflections gradually shift towards higher Q (Figure S16b), indicating
substitution of yttrium by indium, which is associated with a contraction of the unit cell.
Considering the smaller ionic radius of In®* (VI, r = 0.8 A) compared to Y3* (VI, r = 0.9 A)%,
this trend can be expected. Between x = 0.3 and x = 1.0 the behavior is almost linear and follows
Vegard’s law (Figure 4). Upon transition from the trigonal to the monoclinic structure type, the
unit cell volume increases (Figure 4d), which is mainly caused by a rise in the b-lattice
parameter and the interlayer distance, i.e. d(001) (Figure 4b, c). This can be explained by the
distortion of the layer materializing in a decrease of the lattice symmetry from trigonal to
monoclinic and by the relocation of half of the rare earth metal cations from the interlayer
positions in the trigonal form to the intra-layer voids in the monoclinic form, where the

interlayer cation positions are occupied by lithium-ions, exclusively.
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Figure 3. a) Room temperature X-ray powder diffraction data for LisY1-xInxCle for x = 0.0 —
1.0 including the assignment to the different LisMCls structure types. b) Characteristic

triangular peak shapes (marked in green) indicating planar disorder are highlighted.

Another striking feature in the diffraction patterns of the monoclinic range of LisY1-xIn«Cle is
the presence of diffuse scattering between the (020) and (111) reflections (Figure 3b). The
characteristic triangular peak shape indicates stacking fault disorder,**%° as frequently observed
in layered compounds with honeycomb motifs.®%%2 This effect is most pronounced for the
sample x = 0.5, shown in Figure S17 but also clearly visible for all samples. Due to the faulting,
it is not possible to refine the structure using standard Rietveld refinements of only the ordered
monoclinic phase (see Figure S4). The diffraction patterns are comparable to their stacking
faulted structural analogues LisMBrs«lx;*>*° hence the same structural model is used to
quantify the stacking fault disorder. The optimization of the fault probabilities using grid search
routines,*®4” however, led to insufficient fits of the diffraction data. If the fault probability is
incrementally increased, reflections like (020), (110), (111), (021) and (111) are broadened and
a broad, triangular-shaped peak appears underneath these peaks, as seen in Figure 3b.%¢ In the
measured  data, however, we find both the triangular-shaped  diffuse

scattering and comparatively sharp Bragg reflections.
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Figure 4. a-d) Change in lattice parameters with indium substitution in LisY1-xInxCls from the
X-ray diffraction data refinement. Lattice parameters of trigonal and orthorhombic phases are
transformed to those of the monoclinic equivalent to understand the influence of indium
substitution on the lattice parameters. The dashed line represents the transition from the trigonal
structure type to the monoclinic type via the mixed phase formation consisting of trigonal,

orthorhombic, and monoclinic structures at x = 0.2.

Consequently, a low fault probability leads to proper modelling of the Bragg reflections but to
an insufficient description of the diffuse scattering and applying a high fault probability leads
to the opposite effect. The measured diffraction data indicate intergrown domains of randomly
oriented honeycomb layers and faultless stacked honeycomb layers. An intergrowth of layers
having different stacking orders has already been observed for NiCI(OH)® and SnTiO3%, with
the latter one also showing honeycomb motifs. Similarly, the diffraction data of LislrO3(OH)s,
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which is structurally closely related to monoclinic LizY1-xInkCls, indicated the presence of
small, ordered domains within a randomly oriented stacking of staggered honeycomb layers.*®
Accordingly, we used a two-phase model for the refinement of the diffraction data. For the
disordered “monoclinic phase with stacking faults” the fault probability was maximized,
meaning the staggered stacking of the honeycomb layer fully randomized. For the ordered
monoclinic phase, the fault probability was set to zero. Both phases were constrained as
described elsewhere.®* Refined data are shown in Figure 5a and S4-S6. An increasing indium
content leads to a larger phase fraction of the stacking faulted monoclinic phase (Figure 5b) up
to the composition with 50 at.-% indium is reached. For the indium richer members of the solid
solution series, the phase fraction of stacking faulted LizY1-xInkCle is decreasing again. In
general, the amount of stacking faulted LisY1-xInxCls clearly exceeds the amount of ordered
phase for all members of the solid solution series (Figure S18), which is another example of
the notoriously stacking faulted character of layered honeycomb-type compounds. A recent
report from Sebti et al. shows stacking fault in LisYCle can be altered by changing the synthesis
route. LisYCls prepared via ball milling show stacking fault where as high-temperature solid-
state route leads to ordered trigonal phase.®® A strong influence of synthesis temperature on
stacking fault is observed for LisHoBrsxlx.*° Low temperature synthesis (below 300 °C) results
in higher degree of stacking fault for LizHoBrs and lower iodine containing samples from
LisHoBrexlx series; a rise in synthesis temperature leads to reduced concentration of stacking
fault. However, while a phase transformation and average long range ionic transport of
LisY1-xInkCle is reported, changes in the lithium-ion substructure associated with the trigonal
to monoclinic phase transformation has not been investigated. Additionally, it is important to
understand the effect of stacking faults on the lithium ionic substructure of the monoclinic

phase, which may further explain the ionic transport trend in these materials.
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Figure 5. a) Refinement of the X-ray diffraction data of LisYoslnosCls with a two-phase
approach including an ordered and stacking faulted structure model. b) Distribution of phase
fraction as function of x in LizY1-xInxCls. A small weight fraction (3-4 wt. %) of LiCl was
observed for x > 0.1. The monoclinic phases consist of a combination of the ordered structure
as well as faulted structure. Uncertainty in phase fraction determination is expected to be in the
range of £2 wt.%.

Lithium substructure

Trigonal polymorph. To analyze the influence of indium substitution on the lithium-ion
substructure of LisY 1—xInxCls, the neutron diffraction data (Figure S1) of this substitution series
is analyzed. Figure 6 summarizes the lithium-ion substructure of LizY;-xInxCls. As the trigonal
LizYo0.9Ino.1Cle does not show any indication of stacking fault in X-ray powder diffraction, the
refinement on the neutron diffraction is performed considering a single-phase material in its
trigonal phase (Figure S3b). Lithium-ions occupy the Li(1) and Li(2) positions in the trigonal
LisYCle.2° The lithium polyhedral volume does not change significantly upon indium
substitution for the trigonal phase, whereas the occupancy on Li(1) and Li(2) positions decrease
slightly (Figure 6a). In addition to the usual lithium-ion positions, lithium-ion occupancy was
found on the Y(2’) position in the (001) plane, indicating facile lithium-ion diffusion within

the (001) plane for LisYo.9lno.1Cle. Unfortunately, the neutron diffraction data of x = 0.2 cannot
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be analyzed for the lithium-ion substructure, as it is a complex phase mixture of trigonal,

orthorhombic, and monoclinic phases.

Monoclinic polymorph. From x = 0.3 onwards, LisY 1-xInxCle exerts itself as a monoclinic phase
mixture that is comprised of a monoclinic phase with stacking faults along with an ordered
monoclinic phase. Stacking fault disorder is harder to track in the neutron diffraction data as
the diffraction pattern is mainly governed by the chloride substructure (coherent scattering
cross section of Cl = 11.525 barn x 6 = 69.15 barn; Li = —0.454 barn x 3 = —1.362 barn; Y =
7.55 barn and In = 2.08 barn) and the typical stacking fault disorder in honeycomb-type
compounds does not affect the average anion substructure.*®® Accordingly, the neutron
diffraction data can be refined with an ordered structural model leading to a satisfying fit for
the neutron data (Figure S7a) but to an insufficient fit for the X-ray diffraction data (Figure
S4). Therefore, the same two-phase model used for the X-ray powder diffraction data is used
for the neutron diffraction data, by fixing all parameters to the values from the X-ray diffraction
data and only refining the lithium-ion occupancies (Figure S7b and S8, S9). This leads to a
useful refinement of the two subsets of data, for both the X-ray and neutron powder diffraction.

For the monoclinic phase, the lithium-ions are suggested to occupy octahedral Li(1) and Li(2)
positions along with the bridging tetrahedral Li(3) site in the (002) plane and disordered
In(2)/Li(4) position) site having In2-Li disorder in the (001) plane.?? Here, we find a partial
occupancy of lithium-ion sites in (002) plane (Li(1), Li(2) and Li(3)), together with
occupational disorder on In(2)/Li(4) site, as seen in Figure 6b. Partial occupation of lithium-
ion indicates a three dimensional lithium-ion diffusion pathway in monoclinic LisY—xInxCle
resulting in lower activation energy and enhanced ionic conductivity. However, no direct link
can be found between the indium stoichiometry, stacking fault content and lithium-ion
occupancy. Moreover, a complete structural information cannot be obtained, since TOPAS
averages the stacking fault, and the refined structures stays in the chosen P1 symmetry.
Therefore, only the refinement results from the X-ray diffraction data are fully tabulated as an
in-depth data analysis regarding to the complexity of the samples (disordered and ordered

domains, etc.) does not allow for this using neutron diffraction.

18



Trigonal Monoclinic

1 KW 570 W (001) ‘
A g =
- _a_lo (002)
[ J '\_‘l A :“ ﬁ. ‘
¢ g e (001)

© L) eo) © Li26n @vemie o @ L en © L2 o O L)) @ it @g)

'&‘

(002)

(001)

:2 - b)100 - - -
O Li1(6g) (001) plane
= 28} : 2 P
= O Li2 (6h) R
S A Li3N2(2d) > gop (002)plane
Lr')m c
o 2470 $ 860 on Onp
> - g B B 5
) S oo .
g 08} q % I 2 aof o O
2 =
3 £
g 04 - = 20f
v A
— L L N N . . .
0.0 0.0 01 0 02 04 06 08 1.0
X in LigY,_In,Clg X in LigY_Jn,Clg

Figure 6. The layered structure of the trigonal and monoclinic unit cell can be understood from
the schematic showing the (001) and (002) planes. The Rietveld refinement was performed on
the neutron powder diffraction data of LizY1xInkCls with x = 0.1 since it crystallizes in the
ordered trigonal LisY Cls structure. a) (LiCls)>~ volume (top part) and occupancy (bottom part)
changes upon indium substitution within the trigonal phase. b) The lithium-ion occupancy in
(001) and (002) planes of the monoclinic phase shows random distribution of lithium-ion over
rising indium content. LisY1-xInxCls with 0.3 <x < 1.0 is a mixture of ordered monoclinic phase
along with stacking faulted monoclinic phase. Hence, the two-phase refinement model was
adopted to evaluate the lithium-ion distribution between (001) and (002) planes from the

neutron powder diffraction.

Solid-state NMR

’Li MAS NMR. Qualitative comparison between chemical environments around Lithium-ion in
different compounds was performed using °Li MAS NMR, (spin quantum number | = 1) as °Li
has significantly lower broadening effects from magnetic dipole-dipole and 152" order
electric quadrupolar couplings leading to improved spectral resolution.®® As seen in Figure 7a,
SLi signals from Li-ions in the trigonal phase were centered around —0.91 ppm and —0.87 ppm
for x = 0.1 and 0.2, respectively. The asymmetric nature of the ®Li peaks are associated with
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the different chemical environment surrounding the lithium-ions and can be correlated with the
presence of different lithium-ion Wyckoff sites, (Li(1), Y(2’)/Li(3) in (001) plane and Li(2) in
(002) plane, see Figure S10a), as confirmed by the Rietveld refinement of the neutron
diffraction.

The ®Li MAS NMR spectrum of monoclinic LisInCls contains two °Li signals (centered around
—0.67 ppm and —0.71 ppm) — these signals have been attributed to lithium-ion present in (002)
plane (Li(1), Li(2), Li(3)) and (001) plane (In(2)/Li(4)) layers, respectively, see Figure S10b.
For the monoclinic phase with the composition 0.3 < x < 0.9, the most intense °Li signal
position varies between —0.64 ppm to —0.68 ppm. Unavailability of information on distribution
of individual ®Li crystallographic sites in (002) plane due to structural complexity (coming
from large degree of stacking faults) inhibits us from further assignment of the 8Li signals to
any crystallographic lithium-ion sites. While the structural complexity makes it quite difficult
to correlate the ®Li chemical shifts with substitution degree, an observable broadening of the
most intense signal does occur for 0.3 < x < 0.9 of the monoclinic phase, indicating greater
amount of disorder present in these samples. For x = 0.5, the broadest asymmetric °Li signal
was observed suggesting that a random distribution of Li-ion environments in the sample is

present, probably due to a larger degree of stacking faults®°.

’Li spin-lattice (T1) relaxation. The MHz-regime dynamics of mobile lithium-ion in local (10
10 to0 107° m) scale can be probed using "Li spin-lattice (T1) relaxometry.%¢¢” For the samples
with x = 0.3-0.9 (except for 0.5), two rate maxima are visible in the Ti-relaxation data, (Figure
7b, S11 and S12a; note that the data are displayed as In(1/T1) corresponding to the relaxation
rates) indicating two distinct ionic jump processes. A similar behavior has been observed and
reported for several lithium-ion conductors.?>%2%8 Epp et al. had attributed the different rate
peaks to two distinct and fast dynamic processes of lithium-ion hopping in
Li1sAlosTi1s(PO4)3.% For a similar substitution series based on Liz xIn1xZrxCls, Helm et al.
also observed two dynamical modes in “Li Ti-relaxation for x = 0.0 and 0.1 at higher
temperature.?? With higher Zr-content, the high temperature mode gradually approached the
low temperature one, leading to single rate peak for x> 0.1 . In a recent study, van der Maas et
al. re-investigated the Lis«xIn1xZr«Cls series in detail using ®’Li T1-relaxation measurement at
multiple Larmor frequencies.®? Here, also two-maxima rate curves were observed, where the
faster and slower jJump processes were assigned to jumps within the lithium-ion-only layer (ab

plane) and along c-axis, respectively. For trigonal LizY Cle with stacking faults, Sebti et al. also

20



observed two slower diffusing components via pulsed field gradient-NMR (PFG-NMR) and

attributed them to in-plane (ab-plane) and out-of-plane (along c-axis) Li-ion diffusion.%
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Figure 7. a) °Li MAS NMR spectra of LizY1xInkCls with x = 0.1-1.0, measured at ambient
temperature and spinning frequency of 12.5 kHz. b) Arrhenius plot of ‘Li Ti-relaxation
measurements for LizY1xInxCle with x = 0.4 and 0.6 obtained via a saturation recovery

experiment. Dashed lines indicate guide-to-eye.

Based on the detailed work by van der Maas et al. with the same parent material LisInCls, the
presence of two rate maxima in the ’Li-relaxation curves in Figure 7b might be associated with
lithium-ion-jump processes in the ab-plane and along c-axis in the monoclinic phase.
Qualitative comparison of ’Li-relaxation curves (Figure S11 and S12) indicates that the
position and separation between the peaks (if present) are possibly a result of complex interplay
between their local structure, relative amount of faulted phase present and their overall ionic
conductivity. However, a quantitative analysis of jump processes via fitting the T1-relaxation
data to accommodate the two different rate peaks observed is not possible because of

insufficient number of high-temperature data points after the peak maxima.

For LisInCls, we fitted the corresponding ’Li Ti-relaxation data (Figure S12b) using four
different models used by van der Maas et al.®? for a comparison of NMR relaxation behavior
corresponding to a Larmor frequency of 116 MHz. Similar to the previous report, better fits
were observed using the two empirical models (i.e. modified BPP model for 3D motion and

modified Richardson model for 2D motion), see Figure S13. However, the choice and
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interpretation of the fitting models becomes severely complex considering the simultaneous
effect of dimensionality and correlations due to coulomb interactions present in such systems®2,
A detailed investigation is beyond the scope of this work considering the structural complexity
due to layered disorder present in our sample combined with our hardware limitation. The best
fit was obtained with the modified BPP formula® with # = 0.76 (a correction exponent
incorporated in BPP formula for application in ionic translation in solids’®) and an activation

energy Ea nmr=0.17 eV.

lonic transport

The ionic conductivities for the herein investigated LizY1-xInxCls samples with x > 0.1 are
determined from temperature-dependent impedance spectroscopy. As previously shown, the
room-temperature conductivity increases with the indium concentration.?® Representative
Nyquist plots at 298 K are shown in Figure S14. In general, the low-temperature impedance
spectra show a suppressed semicircle and a capacitive blocking behavior of the electrodes
(Figure S15a). To fit the temperature-dependent impedance spectra, an equivalent circuit model
(see the inset of Figure S15a) consisting of a parallel resistor and a constant-phase element
(CPE) in series with the CPE - representing combined bulk and grain boundary processes as
well as the blocking electrodes - is used. In the impedance spectra of the monoclinic phase
recorded at elevated temperatures, only the capacitive behavior of the electrodes was fit due to
high conductivity, as seen in Figure S15b for the LisY—xInxCle with x = 0.7. Low values of the
ideality factors (0.62 to 0.75) of the constant phase element suggests the presence of more than
one process in the trigonal phase, e.g., bulk, grain boundary, which cannot be properly
resolved.” An Arrhenius behavior can be observed for all the compositions and the activation
energy can be obtained from a linear fit (Figure 8a).
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Figure 8. a) Temperature-dependent ionic conductivity for the LisY1—xInxCle substitution series
following Arrhenius relation, represented by solid lines. b) Room-temperature conductivity and
activation energy for all the compositions as a function of indium content. Dotted lines indicate

guide-to-eye for b).

The introduction of indium shows beneficial effects on the ionic transport properties of
LisYCle. A sharp change in conductivity is visible from x = 0.1 to x = 0.3, corresponding to
trigonal to monoclinic phase transition (Figure 8a and b). A similar trend is visible in the
activation energy. The pristine trigonal LisYCls has an activation energy of 0.49 eV,? which
decreases with indium substitution. Upon the structural change, a rapid drop in activation
energy can be observed. The monoclinic LisYo3lno7Cls shows an activation energy of
0.380(1) eV. Previously, LisY1xInkCls was synthesized via ball milling followed by
annealing.?® A room temperature ionic conductivity of 1.42 mScm™ and an activation energy
of ~0.32 eV was observed for LizInCle. The deviation of conductivity and activation energy as
compared to the previous reports can be attributed to difference in the synthesis process®® along

with inter-laboratory measurement difference.”?

In general, an increasing indium content in the monoclinic LisY1-xInxCls leads to a minute
increase in the ionic conductivity (Figure 8b, blue line and symbols) associated with a small
drop in the activation energy (Figure 8b, red line and symbols). Even though the degree of
stacking fault varies in the range between 0.2 < x < 1.0 (Figure S17), the change of the
conductivity is minor. In contrast, the activation energy decreases showing a small drop with
increasing indium content in the monoclinic phase. This may be associated with the substitution
of the larger yttrium-ion with the smaller indium-ion (Figure 8b, blue line and symbols). We
have estimated the pre-exponential factors for all the compositions from the substitution series
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(Figure S18). However, it cannot be directly correlated to the entropic factor and associated
structural disorder. This is probably because of the complex correlation of structural parameters
and fault content with the transport properties. Although short range lithium-ion diffusion may
become more facile with stacking-disorder,® the stacking fault disorder seems to not have a
major impact on the average long range ionic conductivity here. This was already observed for
isostructural lithium rare-earth metal bromides and iodides*® and may originate in the fact that
this type of disorder does not alter the long-range connectivity of (LiClg)®" octahedra and
therefore the average ion migration paths.

4. Discussion

In the investigated LisY1-xInxCle substitution series, general trends can be found regarding the

systematic increase of indium content in the structure:

1. The LisY1-xIn«Cls series exhibits a broad structural diversity. LisYCle crystallizes in a
trigonal structure whereas LisInCle is monoclinic. A transformation from a trigonal to
a monoclinic phase via an orthorhombic phase is visible in the diffraction patterns of
the LisY1xInxCle series. LisYo.olno.1Cle crystallizes in an ordered trigonal structure and
a further increase in the indium content changes the structure from trigonal to
orthorhombic to monoclinic phase with a layered honeycomb motif. The monoclinic
phases show intergrown domains of randomly oriented honeycomb layers (i.e. stacking
faulted layers) and faultless stacked honeycomb layers.

2. The degree of stacking fault formation changes significantly depending on the crystal
structure and indium content. Although a similar temperature profile in the synthesis is
used for LisY1xInxCls with 0.1 < x < 0.7, trigonal LizYo.9lno.1Cle does not show any
indication of stacking fault formation. However, a large percentage of faulted phase is
observed in the monoclinic LisY1-xInkCls. Further investigation to explore the influence
of synthesis on the crystal structure and with it the stacking fault formation may help to
design single phase halide ion conductors needed to study the structural influence on
the ion transport in layered ternary halides.

3. The lack of observed stacking faults in the neutron data might be a strong indication of
cation ordering and stacking fault formation rather than the anion network that
contributes to the observed phenomenon. Hence, only neutron diffraction data might

not be always helpful to understand the lithium-substructure and diffusion pathway in
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these materials. Moreover, it may mislead the analysis via averaging the presence of
multiphase faulted mixture with M/Li-disorder. Hence, a combination of X-ray and
neutron powder diffraction is necessary for a deeper phase analysis of lithium-ion
conducting ternary halides. For in-depth systematic structural analysis and structure-
property correlation, unfortunately, stacking fault models is needed.

LisInCle in the monoclinic phase in known to have two different indium sites, Inl (2a)
and In2 (4g) on the (001) plan of the unit cell. In addition to the three lithium sites on
(002) plane, lithium forms disorder with indium on the 4g Wyckoff site. In2 and Li4
occupancy 4g site of LisInCl are 0.5 and 0.39, respectively??. However, the stacking
disorder and site disorder were not deconvoluted previously because of structural
complexity. Additionally, due to the “two phase” character, an intralayer disorder
correlates with the phase fraction to 100 %. Hence it is impossible to deconvolute the
anti-site defect and stacking fault for the current substitution series.

. With the increase in indium content, the hcp anionic framework structure transforms to
a ccp framework leading to a trigonal-to-monoclinic phase transition. For the
monoclinic phase, the lattice volume is much higher than that of trigonal one. A sharp
drop in activation energy and increase in ionic conductivity is observed, as seen in
Figure 8b, which can be attributed to increment in lattice volume leading to widen of
lithium-ion diffusion pathway during the phase change. The higher conductivity in the
monoclinic phase also correlates with the occupation of the tetrahedral sites by lithium-
ion in the (002) plane (and of course the fractional occupation), which suggests that
such sites are energetically accessible and connect the lithium-ion diffusion pathways

in and - perhaps also - out-of plane.

6. Conclusions

In summary, we have investigated the phase evolution and ionic transport properties of the

LisY1xInkCls substitution series via X-ray and neutron powder diffraction, temperature-

dependent impedance measurement, ’Li spin-lattice relaxation measurement and ®Li magic-

angle spinning nuclear magnetic resonance. Along with the known 6g and 6h lithium-ion sites

for trigonal LizYCle, lithium-ion occupies 2d sites in the (001) plane for x = 0.1 leading to

improved transport. In addition to a structural transformation with increasing indium content,

two-dimensional stacking fault defects are found in the monoclinic LizY1-xInxCle phase for x >

0.2. A complete phase analysis is only possible by refining X-ray powder diffraction data using
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a two-phase model including a faultless and faulted polytype with randomly oriented metal, M
bearing cation layers. Here, the indium content seems to affect the ratio of faulted to ordered
phase showing a maximum faulting for LisYoslnosCls. Since, it is challenging to extract in
depth structural information due to the multiphase disordered nature of the LisY 1 xInxCle for x
> 0.2, we used neutron diffraction only to find out the lithium-ion distribution in the (001) and
(002) plane. The phase analysis along with temperature dependent ionic conductivity
measurement confirms a strong influence of the symmetry of the structure/the structure type
(i.e. trigonal vs monoclinic); however, the stacking faults overall do not seem to have a
dominant influence on the lithium-ion transport. This study further hints on the strong impact
of substitution and crystal structure on the stacking fault formation in this class of materials.
Nevertheless, it shows that despite the differences in faulting, the overall ionic conductivity

remains unaffected.

Associated Content
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