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Synthesis

The conventional solid-state synthesis (SSS) of the lithium rare earth iodides Lig M1g with M =Y,
Sm, Gd-Lu was carried out starting from stoichiometric amounts of Lil (99.95 %, anhydrous,
ALFA AESAR) and the respective M1I3. To this end, the starting materials were ground in an
agate mortar in an argon-glovebox, filled into glassy carbon crucibles, transferred into quartz
glass ampoules, and sealed under dynamic vacuum. Instead, LisSmlg was synthesized starting
from Smly, Lil, and I (sublimed, MERCK). The di- and trihalides of the rare earth (RE) metals
(Smly, MI5 with M =Y, Gd-Lu and YBr3) were synthesized from RE metals M and Iy or
from M503 and NH4X with X = Br or I as described elsewhere.! The quartz ampoules were
heated under dynamic vacuum using a blow torch and flushed with argon for several times to
remove traces of Oo and HoO before using them. The loaded quartz ampoules were heated to
a certain temperature (see Tab. S1) with a rate of 100°Ch~! and held for 24 h. The reaction
mixtures were also cooled down with a rate of 100°Ch~!. Partial aliovalent cation substitution
in Liz4,Gd; Cdylg with y = 0.05, 0.1, 0.25, 0.5 and 0.75 was tested by reacting stoichiometric
amounts of Gdls, Lil and Cdl; the same way as described for LigM1g. Cdls was synthesized from
Cd (granules, 99.999 %, ALDRICH) and a small excess of Is in an ampoule, which were cooled with
liquid nitrogen during evacuating and sealing. The loaded quartz ampoules were heated to 350 °C
with a rate of 100 Kh~! for 55h and afterwards quenched in water with one end first to remove

excess of Iy from the product. Furthermore, Li3sYBrgslo 5 and Lig+yY1,yMHyBr3,512,5 with



M1 = Cd, Ca and Lig,le,yMIvyBr3,512,5 with MV = Zr, all with y = 0.1, were synthesized
like the other LizMIg and LisHoBrg_,I, 2 phases starting from stoichiometric amounts of LiBr,
Lil, YBr3 and Cdly, Caly (powder, 99.99 %, ALFA AESAR) or Zrly, respectively, at 666 °C for
60 h using a rate of 50 K h~! for heating and cooling. Zrl was synthesized from Zr (powder, —100
mesh, dried, ALDRICH) and I, similar to CdlIs, at 500 °C with a rate of 100 Kh~! for 24 h. For
comparison Li3YBrg was synthesized according to a similar method as described for LisHoBrg. 2
In addition, LigYIg and LizTmlg were synthesized via mechanochemical mechanochemical ball-
milling (MCBM) in a mixing mill (RETscH MM 400). Here, the same precursors as used for
the SSS were filled into zirconia beakers with a volume of 10 mL. The milling procedure was
performed stepwise, starting with 10.5h at a frequency of 10 Hz and three zirconia balls with a
diameter of 5mm. After increasing the frequency to 15 Hz for 6 h, the 5 mm zirconia balls were
replaced with one having a diameter of 10 mm and the reaction mixtures were shaken for 4.5h
and 9h at a frequency of 30 Hz. Powder of the last MCBM iteration was also sealed in a quartz
ampoule the same way as for the SSS, annealed at 500°C for 60h and cooled with a rate of
50Kh~1.

Table S1. Overview of the synthesis conditions of the respective Liz Mg and substituted species.

M in LizMTg rate [Kh™1] T [°C] dwell [h]
Sm 100 500 24
Gd 100 700 24
Tb 100 750 24
Dy 100 750 24
Ho 100 750 24
Y (LT) 100 750 24
Y (HT) 100 1000 48
Er 100 800 24
Tm 100 800 24
Yb 100 500 24
Lu 100 850 24
compound rate [Kh™1] T [°C] dwell [h]
Li3.05Gdg.95Cdo.0516 100 800 24
Liz.1Gdo.9Cdo.11s 100 800 24
L13_25Gd0.75Cd0_2516 100 700 24
Lio.90Gdo.36Cdo 3614 100 800 24
Li3YBrg 100 100 48
LigYBr3.512,5 50 666 60
Lig.lYo‘QCdO.lBr3.5IQ.5 50 666 60
Lig.lYo,gcao_lBrgﬁlgﬁ 50 666 60
Lig.gYO.ngo.lBI‘3.512‘5 50 666 60




X-Ray Diffraction Analysis

The powder X-ray diffraction (PXRD)-patterns were collected on a STOE Stadi-P diffractometer
in Debye-Scherrer geometry, using Ag-K,1 or Mo-K,; radiation from a primary Ge(111)-Johann-
type monochromator and a triple array of DECTRIS Mythen2 1K detectors. The samples were
sealed in 0.3mm diameter borosilicate glass capillaries (HILGENBERG glass No. 14), which
were spun during the measurement. The TOPAS 6.02 software was used to analyze the PXRD
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 6.0.4° The instrumental resolution function had been determined by a LeBail fit®
of a LaBg standard measurement prior to the experiments. The layer constitution was derived
from our previous investigation on LizHoBrg ,I,.2 For the refinement a recursive supercell
approach implemented into TOPAS”® was used to average the calculated PXRD patterns
of randomly created stacks of layers. Therefore, the monoclinic unit cell was transformed
into a pseudo-orthorhombic unit cell with space group P1 according to a procedure published
elsewhere.?19 From the layer constitution, we derived possible stacking vectors and a faulting
scenario as described in our previous works.? 2 The creation of the stacking sequences was
directed by transition probabilities, i.e. fault probabilities that were optimized using grid search
algorithms. 1! For each refinement the diffraction patterns of 100 stacks consisting of 200 layers
were averaged. For the final Rietveld refinements, constraints!'® were applied on the atomic
positions in order to maintain the intra-layer symmetry. The domain sizes were estimated from
the full width at half maximum (FWHM) of distinct reflections. To this end, single peaks were
fitted using a Lorentzian function and the instrumental broadening, which was determined from
a deconvolution of a LaBg standard measurement.

In the diffraction patterns of the ball-milled samples given in Fig. S4a all reflections between
4.75 and 8.25° indicating a monoclinic space group symmetry and therefore partial ordering

2 are absent. The patterns resemble diffraction data of CdCly-type

of the intra-layer cations
materials and can indeed be indexed with a comparatively small rhombohedral unit cell with
a=429A and ¢ = 21.04 A for Li3Tmlg. We also obtained a good fit of the powder pattern
(see Fig. S1) with acceptable quality criteria (R, = 2.97%, G.O.F. = 2.4) using the small
rhombohedral unit cell with a staggered arrangement of (Lig,67Tm0.33)16/30'33—1ayers, i.e. full

intra-layer cation disorder and partially occupied inter-layer voids, (Lig.3300.66)°32", for a fully

weighted Rietveld'® refinement. When using a rhombohedral cell and a completely disordered



intra-layer cation sub-structure, all possible stacking vectors leading to octahedral inter-layer
voids become symmetry-equivalent and hence diffraction effects caused by stacking fault disorder
do not need to be included in the refinements. It has to be noted that the local lattice symmetry
of the ball-milled crystallites can be lower, but PXRD as a bulk method is based on strongly

averaged diffraction data and therefore only yields averaged structure models.
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Figure S1. Rietveld refinement of LizYIg after four steps of ball-milling and using a small
rhombohedral unit cell with a full occupational disorder of intra-layer lithium and yttrium and
leading to a Ry, Ry and Rpregg of 2.32, 2.97 and 1.34 %, respectively.

Table S2. Results of the Rietveld refinements of the differently synthesized LisM]Ig.

a b doo1 1% M P cd sfd
compound W Al AT fmol fgem=y O O g oy e
LizSmlg 7.4863 12.9981 7.0455 685.58 932.60 4.518 0.71 44 100 7.54
LizGdlg 7.4562 12.9351 7.0205 677.10 939.49 4.608 0.65 53 100 7.76
LisTblg 7.4675 12.9268 7.0215 677.79 941.17 4.612 0.68 49 100 7.50
LizDylg 7.4296 12.8820 7.0175 671.63 944.74 4.672 0.75 38 100 8.99
LisHolg 7.4370 12.8470 7.0000 668.80 947.17 4.703 0.61 59 100 8.00
LisYlg (LT) 7.4369 12.8719 7.0045 670.52 871.15 4.315 0.59 62 100 3.70
LisYIg? 4.2949 =a 21.0371 336.07 871.15 4.305 0.33 100 100 3.20
LigYIGb 7.4350 12.8778 7.0045 670.66 871.15 4.314 0.77 35 0 2.57
LisYIg (HT) 7.4276 12.8955 7.0045 670.91 871.15 4.312 0.33 100 100 3.48
LisErlg 7.4188 12.8386 7.0005 666.78 949.50 4.729 0.71 43 100 8.12
LisTmlg 7.4188 12.8386 7.0005 666.78 951.18 4.738 0.63 55 100 7.08
LizgTmlg® 4.2808 =a 20.9689 332.78 951.18 4.746 0.33 100 100 3.73
LingIeb 7.4055 12.8253 7.0045 665.27 951.18 4.748 0.60 60 0 7.83
LizYblg 7.4141 12.9103 7.0045 670.46 955.29 4.732 0.56 66 0 7.71
LigLulg 7.4149 12.7995 6.9705 661.55 957.21 4.805 0.46 82 100 7.76

cd = cation disorder within the intra-layer sfd = stacking fault disorder SOF = site occupation factor
2 obtained from BM and modelled with a trigonal cell P obtained from BM with subsequent annealing

The powder pattern of Lij 545,Cdo.50-Gdo.50—214 Wwith x = 0.14 was indexed by an iterative

use of singular value decomposition (LSI).'¢ The process led to a C-centred unit cell with C2,
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Figure S2. Rietveld refinement of LizYlg after mechanochemical ball-milling and subsequent
annealing and leading to a Ry, Ryp and Rprqgg of 3.64, 5.73 and 1.57 %, respectively.
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Figure S3. Rietveld refinement of LizYIs after conventional solid state synthesis leading to a R,
Ryp and Rprqgg of 2.68, 3.48 and 1.35 %, respectively.

Cm and C2/m as most probable space groups derived from the observed systematic reflection
absences. The lattice parameters are given in Tab. S3. The background and the peak profile
was modelled as described above. The crystal structure was solved by applying the global
optimization method of simulated annealing (SA) in real space as it is implemented in TOPAS. "

During the process of crystal structure determination cadmium, gadolinium and iodide ions were



(@) = cos012 018120 LizYl, (b) —~
f | 104 | FWHM(003) = 2.5(3) nm 4 @ (*] = (©) (¢] 41100 <
> A FWHM(104) = 15.6(1) nm 100 F 5 e | I oSN,
g | 003 J“u 009/ |\ N | T 5
S e e g e ) T e €
3 006/012 018/120 L|3Tml = [104] 2
Q-‘E 104 FWHM(003) = 3.1(3) nm g _g “ 2
> FWHM(104) 14.4(4) nm > fo) Ol l60 5
2 009 £ 10 v ®
2 g b &
= Vo =
3 006/012 018720 |_,3Tm|6 S hl Y {40 %
3 | FWHM(003) = 3.8(2) nm 3¢ o) -
< FWHM(104) = 15.3(3) nm 3 6) 3 - - i
3 | 003 = = S = S E3 = <
| 009 ] m o 2 » o o » @l 120 =
S . . . . ; AN HERA SRR AN
5 10 15 20 25 30 Li;Tml, Li;Yl,

26 (Ag-Kq1) ]

Figure S4. Comparison of the PXRD data for LigYIg and LisTmlg synthesized via different
routes: (a) Selected reflections indicating a small, rhombohedral unit cell? with full occupational
disorder of intra-layer lithium and thulium or yttrium, respectively. The domain size related
broadening calculated from the FWHM for the 003 and 104 reflections are given, as well. (b)
Comparison of microstructural parameters like vertical ([001] zones depicted as filled bars) and
approximated lateral ([104] zones depicted as empty bars) domain size and intra-layer cation
disorder .
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Figure S5. Lattice parameters of the different LisMIg with M =Y, Sm, Gd-Lu as a function of
the ionic radii of M.

moved freely throughout the unit cell. Atoms occupying special identical or special positions
were identified by applying a merging radius of 0.7 A.1® The iodide ions were quickly localized

forming a cubic close packing (ccp) packed substructure with octahedral voids. Cadmium and
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Figure S6. Melting points of MI3141% (Smly for samarium) and synthesis temperature of (a)
Li3YIg obtained from HT and LT solid-state synthesis and of (b) LisMIg with M =Y, Sm,
Gd-Lu with intra-layer cation disorder and stacking fault disorder as a function of the ionic radii
of M.

gadolinium were found to partially occupy an identical 2b site. Small amounts of residual electron
density indicating occupation by lithium were found in all octahedral voids by inspection of
the difference Fourier map. Hence all available sites were populated by lithium and the 2b
site partially occupied by cadmium and gadolinium with a accumulated occupancy below one
was filled with lithium cations. The total occupation of lithium and the heavy metals was
constrained to the amount of iodide anions in the unit cell, in order to maintain charge balance.
The final agreement factors are listed in Tab. S3, the atomic coordinates are given in Tab. S4.
The fit of the whole powder pattern is shown in the { Electronic Supplementary Information
(ESI) in Fig. S7. The crystallographic data have been deposited at Cambridge Crystallographic
Data Centre (CCDC), deposit number: 2222205 For the Rietveld refinement of the cadmium
substituted lithium gadolinium iodides inclusion of the Lij 545,Cdg 50-:Gdo 5014 Was necessary
due to the presence of the 020 and 001 reflections of the latter phase. As no splitting of the
Liz1,Gd;—,Cdylg related 001 reflection was observed, we constrained the lattice parameters of
the two phases (see Tab. S5) in order to simulate crystallographic intergrowth and to minimize
the parameter space. For further stabilization of the refinement, we also constrained the Cd/Gd

occupancies of both phases and fixed it to the Cd/Gd ratio applied in the synthesis.
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Figure S7. Rietveld refinement of Lij 545,Cdo5-;Gdg5-514 with x = 0.14.
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Figure S8. PXRD pattern of the obtained product for the synthesis targeting Liz 75Cdg.75Gdg 2516,
reflection positions of possible impurities are highlighted. Due to the identical iodide substructures
of the main phase and Lil, the latter cannot be distinguished, but most likely occurrs as an
impurity.



Table S3. Crystallographic and Rietveld refinement data of Lij 515,Cdos-»Gdos- 514 with
x = 0.14 at room temperature.

chemical formula  Lis oCdg 36Gdo.3614
molecular formula  Lij 545,Cdo.50-2Gdo.50—214
temperature [°C] 25

A [A] 0.55941
space group C2/m (# 12)
a [A] 8.5621 (9)

b [A] 12.1258 (15)
c [A] 4.2867 (5)

B °] 90.115 (7)
v A% 445.05 (9)
Pcalc [g Cm_3] 4.63

R, (%] 4.79

Rup (%] 5.43

Rpragg %) 2.38

20 range [°] 3.9 - 58.0
step width [°] 0.015

scan time [h] 4

no. of variables 38

* Ry, Ryp and Rprqgg as defined in TOPAS 6.019

Table S4. Fractional coordinates of Lij 545,Cdg.5-,Gdg5- 514 with x = 0.14 at room temperature.

atom Wyckoff site T Y z SOF Biso [AQ}
Cdl 2%  2/m 05 0 0 0.356(2)  2.9(1)
Gd1 2b 0.5 0 0 0.356(2)  2.9(1)
Lil 2b 0.5 0 0 0.288(2)  2.9(1)
Li2 2 2/m 0.5 0.5 0 0.91(7)  4.0(1)
Li3 Af -1 075 0.75 0.5 051(7)  4.0(1)
Il 4g 2 0 0.2572(2) 0 1 1.7(1)
12 4 M 02545(5) 0.5 0.492(3) 1 1.7(1)

Table S5. Constraints on the lattice parameters of LisGdlg and Lij 545,Cdg 5-2Gdg.5-514 used
for the two phase refinements of cadmium substituted lithium gadolinium iodides.

LingIﬁ Li1.5+5xCd0‘50,de0.50,xI4 constraint
a a a= \/3 [d (001)]* — 4/3a"2
Y b b=1/16/3a — 3 [d (001))°
d c c=1/30
g p B

10



Table S6. Results of the Rietveld refinements of the different cadmium substituted lithium
gadolinium iodides Lizy,Gd;_,Cd;lg.

a b doo1 \%4 M p cd sfd
SOF (M) Ry
3 _ _
[A] (A] [A] [A"]  [gmol™!] [gem™? (%] [%] !
0.05 7.4650 129177 7.0193 676.88 937.60 4.600 0.76 36 100 3.88
0.10 7.4472 12.9338 7.0192  676.09 935.70 4.596 0.75 38 100 4.95
0.25 7.4574 12.8977 6.9860 671.94 930.02 4.597 0.44 84 100 6.20
cd = cation disorder within the intra-layer sfd = stacking fault disorder SOF = site occupation
factor
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Figure S9. Results of the PXRD patterns of the anion substituted Li3YBrsslos and
of the additionally cation substituted Lig‘lYO.QCdO.lBrgf)IQ.EN Lig.lYolgcao.lBI'g_g;IQ.g, and
Liz9Y0.9Zro1Brsslas. (a) Rietveld refinements and (b) unit cell volumes as a function of
the mean bond distance and of the ionic radii of the substituent. Here, the mean bond distances
of the binary bromides and iodides are compared with the values obtained from Rietveld refine-
ments of the mixed substituted Ligile,yME/IVBr%Ig.g,.

Table S7. Results of the Rietveld refinements of the different pure and substituted lithium
yttrium halides.

a

b

doo1

\4

M

cd

sfd

p
compound (4] (4] [A] (A% [gmoi~!] [gem~3 SOFM gy g Fer
LisYBrg 6.9097 11.9706 6.4483 533.36 589.15 3.668 0.91 14 100 3.72
LisYBr3 s5la 5 7.1531 12.3812 6.7383 596.77 706.65 3.933 0.65 53 100 3.11
Liz1Y0.0Cdo 1Brs slas  7.1425  12.3420  6.7316  593.41 709.69 3.972 0.51 74 100 2.83
Liz 1Y0.9Cag 1Brs sla s  7.1697  12.3811 6.7514  599.31 702.46 3.893 0.33 100 100  2.67
Lis 9Y0.9%r0 1Brs sla s  7.1513  12.3383  6.7350  594.26 706.19 3.947 0.53 71 100 2.76

cd = cation disorder within the intra-layer

sfd = stacking fault disorder

11

SOF = site occupation factor



X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) data were acquired with a Kratos Axis Ultra using
monochromated Al-K,; radiation (1486.6eV). A pass energy of 20 eV was used for high-resolution
spectra. A charge neutralizer was used and the C 1s binding energy was calibrated to 284.8eV.
The samples were pressed into pellets and mounted onto the sample holder with a double-sided
tape. The samples were transferred from the glovebox to the XPS system in an airtight transfer

tool using Ar as protective atmosphere.
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Figure S10. X-ray photoelectron spectra of (a) the I 3d peaks, (b) the Tm 4d signals and (c) the
valence band of Tmlz and LizTmlg.

Solid-State NMR

All ®"Li-solid state nuclear magnetic resonance (ssNMR) measurements were performed on a
BRUKER Avance-IIT 400 MHz wide bore spectrometer in a magnetic field of 9.4 T and 3Y-ssNMR
on a BRUKER Neo 600 MHz wide bore spectrometer in a magnetic field of 14.1T. "Li (Larmor
frequency 155.5 MHz), °Li (Larmor frequency 58.9 MHz) and %Y (Larmor frequency 29.4 MHz)
magic angle spinning (MAS) spectra were recorded in 4 mm ZrOj rotors using a BRUKER BL4
MAS probe at spinning speed of 10kHz. Due to the high reactivity of the studied materials,
they were flame sealed in pyrex MAS inserts for BRUKER 4 mm rotors (Wilmad Glass, product
# DWGSK2576-1). The measurements were performed using a simple Bloch Decay excitation
scheme with a total of 32 to 4096 accumulations in each experiment. The relaxation delays were
set sufficiently long to provide for a complete relaxation of magnetization and ensure quantitative
measurements. °Li and “Li spectra were referenced to the external signals of 1 M solution of LiCl.

89Y was referenced absolutely to the signal of tetramethylsilane. 20

12
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Figure S11. Comparison of the (a) “Li- and (b) °Li-ssNMR. spectra of LizYIs obtained wia
mechanochemical MCBM without and with subsequently annealing as well as from HT-SSS, and
of the (c) 89Y_ssNMR spectra of LisYBrg and LizYIg obtained via HT-SSS and of LisYIg from

mechanochemical MCBM with subsequently annealing.

Table S8. Deconvolution of the signals observed in 61i- and "Li-ssNMR for LizYIs after ball
milling, annealing and conventional synthesis.

OLi 0 [ppm] FWHM [ppm]| area [%]
BM #3 —3.48 0.57 54
—3.09 1.43 46
BM #4 —-3.47 0.29 36
—3.18 0.73 64
annealed  —3.74 0.35 38
—-3.43 0.74 62
SSS —4.50 0.17 <1
—-3.94 0.14 31
—-3.71 0.32 69
Li 0 [ppm] FWHM [ppm]| area [%)]
BM #3  —4.42 0.81 4
—3.34 1.08 44
—2.87 4.10 52
BM #4 —3.43 0.42 37
—2.99 2.26 63
annealed  —3.68 0.43 30
—3.37 1.21 70
SSS —3.96 0.22 31
—-3.75 0.55 69

13
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Figure S12. Comparison of the (a) °Li- and (b) "Li-ssNMR spectra of Li3YBrg, LizYTs,

LigYBr3_5IQ,5, Lig.lYo,gMH()_lBI'g.g,Iglg) with MH = Cd, Ca and Lig,gYo_QZI‘O,lBI‘3.5IQ.5. The aster-
isk corresponds to signal originating from an impurity of Lil.
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Table S9. Deconvolution of the signals observed in °Li- and “Li-ssNMR for different pure and
substituted lithium yttrium halides.

OLi 0 [ppm| area [%] FWHM [ppm]
LisYBrg —-1.21 24 0.09
—-1.13 35 0.23
—0.88 41 0.64
LisYIg —3.71 69 0.32
—-3.94 31 0.14
—4.50 <1 0.17
LisYBr35la5 —-1.92 52 0.13
—1.77 48 0.45
LigllYQ_ngo.lBr3_512_5 —2.46 17 0.26
—-1.89 32 0.11
—1.89 ol 0.63
Lig‘lYO,gcao.lBr3,512.5 —1.94 41 0.16
—2.23 15 0.26
—1.75 44 0.64
Li2.9Y0.9Zr0.1Br3.5IQ‘5 —1.80 16 0.13
—1.57 66 0.36
—1.21 18 0.85
Li 0 [ppm] area [%] FWHM [ppm]
LisYBrg -1.19 53 0.23
—-0.97 47 0.60
LizYIe —3.96 18 0.20
—3.77 82 0.58
LisYBr35la5 —1.93 34 0.17
—1.82 66 0.66
Li3.1Y0_QCdO.1Br3.512_5 —1.89 33 0.21
—2.48 16 0.33
—-1.83 51 0.77
Lig‘lYO,QCao.lBT3,5IQ.5 —1.94 29 0.23
—2.28 13 0.32
—1.78 58 0.83
Lig.9Y0.9Zr0.1Br3.5IQ.5 —1.81 15 0.19
—1.60 60 0.44
—1.23 25 1.08
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Electrochemical Impedance Spectroscopy

For the electrochemical impedance spectroscopy (EIS) measurements 70 to 220 mg of ground
samples were uniaxially pressed into pellets with a diameter of 5 mm, using a pressure of around
1 GPa, thus leading to thicknesses between 0.5 to 2.5 mm with relative densities of around
95 % (see Fig. S13). In order to reduce the contact resistance the pellets were also coated
with ruthenium or platinum films of around 200 nm with the use of a sputter coater (QUORUM
Q150GB). The pellets were then contacted with stainless steel electrodes in an electrochemical
cell (TSC Battery, RHD INSTRUMENTS). With the use of a spring with a spring constant of
32.6 Nmm™! pressures of around 10 MPa were applied during the measurements. An alternating
current with an amplitude of 85 to 100 mV in a frequency range of 10 to 1 Hz were applied using
an IviuM compactstat.h or a NEISYS NOVOCONTROL potentiostat. The samples were cycled
between —10 to 25°C in steps of 5°C. In order to get proper statistics two to four pellets of
each sample with different thicknesses were measured.

The Nyquist and Bode plots (all at 25°C) obtained from EIS for LisMIg with M =Y, Sm,
Gd-Lu are depicted in Figs. S17-S26 with the respective equivalent circuit models (ECMs)
used for fitting the data. Here, all compounds (except with M = Sm, Er, Yb and Lu) show
two distinguishable semicircles followed by a polarization tail. Both semicircles were modelled
with an ECM consisting of a resistor and constant phase element (CPE) in parallel. For the
polarization tail another CPE was used for fitting. According to the setup, an inductor had
to be included into the ECM for some samples. Samples measured with a different setup did
not need an inductor to be included into the ECM. For M = Sm, Er and Lu the semicircle
at lower frequencies could not be resolved properly and thus a reduced ECM consisting of an
inductor, a parallel resistor and CPE and another CPE, all in series, was used for fitting. For
LigYblg an additional semicircle needed to be included and for the first semicircle a capacitor
instead of a CPE was used for fitting. The values of the respective equivalent circuit elements
(ECEs) are summarized in Tab. S10. The Nyquist and Bode plots for the Cd** substitu-
tion in Liz;,Gd;—,Cdyls and Liz20Gdp 36Cdo.361s are given in Figs. S28-S31. The data for
Li3YBrg, LisYBr3 5125, Liz.1 Y0.9Cdo.1Brs 5125, Liz.1 Y0.9Cao.1Br3 525 and LizgYo.9Zr0.1Bra 5125
are depicted in Figs. S32-S36, respectively. The EIS data obtained for the different synthetic
approaches are given in Fig. S22 (SSS) and in Figs. S14 and S15 (mechanochemical MCBM and
subsequent annealing). The total ionic conductivities were extracted from the ionic resistances

of the semicircles contributing to bulk and grain boundary related process according to their
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capacities?! between 10712 to 107! F. Inactive data points were not included into the fitting.

Fill Color M
L Py B Gd <100 %
yb W tHo [ sm <95 %
P ™ I Dy Y:Cd <90 %
- e Ty P v:ca <85 %
v:zr [l Gd:Cd
45 Shape X 6
O I S
O Br [5)
/\ Br/I=3.5/2.5
(©)

Pexp. [0 €M™
oo
(<]
(©]
Q@

Pen. [0 cm™]

Figure S13. Relative densities of the prepared pellets for EIS measurements of the different
Lig MTg.
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Figure S14. Nyquist and Bode plots at 25°C of LizYIg obtained through mechanochemical milling:
(a)—(c) after the last milling iteration and (d)—(f) after annealing.

1x10° 0
(a) 2x104 L © observed ball milled Li;Tmlg (b) ball milled Li;Tmlg (C) ball milled LiaTmls’ e,
simulated @25°C @25°C 1 1x10* @25°C X
(R1)(CPE1) 17
CPE2 ] observed
_ . observed ] . simulated X --10
s) Resistor 1 g simulated # <) . inactive
< . < inactive / N = A L
% 1x10* CPE1 >— N inac N N 1 =Y
o] I N
- @ - = observed 20
b d 7 4 1x10° —— simulated B
o observed y: 1 inactive
x10°* | simulated 5
inactive
ol ]
L L L L L L L L 1)(104 L L L L L | -30
0 1x10* 2x10* 10° 10" 10% 10® 10* 10° 10° 10° 10" 102 10° 10* 10° 10°
Re(Z) [Q] f[Hz] f[Hz]
2x10* - ]
(d) annealed Li;Tml (e) annealed Li;Tml, | (f) annealed Li;Tmlg ..
@25°C 15108 L @xsrc 4 1x10° @25°C 4 20
© observed i 0% ¢ o observed
simulated .
simulated
= (R1)(CPE1) = observed g inactive
= 1x10% - CPE2 = —— simulated - 1107 = a
g ™ T 1105 A inactive N —_
I ot Y = N 1x10°
- 4 =
Resistor 1 .
CPE2 o observed ~ observed
CPE1 >— 1x10% simulated simulated
inactive 1x10% | inactive
ot J
L L | | il il il 1x10° il L L L L
0 1x10* 2x10* 10° 10" 102 10° 10* 10° 10° 10° 10" 102 10° 10* 10° 10°
Re(Z) [Q] f[Hz] f[Hz]

Figure S15. Nyquist and Bode plots at 25°C of LizTmlg obtained through mechanochemical
milling: (a)—(c) after the last milling iteration and (d)—(f) after annealing.
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Table S10. Values of the respective equivalent circuit elements (ECEs) of the equivalent circuit

models used for the different LizMIg compounds with M =Y, Sm, Gd-Lu, all at 25°C.

M d [mm] R1 [Q] Ql [C] a1 CBrug,l [F]
Y (LT)  1.613  3.46 x 10° 2.99x 107 0.81 1.24 x 107
Y (HT) 1.666 5.69 x 10> 2.40x 107! 0.80 8.51 x 107'2
Sm 1.837 147 x10° 293 x107'° 0.84 1.66x 107!
Gd 2121 224 x10° 7.81x107' 096 4.43x 10"
Tb 1.390 3.20 x 10> 453 x107'° 0.79 1.17x 107
Dy 1.337 418 x10° 1.76 x 107 0.83 9.55 x 107*2
Ho 1.837  4.42x10%° 1.28x107'° 0.86 1.31x10° '
Er 2136  1.21x10* 858x 107 087 1.17x 107
Tm 1.920 3.18x10° 7.38x107'' 096 3.83x 107!
Yb 1.549  4.30 x 10° - - 1.06x107

- 437x1071% 089 8.33x107!
Lu 1.319  2.12x10* 1.45x107'° 0.83 1.14x 107
M R> [Q] Q2 [C] a2z Chrug,2 [F]
Y (LT) 6.03 x 102 1.00 x 107°  0.55 1.53 x 1077
Y (HT) 1.75 x 10*  1.51 x107° 057 9.72x 1077
Sm - 6.73x107°  0.56 -
Gd 3.21 x 10> 1.71x107° 0.73 591 x10°¢
Tb 1.13x 10% 529x107° 040 7.72x 1077
Dy 1.37 x 10° 3.17x 1075 0.60 8.38x 1077
Ho 6.02x 102 1.60x10"° 050 1.62x10°"
Er - 1.73x 1075  0.68 -
Tm 454 x 10> 2.84x107% 0.33 4.15x 1077
Yb 3.75x 10> 231 x107%® 043 833x10°*
Lu - 3.68 x107°  0.41
Y (LT) - 3.03x107° 0.83 6.42x107°
Y (HT) - 2.54 x107%  0.83 -
Sm - - - 356x107°
Gd - 1.99 x 107°  0.89 1.82x107*
Tb - 727x107%  0.82 6.73x107°
Dy - 3.65x 107 0.81 4.93x107°
Ho - 3.06x107° 0.83 9.51x107°
Er - - —  450x107%
Tm - 2.7 x107*  0.89 220x107*
Yb 3.58 x 10> 9.80 x 10™*  0.28 -
Lu - - - 2.39 x 1074
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(a) Nyquist and (b) and (c¢) Bode representation.
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Figure S34. Impedance spectra of Liz 1Y 9Cdg1Br3sla5 at 25°C in (a) Nyquist and (b) and (c)

Bode representation.

Liz 1Y09Cag Brysly 5

observed
fit
inactive

o observed
—fit
inactive

(a) (b)
) Liz 1Y09Cag 1Brasly s
3x10° -
© observed 1x10% -
) inactive
§2x10 Fo—fit OO g
g 9 N
S o}
T x10% |- -
Resistor 1 CPE 1
1x10° |
0+
1 1 1 1
3x102  4x10?  5x10%  6x10? 10"
Re(2) [Q]

Figure S35. Impedance spectra of Lig.lYo.gCaO.lBrg.g,Iglg)

Bode representation.

1x10 (C) -
Li3 1Yo,4Ca.1Br3 5'2.f e 0
1x10 £
/ observed | ,;
- 1x10* | fit
10 = = inactive .
X107 —~ °
N — =y
IS N 40 ©
- o observed
T fit
1x10% | inactive
-60
s —
T
L L L
107 10" 10’ 103 10° 107
f[Hz]

at 25°C in (a) Nyquist and (b) and (c)

Liz 9Y09Z70.1Br3sl25

observed
fit
inactive

o observed
fit
inactive

4x10?
a . b
( ) Liz9Y0.9270.1Br35l25 ( )
1x10% |
o observed
inactive
o —fit o
N 2x10? |- N
E Resistor 1 CPE1 o E)/
- co 4 3
A 1x10° |
0 I I
4x10? 6x10? 107
Re(2) [Q]

L L
103 10°

f[Hz]

.
10’

Figure S36. Impedance spectra of LisgY.9Zrg1Brssle s

Bode representation.

25

(C) LipoY0eZr01Braslas 0
1x1C #
1x10* | :
s ~  observed
- it 20
x10° = = inactive —
N = =
= N s
= - o observed | ,,
0 1x10° | fit
x10 inactive
-60
1x1C ) . .
107 107 10' 10° 10° 107
f[Hz]

at 25°C in (a) Nyquist and (b) and (c)



Bond Valence Sum Calculations

(a)

(b)

Figure S37. bond valence energy landscape (BVEL) of Liz 2Gdg 36Cdo 3614 obtained from bond
valence sum (BVS) calculations within (a) the mixed chain-like layer in the (110)-plane, (b) the
solely lithium containing honeycomb inter-layer in the (110)-plane and (c) between the stacked
layers in the ab-plane. Only the coordination polyhedra of mixed occupied 2b sites are depicted.
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Pulsed-Field-Gradient NMR

"Li pulsed-field-gradient nuclear magnetic resonance (PFG-NMR) diffusion measurements were
conducted on a BRUKER Avance 111 400 MHz instrument equipped with a diff60 gradient probe
(max. gradient of 2900 G cm™!). Data were acquired using a stimulated echo sequence with
diffusion times in the range of 25 to 100 ms and effective gradient durations of 1 to 3ms. The
measured echo-signal attenuation peaks were phase corrected, and the integrated areas were used
to extract the diffusivities.

The determined tracer diffusion coefficients DM are connected to the uncorrelated diffusion
DNMR

coefficient according to eq. (1), using the Bardeen-Herring tracer correlation factor of

f=1.222

DNME _ ypNMR (1)

uc

Thus, the mean diffusion lengths (r) can be estimated using the diffusion time ANMR according

(r) = /2Dy MRANNMR (2)

was calculated from the length of a jump [ (estimated from softBV

to eq. (2).242

The diffusion jump rate 71

calculations of perfectly ordered LisHoBrg and LizHolg from Plass et al.? to range from 2.643 to

3.147 A) and DYMR according to eq. (3) and assuming a 3D-diffusion mechanism. 23

_, _ 6DpMR
= b7 (3)

L are summarized in

The estimated mean diffusion lengths (r) and diffusion jump rates 7~
Fig. S39d. Here, Li3YBrg shows a 50 % greater mean diffusion length compared to LizYIg
(786 nm vs. 478 nm). The same trend can be observed for the jump rates, which were estimated
to 2.7 x 108 and 9.8 x 107s™! for lithium yttrium bromide (7.3 x 10%s~! for MCBM with
subsequent annealing from Gombotz and Wilkening2®) and iodide, respectively. Judging by
the observed increase in the Dg{MR, the solely anion substituted LisYBrsslaos as well as the
additionally cation substituted Lis gY(.9Zrg1Br3 5ls 5 exhibit increased mean diffusion lengths
of 997 and 1102nm and enhanced jump rates of 4.3 x 108 and 5.2 x 108s~!, respectively. In
comparison, the divalent substituted Lis1 YoMy 1Brsslss with M = Cd, Ca show slightly

smaller values for the mean diffusion lenghts of 833 and 777nm as well as for the jump rates

of 3.0 x 10% and 2.6 x 108571, respectively. At 25°C the spin-lattice relaxation times T} range
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between 560 to 1300 ms and spin-spin relaxation times 75 between 600 to 1400 ts (see Fig. S39a).
The most likely reason for the demonstrated increase of spin-lattice relaxation rate is a higher
mobility of Li ions.

Such a large variation in relaxation times clearly indicates changes in the mobility of the
lithium ions. The jump rates increase from 1.1 x 108 to 3.6 x 10%s~! and to 4.2 x 108s™! for the
MCBM, subsquently annealed and SSS sample, respectively. The mean diffusion length increases
from 496 nm to 917nm and to 985 nm for the MCBM, subsquently annealed and SSS sample.
Indeed, the vertical and lateral dimensions of the determined domain sizes (= 5 to 15nm) are
significantly smaller compared to the mean diffusion lengths observed during the PFG-NMR
measurements, but unfortunately no conclusion about the underlying diffusion process (inter- or
intra-crystalline) can be drawn. The SSS, MCBM and subsequently annealed samples exhibit
prominent ranges of "Li spin-lattice relaxation times 77 of 599, 3430 and 1300 ms and spin-spin
relaxation times T of 1382, 429 and 508 1s (at 25°C), respectively. As mentioned above, the
most likely reason for a decrease in spin-lattice relaxation times is a higher mobility of Li ions in

the SSS compared to MCBM with or without subsequent annealing.

Table S11. Overview of disorder, purity and electrochemical properties of the different Lis Mg
with M =Y, Sm, Gd-Lu.

I cation stacking fault purity oL (20°C) EES

disorder [%]  disorder (%] [wt.%] [Scm™!] [eV]
Sm 44 100 100 46x107*  0.33
Gd 53 100 100 3.9x107%  0.26
Tb 49 100 84 2.5%x107*  0.23
Dy 38 100 100 1.8 x107*  0.23
Ho 59 100 100 1.7x107*  0.23
Y (LT) 62 100 94 1.9x107%  0.24
Y (HT) 100 100 90 14x107*  0.23
Er 43 100 78 1.0x107% 0.21
Tm 55 100 100 2.8x107*  0.20
Yb 66 0 100 9.2x107°  0.26
Lu 82 100 100 3.0x107° 0.23
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Figure S38. Relaxation times (77 and 73) and PFG-NMR measurements for LizY1s obtained via
SSS, mechanochemical MCBM and MCBM with subsequently annealing: (a) relaxation times,
(b) Arrhenius plot of the tracer diffusion constant, (c) activation energy and tracer diffusion
constant at a given temperature and (d) the obtained mean diffusion lengths and jump rates.

Table S12. Summary of the ionic transport properties obtained from EIS and PFG-NMR for the
different substituted lithium yttrium halides.

compound cation ofIS(20°C) EFIS  DNMR(95°C) ENMR
P disorder [%]  [Sem™1]  [eV] D] [eV]
Li3YBrg 14 1.7x107% 023 3.1x1071? 0.31
LisYTg 100 1.4x107% 0.23 1.1x10712 0.33
LisYBrs 5o 5 53 28x107% 017 4.9x1071? 0.28
Liz1Y0.9Cdo.1Brsslo 5 74 1.7x107%  0.19 3.5x107'2 0.28
Liz1Y0.9Cag1Brsslas 100 1.8x10™% 020 3.0x 1072 0.31
Lis9Y0.9Zr0.1Brssla 5 71 3.0x107%  0.17 6.1 x 10712 0.28
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Figure S39. Relaxation times (7} and T3) and PFG-NMR measurements for different lithium
yttrium halides: (a) relaxation times, (b) Arrhenius plot of the tracer diffusion constant, (c)
activation energy and tracer diffusion constant at a given temperature and (d) the obtained

mean diffusion lengths and jump rates.
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