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Abstract

As the world transitions away from fossil energy to green and renewable energy,
electrochemical energy storage techniques, especially rechargeable batteries, increasingly
become a vital component for this transition. High energy density lithium-ion batteries are
currently the most popular candidates. Conventional lithium-ion batteries exploit flammable
liquid electrolytes and carbon anodes that suffer from low energy density and safety risks. To
meet the requirements for high energy density and high safety, rechargeable batteries based on
the ‘beyond lithium ion’ technologies have been widely investigated. Among them, all solid-
state lithium batteries that use a solid electrolyte in place of a liquid electrolyte - and ideally a
Li metal anode - can eliminate safety concerns and provide higher energy density. Particularly,
solid electrolytes are the vital component which can realize the potential of ASSBs. This thesis
presents a thorough investigation on discovering new Li fast ion conductors (> 1 mS.cm™) and
understanding the fundamental structure-property relationships in ionic conductors and
developing high energy density and long-lasting all solid-state lithium batteries and

understanding the critical requirements for all solid-state lithium batteries operations.

Chapter 3 presents an entropically stabilized lithium fast ion conductor, Lis+xSixP1-xSs,
with high ionic conductivity above 1 mS.cm™. Using a combination of single crystal X-ray and
powder neutron diffraction, the maximum entropy method, and impedance spectroscopy to
explore the influence of aliovalent substitution in the thermodynamically unstable B-LisPSa4
lattice. Aliovalent substitution induces structural splitting of the localized Li sites, effectively

stabilizing bulk B-LisPSa structure at room temperature and delocalizing lithium-ion density.



The inherent entropic Li site disorder induced a frustrated energy landscape for Li ion
diffusion, which leads to the highest ionic conductivity of 1.22 mS.cm™ for the optimal
material, Lis25Si0.25P0.75S4, represents three orders of magnitude increase of ionic conductivity
compared to bulk B-LisPSs4 and one order of magnitude higher than the nanoporous form. The
significantly enhanced Li ion conduction and lowered activation barrier with increasing Li site
disorder induced by aliovalent tuning represent an important strategy toward the design of new

fast ion conductors.

Chapter 4 presents the first family of thioantimonate argyrodite lithium superionic
conductors, Lis+xMxSb1xSsl (M = Si, Ge, Sn). Exploration of the series using a combination
of single crystal X-ray and synchrotron/neutron powder diffraction, combined with impedance
spectroscopy, reveals that substitution induces negligible S%/1- anion site disorder, but more
importantly Li* cation site disorder. The additional, delocalized Li ion density sits in new high
energy lattice sites that serve as intermediate interstitial positions for Li ion diffusion. The
corresponding coulombic repulsion force between Li ions, due to close distance ~ 1 A, activate
concerted ion migration, leading to a low activation energy of 0.25 eV. Superionic conductivity
up to 24 mS.cm™ is achieved - among one of the highest values reported to date. The new
argyrodite SEs also demonstrate good compatibility with Li metal, sustaining over 1000 h of
Li stripping/plating at current densities up to 0.6 mA.cm. The significantly enhanced Li ion
conduction and lowered activation energy barrier with increasing Li cation site disorder reveals

an important strategy toward the development of new superionic conductors (> 10 mS.cm™).

Chapter 5 presents a new chloride fast ion conductor, Li2Sc23Cls with a disordered

spinel structure, which exhibits an ionic conductivity of 1.5 mS.cm™ and a low activation
\Y)



energy barrier 0.34 eV for Li ion diffusion. This material represents the first spinel-type
chloride fast ion conductor. Powder neutron diffraction reveals a significantly disordered Li
ion distribution over available tetrahedral and octahedral sites within the lattice, which forms
an infinitely 3D connected Li ion diffusion pathway comprised of face-sharing octahedra and
tetrahedra. Due to the intrinsic high oxidative stability of chloride materials, all solid-state
batteries employing this new chloride solid electrolyte and typically high voltage cathodes
(LiCoOz2, LiNiosMno2C00202 (NMC622) or high-Ni LiNio.ssMno.0sC00102 (NMC85)) -
without any coating - exhibit excellent electrochemical performance up to 4.6 V in terms of

capacity retention and cycle life.

Chapter 6 presents a new lithium mixed-metal chlorospinel, Li2lnxSco.ee6-xCls (0 < X <
0.666), with high ionic conductivity (up to 2.0 mS.cm™) owing to a very disordered Li ion
distribution and all solid-state batteries with exceptional electrochemical performance. All
solid-state batteries using LiCoO2, NMC622, or NMC85 as cathode materials exhibit superior
rate capability, extremely high discharge and areal capacities (> 4 mAh.cm?, ~ 190 mAh.g?),
very high Coulombic efficiency close to 100%, and long-term cyclability - more than 3000
cycles - with 80 % capacity retention at room temperature (up to 4.8 V vs Li*/Li), surpassing
the reported literature values for state-of-the-art all solid-state batteries. The excellent
electrochemical performance originates from the superior interfacial stability between chloride
solid electrolytes and un-coated high voltage cathode materials as revealed by impedance
analysis and time-of-flight secondary ion mass spectrometry. This work provides valuable
insight into the design and development of ASSBs and may serve as an important point of

reference.
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tetrahedra are shown in dark violet. Four Li" sites exist: Lil(48%) - turquoise, Li2(24g) - teal,
Li3(484h) - green, Li4(4d) - orange; (b) Li ion diffusion showing the discrete jumps: the doublet
jump (Li1(48h)-Lil(484) within bipyramids passing through Li2(24g), blue arrow), intracage
jump (Lil(48h)-Li1(48%) within cage passing through the Li3(48h) site, red arrow) and
intercage jump (Lil(48%)-Lil(48%) between cages, orange arrow); (¢) new intercage jump
Li3(48h)-Li3(48h) between cages is shown by the orange arrow; (d) crystal structure of LigPSsl
from ref. 57 is shown for comparison, with a fully ordered S (16e, 4¢) and I (4a) arrangement.
PS4 tetrahedra are depicted in violet. The Li ion forms pseudo-octahedral cages (four/unit cell)
with two crystallographically distinct sites, Lil(48%) and Li2(24g); (d) Li ion diffusion by
discrete jumps: doublet jump (Lil(484)-Lil(484) within bipyramids passing through the
Li2(24g) site, blue arrow); intracage jump (Lil1(48%)-Li1(48%) within the cage, red arrow) and
intercage jump (Li1(484)-Lil(48%), Orange arroW)........cccceeeveerveeesiererireessreeesveesseesssveessseeans 81
Figure 4.11 Time-of-flight neutron diffraction patterns and the corresponding Rietveld refinement fits
of (a) LisSbSsl, (b) Lis3Si0.3Sbo7Ss1, (¢) LissSiosSbo.sSsI, and (d) Lis7Si0.7Sbo3SsI at 300 K and
(e) Lis.7S10.7Sbo 3SsI at195 K. Experimental data are shown in black circles; the red line denotes

the calculated pattern; the difference profile is shown in blue and calculated positions of the
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Bragg reflections are shown as vertical ticks. Rw, and GoF are the weighted profile R-factor
and goodness Of fit, TESPECTIVELY. ....ccuviriiriiriiiie ettt et e 82
Figure 4.12 (a) lattice parameters, (b) (SixSbi.x)S4 tetrahedral volume (left, hollow) and (SixSbi.x)-S
bond distance (right, filled) of solid solutions LisxSixSb1.xSsI vs refined Si content (xg) from
single crystal XRD at 280 K (black) and synchrotron XRD at room temperature (red) and (c)
S*/I" disorder vs refined Si content (xg) from single crystal XRD at 280 K;; (d) S*/I" site disorder
and ionic as a function of refined Si content (xr) from synchrotron diffraction measurements.
Curves show the trend and are not a fit of the data. ...........cooceiiiiiiiiiinin 84
Figure 4.13 Synchrotron diffraction patterns and the corresponding Rietveld refinement fits of (a)
LisSbSsl, (b) Lie.1Si0.1Sbo.oSs], (c) Lis2Sip2SbosSs, (d) Lis 3Si0.3Sbo7Ss1, (€) Lis 4Si0.4Sbo.6Ss1, (f)
Lie5Si05SbosSsI and (g) LiseSioesSbosSsI and (h) Lis7Sio7Sbo3SsI at room temperature.
Experimental data are shown in black circles; the red line denotes the calculated pattern; the
difference profile is shown in blue and calculated positions of the Bragg reflections are shown
A8 VETLICAL TICKS. ...ttt st st ettt 85
Figure 4.14 (a) the voltage profile of Li" plating/stripping in a Li | Lis7Sio.7Sbo3SsI | Li symmetric cell,
cycled at different currents and capacities (0.3 mA.cm? and 0.3 mAh.cm? for 600 h; 0.6
mA.cm?, 0.6 mAh.cm™ (blue) for another 400 h); (b) enlarged voltage profiles of the Li |
Lie7S10.7Sbo.3SsI | Li symmetric cell of the first and last 10 cycles at different current densities;
(c) Nyquist plots of the Li | Lis7Si0.7Sbo3SsI | Li symmetric cell: before cycling (0 h, black);
cycling at 0.3 mA.cm™ and 0.3 mAh.cm™ for 200 h (red), 400 h (blue) and 600 h (magenta);
cycling at 0.6 mA.cm?, 0.6 mAh.cm™ for another 200 h (800 h in total, dark yellow) and 400
h (1000 h in total, PUIPIE). .eecveeriieeieiieeie ettt sreesbessaeesbeesbeesbeeseessnenens 87
Figure 4.15 (a) the voltage profile of Li" plating/stripping in a Li | Lis4Geo4Sbo6Ss1 | Li symmetric cell,
cycled at different currents and capacities (0.1 mA.cm™ and 0.1 mAh.cm™ for 300 h; 0.3
mA.cm?, 0.3 mAh.cm™ for another 300 h); (b) enlarged voltage profiles of the first and last 10
cycles at different current densities; (c) Nyquist plots of the symmetric cell: before cycling (0
h, black); cycling at 0.1 mA.cm™ and 0.1 mAh.cm™ for 100 h (red), 200 h (blue) and 300 h
(magenta); cycling at 0.3 mA.cm™, 0.3 mAh.cm™ for another 100 h (400 h in total, purple), 200
h (500 h in total, wine) and another 300 h (600 h in total, orange); (d) the voltage profile of Li"
plating/stripping at higher current and capacity (0.6 mA.cm™ and 0.6 mAh.cm™) which leads
to @ Short CIrcuit after 2 . ..oo.ioiiii e 89
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Figure 4.16 Electrochemical performance of TiS,/Li-In ASSBs using Lie7Sio7Sbo3SsI as the solid
electrolyte at room temperature. (a) 1%, 2™, 10™, 20™ cycle discharge-charge voltage profiles at
C/10. (b) discharge-charge capacity and the Coulombic efficiency (CE) as a function of cycle
number at different C-rates. (c) 2™ discharge-charge voltage profiles at different C-rates. (d)
Discharge-charge capacity and the Coulombic efficiency (CE) of TiS»/Li-In ASSBs with high
TiS; loading (23.8 mg.cm™) as a function of cycle NUMbET. ............ccocovevevrereeerereeeeeeeneens 91
Figure 4.17 (a) 1" and (b) 2™, 4™, 6™ 8™ and 11" charge-discharge voltage profiles for LiCoO,/Li-In
ASSBs employing Lis7Si0.7Sbo3SsI at C/10; the extra capacity before reaching the LiCoO,
plateau on the first charge voltage profile indicates the slight oxidation of the SE; (c¢) charge-
discharge capacity and the corresponding Coulombic efficiency (CE) as a function of cycle
NUMDET A C/T0. ottt sttt sttt e b e b e sbe e sat e st eabeenbeenbee s 92
Figure 4.18 Proposed mechanism of (a) traditional vacancy Li ion diffusion mechanism for LisSbSsI
and (b) concerted Li ion migration with a flatter energy landscape induced by Li ion site
disorder. The triangle indicates a tetrahedral site, and the filled ones indicate a partially
occupied site. The empty sites are depicted by an open triangle. The energy landscape is shown
for the intracage jump. Black triangles: Lil(48#%); blue triangles: Li3(48%), unoccupied site for

LisSbSsl; yellow triangles: unoccupied sites on the pathway on the intercage jump pathway.

Figure 4.19 (a) Li" content of each site per unit cell vs xn of LigxSixSbi«SsI from neutron diffraction
results; (b) BVSE models of migration barriers with LisxSixSbi.«SsI (x =0, 0.3, 0.5, 0.7)....96
Figure 5.1 (a) Powder X-ray diffraction patterns of LizosScoesCls (black), LizScy3Cls (red) and
Li; 9ScosCls (blue). All reflections correspond to the respective spinel phase except for the
unknown impurity as marked; red arrows indicate LiCl impurity. (b) Time-of-flight neutron
diffraction and the corresponding Rietveld refinement fit of Li>Sc,3Cly, excluded regions (Q =
2.28,3.01,4.11 and 4.56 A™") correspond to trace unknown impurity phase. Experimental data
are shown in black circles; the red line denotes the calculated pattern; the difference profile is
shown in blue and calculated positions of the Bragg reflections are shown as vertical ticks. Rwp
and GoF are the weighted profile R-factor and goodness of fit respectively. .........cccuuee..ee.. 103
Figure 5.2 Powder X-ray diffraction of Li; ¢ScosCls. All reflections correspond to the respective spinel
phase except for the ScCls; impurity as marked. ..........occeevieniiiiiiiiiie e 104
Figure 5.3 (a) Structure of spinel Lio-MgCls from single crystal X-ray diffraction reported in Ref. 145
and (b) structure of spinel Li-MgCls (corner-sharing Li(1)Cls tetrahedra are not shown)

XVii



depicting a possible Li" ion diffusion pathway formed by edge-shared (Mg1/Li2)Cl octahedra
whose faces border empty tetrahedral sites (enlarged); Li(1)Cls - (light blue) tetrahedra and
(Mgl1/Li2)Cl¢ - (dark blue) octahedra. (c¢) structure of disordered spinel Li>Sc,3Cls from ToF
powder neutron diffraction and (d) structure without illustrating Li(2)Cls octahedra and
Li(3)Cly tetrahedra, demonstrating that it is related to spinel Li-MgCl4 but with different site
occupancies. (Sc1/Li4)Cls octahedra are in dark blue and Li(1)Cly tetrahedra in light blue; (e)
structure of disordered spinel Li>Sc,3Cls only showing face-sharing Li(1,3)Cly4 tetrahedra and
Li(2)Cl¢ octahedra that represent a 3D Li ion diffusion pathway; expansion shows potential ion
diffusion through Li(2)Cls octahedra passing by Li(1,3)Cls tetrahedra. ...........cccvveeveennnnnnes 105
Figure 5.4 Nyquist plots of Li>Sc,3Cls (a) at room temperature and (b) at each temperature used to
determine activation energy; (c) Arrhenius plots of the conductivity values for Li»Sc,3Cls in
the temperature range from 30 to 60 °C. (d) Nyquist plots of Liz.0sSco.64Clas (red) and Li; 0Sco 7Cls
(blue) at rTOOM tEMPETALUIE. .......eeivieeciiieetieeieeeeieeeteeesteeereeestreessbeeeseeessseesssesessseasssessnsseenes 106
Figure 5.5 (a) Voltage profile of Li stripping/plating in a Li/Li>Sc,3Cls/Li symmetric cell, cycled at
0.1mA.cm? and 0.1 mAh.cm™ for 20 h; (b) corresponding Nyquist plots of the symmetric cell:
before cycling (black), cycling for 10 h (red) and 20 h(blue). This figure shows the instability

between Li»Sc23Cls and Li metal, as Sc®* can be reduced by Li to form an insulating interphase.

Figure 5.6 Electrochemical performance of LiCoO, and NMC622 ASSBs using Li>Sc»3Cly as the solid
electrolyte at room temperature. Charge-discharge capacity as a function of cycle number at
different C-rates for (a) LCoO, ASSB and (c) NMC622 ASSB and corresponding charge-
discharge curves at different C-rates for (b) LiCoO, ASSB and (d) NMC622 ASSB. (e) Charge-
discharge capacity and the Coulombic efficiency (CE) as a function of cycle number for NMC
622 ASSB cycled at 0.1C between 2.8 V and 4.3V vs Li"/Li and (f) corresponding charge-
discharge curves. (g) Charge-discharge capacity and the Coulombic efficiency (CE) as a
function of cycle number for NMC622 ASSB cycled at 0.1C, 0.2C between 2.8V and 4.5V and
4.6V vs Li'/Li and (h) corresponding charge-discharge Curves..............cooeeveveveevevereeenennn. 110

Figure 5.7 (a) Linear sweep voltammograms at a scan rate of 0.1 mV-s' with Li-In alloy as the
reference; LiScy3Cls/Super P carbon mixture (70:30wt%) as the counter electrode and
Li»Scy3Cly as the solid electrolyte layer. Initial charge/discharge curves of bulk-type ASSLBs
of (b) LiCoO; cell cycled between 3V - 4.3V vs Li'/Li and (c) NMC622 cell cycled between
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2.8V-4.3V and 2.8V- 4.5V vs Li'/Li at room temperature at a rate of 0.1 C. Insets show cell
CONTIGUIALIONS. ...t euteeiieiie ettt et et et e st e et e e teebe e bt esbeesateesteenseenseebeesaeesaseenseenseenseeseasnsennses 111
Figure 5.8 Cross-sectional SEM images of (a) the NMC622 cathode composite and LizScy;3Cls
electrolyte section and (b) enlarged cathode composite section shows the NMC622 particles
(spheres) are well embedded in the Li»Sc,3Cls matrix. (c) SEM cross-sectional images and (d)
EDX mapping of the LiCoO, cathode composite and Li>Sc,;3Cls electrolyte section, illustrating
that the LiCoO; cannot be distinguished from the solid electrolyte; EDX mapping (Cl and Co)
shows the LiCoO; particles and LizSco3Cls are well mixed.........ooeeveveeveevciieiniieeiiecieee, 112
Figure 5.9 Charge-discharge curves corresponding to the 21%-70" cycles of ASSBs for a: (a) LiCoO,
cell cycled at 1C and (b) NMC622 cell cycled at 0.5C. ......cccovvviieeciiieieeeie e, 112
Figure 5.10 Nyquist plots of a LiCoO, ASSB at the initial state and after 70 cycles, showing no increase
of internal resistance UPON CYCHNG. ..c.eovuiiiiiiiiiiiieiee e 113
Figure 5.11 SEM images of pristine (a,b) LiCoO; particles and (d,e) NMC622 particles showing the
particle size distribution and microstructure. SEM images of the particle morphology after
hand-grinding with 20 wt% Li»Sc23Cls shows (c) LiCoO» and (f) NMC622 particle surfaces
are covered with the LizScz3Cls s0lid electrolyte. ......coevievieririiniiiiiininieieeecceee 113
Figure 5.12 Electrochemical performance of NMCS85 ASSBs using Li»Sc,3Cly as the solid electrolyte
at room temperature. Charge-discharge capacity and the Coulombic efficiency (CE) as a
function of cycle number for NMC85 ASSBs cycled at 0.2C (a) between 2.8 V and 4.3 V and
(c) between 2.8 V and 4.5 V vs Li"/Li and (b,d) corresponding charge-discharge curves.... 115
Figure 5.13 SEM images of NMCS85 particles showing the (a) particle size distribution and (b)
microstructure. NMC85 exhibits a small particle size compared to LCO and NMC622...... 116
Figure 6.1(a) X-ray diffraction patterns of LiInScoes6xCls (0 < x < 0.666); (b) Nyquist plots of
LizIngScoe66xCls (0.111 < x < 0.666) at room temperature; (c) Ionic conductivity and
activation energy of Li>In Sco.666xCls (0 < x < 0.666) as a function of nominal In** content.
The ionic conductivity and activation energy values for x = 0 were previously reported in Ref.
ettt 123
Figure 6.2 Arrhenius plots for (a) Lizlng.111Sco.s55Cla; (¢) Lialng222S¢0.444Cla; (€) Lialng 333Sco333Cs; (g)
LizIng 444Sc222Cls and (i) LizlngsssSco.111Cls in the temperature range from 30 to 60 °C.
Corresponding Nyquist plots of (b) Lixlnei1:1ScosssCla;  (d) Lizlng22:Sco444Cls; ()
LizIng 333S¢0.333Cls; (h) Lizlng444Sco220Cls and (§) LiaIng sssSco.111Cls at each temperature used in

the ATTRENTUS PIOLS. Leovviiiieiieiie ettt et e s e seaeenbeebeessa e seesseesnnennnes 125
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Figure 6.3 Chronoamperometry result for the Stainless steel | SE | stainless steel cells with a constant
voltage of 1 V, and the corresponding electronic conductivity of Li»Ini;3Sci3Cls (blue curve) is
4.7x 10 " S-cm™ and Li»Sc23Cls (red curve) is 4.2 x 10 Scem™ ..o 126
Figure 6.4 (a) Time-of-flight neutron diffraction pattern and the corresponding Rietveld refinement of
Li>Iny;3Sc15Cls; experimental data are shown in black circles; the red line denotes the calculated
pattern; the difference profile is shown in blue and calculated positions of the Bragg reflections
are shown as red (Li2Ini3Sc15Cls, 97.424 wt %) and blue (LiCl, 2.576 wt %) vertical ticks. Ry,
and GoF are the weighted profile R-factor and goodness of fit, respectively. (b) structure of
LizIn;3Sc13Cls from the refinement, showing only the blue Li4/In1/Sc1 octahedral framework;
(c) structure depicting the face-sharing Lil tetrahedra and Li2 octahedra that represent the main
3D Li ion diffusion pathway; Lil tetrahedra and Li2 octahedra in light orange; (d) enlarged Li"
diffusion pathway through Li2 octahedra passing through Lil or Li3 tetrahedra. ............... 127
Figure 6.5 (a) Time-of-flight neutron diffraction pattern and the corresponding Rietveld refinement of
LizIng444Sco222Cls, Experimental data are shown in black circles; the red line denotes the
calculated pattern; the difference profile is shown in blue and calculated positions of the Bragg
reflections are shown as red (LizIng.444Sco222Cls, 58.784%), blue (LiCl, 1.817%) and pink
(LisIno.e665¢0.334Cls, 39.400%) vertical ticks. Rwp and GoF are the weighted profile R-factor and
goodness of fit respectively. Due to the peak overlap between cubic spinel and monoclinic
phases, the refinement was initially conducted with only the cubic spinel phase and LiCl, and
then all the structural parameters were fixed. Finally, the monoclinic phase was added to the
refinement, with the single crystal diffraction framework used as a starting point. The Sc and
In occupancies were fixed from single crystal results during the refinement. (b) powder X-ray
diffraction patterns collected in Debye-Scherrer geometry, of Lizlng444Sco22:Cls (red), and
LizIng 333Sco.333Cls (blue) at high-resolution with long scan times to identify trace impurities.
Samples were sealed in 0.3 mm (diameter) glass capillaries under argon. The enlarged area
shows reflections corresponding to the monoclinic phase, which is almost invisible for
Li2010.333SC0.333C a1 ettt ettt e et 128
Figure 6.6 Structure comparison between spinel LizIng333Sco.333Cls and monoclinic LizIng ee6Sco.334Cls.
(a, b) a cubic close-packed (ccp)-like CI anion arrangement in both structures; (c) spinel
structure with Sc/In occupy Li layer, and (d) monoclinic structure with no Sc/In in Li layer; (e)
spinel structure with Sc/In/Li shared site, and (f) monoclinic structure with distinct In/Sc and

Li site (N0 Shared OCCUPANCY). ..eevvieiieiieriieitiecie ettt ettt sttt ettt e e e st e e enseeeeas 129

XX



Figure 6.7 Schematic illustration of the ASSB configuration, with Li-In alloy as the negative electrode,
Lie 7Si0.7Sbo 3Ss1 as the separator and Li»Ing 333Sco.333Cls as the solid electrolyte for the catholyte
ANA SCPATALOT .....veeuveevieireseteeteeteeteesteesttessseasseasseesseesseessseasseasseessaessaesssessssasseessessseesseesssessses 132
Figure 6.8 Charge-discharge capacity as a function of cycle number at different C-rates for ASSBs
comprised of cathode active materials and 20 wt% Li»In;;3Sc3Cls: (a) LCO and (c) NMC8S;
and corresponding charge-discharge curves at different C-rates for (b) LCO and (d) NMCSS5.

Figure 6.9 Charge-discharge capacity and the coulombic efficiency (CE) as a function of cycle number
for (a) NCM85 ASSB; (b) NCM622 ASSB; (c) long term cycling of the NCM85 ASSB
(performed after rate cycling) at a 3C rate and (d) ultra-high voltage NCM85 ASSB cycled
between 2.8 - 4.8 V vs Li'/Li and corresponding charge-discharge voltage profile (e)........ 134

Figure 6.10 Charge-discharge voltage profile of an NCMS85 (a) ASSB cycled at a C/5 rate between 2.8
- 4.3 V vs Li"/Li; and an NCM622 (b) ASSB cycled at C/5 rate between 2.8 - 4.6 V vs Li'/Li.
Charge-discharge capacity and the coulombic efficiency (CE) as a function of cycle number
and corresponding charge-discharge voltage profile for an NCMS8S5 (c, d) liquid cell cycled at
C/5 rate between 2.8 - 4.3 V vs Li"/Li; and an NCM622 liquid cell cycled at C/5 rate between
2.8 - 4.6 V vs Li"/Li. This demonstrates the superior stable cycling of the ASSB compared to
the conventional liquid CelL .........cccveiiiiiiieiieiiee e 135

Figure 6.11 Charge—discharge capacity and the coulombic efficiency as a function of cycle number for
(a) NMC85 ASSB with a cathode composite weight ratio of NMC85 and Li»lng333Sco333Cl4
solid electrolyte of 90:10, (b) corresponding charge-discharge curves. ..........cccccevevverennnen. 136

Figure 6.12 Charge-discharge curves of long-term cycling of the NMC85 ASSB (after rate cycling) at
3C, demonstrating excellent cycling stability over more than 3000 cycles. ...........ccceeeeneen. 137

Figure 6.13 (a) Charge-discharge capacity and coulombic efficiency as a function of cycle number and
(b) Charge-discharge voltage profiles for NCM85 ASSB cycled at 3C rate between 2.8 - 4.3 V
vs Li"/Li, with initial 10 cycles cycled at C/5. ......c.ooeieroreeeeeeeeeeeeeeeeeeeeee e 137

Figure 6.14 (a) Charge-discharge capacity and the coulombic efficiency as a function of cycle number
and (b) Charge-discharge voltage profiles for NCM85 ASSB cycled at a 2C rate between 2.8 -
4.3 V vs Li"/Li, with the initial 10 cycles cycled at C/5. Small fluctuations in capacity and CE
in (a) are due to temperature variation during Cycling. ........ccccceveerieriieriieniieniereereeeee. 138

Figure 6.15 High loading ASSB electrochemical performance. Charge-discharge capacity and the
coulombic efficiency (CE) as a function of cycle number for LCO ASSBs with areal capacity
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> 3.5 mAh.cm™ cycled at (a) room temperature between 2.8 - 4.3 V vs Li"/Li at C/3 (1.24
mA.cm™) and (b) at 50 °C between 3.0 - 4.3 V vs Li"/Li at C/2 (1.79 mA.cm™); (c) ultra-high
loading LCO ASSB with 52.46 mg.cm™ loading, cycled at room temperature between 2.6 - 4.4
V vs Li"/Li and at 50 °C between 2.6 - 4.3 V vs Li"/Li at C/6 (1.20 mA.cm™) and (d) high
loading NMC85 ASSB with 21.59 mg.cm™ loading cycled at room temperature between 2.8 -
4.3V ys Li"/Li at C/8 (0.49 mA.cm™) and the corresponding charge-discharge curves. ..... 139
Figure 6.16 Charge-discharge curves of high-loading long-term cycling of LCO ASSBs at (a) room
temperature, cycled at C/3 between 2.8 V - 4.3 V vs Li"/Li and (b) 50 °C, cycled at C/2 between
3.0 V-4.3 VvsLi"/Li and of (c) ultra high-loading LCO ASSB cycled at a C/6 rate and room
temperature between 2.6 V - 4.4 V vs Li"/Li and 50 °C between 2.6 V - 4.3 V vs Li"/Li. At high
cathode active material loadings, the kinetics of Li ion/electron diffusion within the thick
cathode composite are more limited than at low loadings. At high current densities, that results
in a high overpotential. The ionic conductivity of the solid electrolyte and both ionic/electronic
conductivity of cathode active materials increases with increasing temperature, thus giving
better Li ion/electron diffusion kinetics and lower overpotentials. In short, a wider cut-off
potential window was used for high-loading ASSB cycled at RT........ccccoervieniniininennene 140
Figure 6.17 High loading NMC85 ASSBs with 22.31 and 22.00 mg/cm* CAM-loading cycled at room
temperature between 2.8 - 4.3 V vs Li"/Li at a C/8 rate and the corresponding charge-discharge
curves. The data, which are essentially the same as shown in Figure 6.15d,e, demonstrate the
reproducibility of the electrochemical performance. ...........ccoceveveeviveriienienierieeie e, 141
Figure 6.18(a) XRD pattern of a Li-Si alloy synthesized by mixing Li and Si powder; the main
reflections are assigned to Li;»Si7 and residual Si and Li,Si are indicated. (b-d) SEM images of
the as-synthesized Li-Si alloy showing micron-sized particles. (¢) Charge-discharge capacity
and the coulombic efficiency as a function of cycle number and (f) Charge-discharge voltage

profiles for NCM85 ASSB with the Li-Si alloy anode cycled at a C/5 rate between 2.0 - 4.3 V.

Figure 6.19 (a) Impedance evolution during the first cycle of an NMC622 ASSB cycled between 2.8 -
4.6 V vs Li'"/Li. The corresponding voltage profile (left) and impedance spectra (right) collected
during charging (top) and discharging (bottom) are shown. The numbers on the voltage profile
correspond to the points where the EIS spectra were collected at every hour after a 30 min rest
(before and after). Nyquist plots of (b) an NMC622 ASSB cycled between 2.8 - 4.6 V vs Li‘/Li
for 10 cycles at full discharge, cells were equilibrated for 1 h before and after (c) an NMC85
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ASSB cycled between 2.8 - 4.3 V vs Li'/Li for 90 cycles and equilibrated at full discharge for
1 h. All studies were conducted at @ C/5 Tate. .......ccceerierieesiieieeeeree e 144
Figure 6.20 Initial Nyquist plot of the NMC622 ASSB and the corresponding impedance evolution
during the first cycle that is shown in Figure 6.19a.........c.ccccveevieviienieniiencieeieeieeeesie e 145
Figure 6.21 Impedance evolution during the first cycle of an NMC85 ASSB cycled between 2.8 - 4.3
V vs Li"/Li. The corresponding voltage profile (left) and impedance spectra (right) collected
on the first cycle (top); during charging (middle) and discharging (bottom) are shown. The
numbers on the voltage profile correspond to the points where the EIS spectra were collected

at every hour after a 30 min rest (before and after). All studies were conducted at a C/5 rate.

Figure 6.22 Impedance evolution during the first cycle of an LCO ASSB cycled between 3.0 - 4.3 V vs
Li"/Li. The corresponding voltage profile (left) and impedance spectra (right) collected on the
first cycle (top); during charging (middle) and discharging (bottom) are shown. The numbers

on the voltage profile correspond to the points where the EIS spectra were collected at every

hour after a 30 min rest (before and after). All studies were conducted at a C/5 rate. .......... 147
Figure 6.23 Nyquist plots of fully discharged LCO ASSB cycled at a C/2 rate between 2.8 - 4.3 V vs
Li"/Li, shown over the first 10 CYCIES......oueviiiiiiiieieieriieteieieieeeeee e 148

Figure 6.24 Impedance evolution during the first cycle of an NCM85 ASSB cycled between 2.8 - 4.8
V vs Li'"/Li. The corresponding voltage profile (left) and impedance spectra (right) collected in
the first cycle; during charging (middle top), discharging (middle bottom), and initial (right)
are shown. The numbers on the voltage profile correspond to the points where the EIS spectra
were collected at every hour after a 30 min rest (before and after). All studies were conducted
YA I O v 11T 149

Figure 6.25 (a) Leakage current during a hold of NCM85 ASSB at a constant voltage of 4.8 V vs Li'/Li
after 1st charge (aging test). (b) Charge-discharge voltage profile of NCM85 ASSB. After the
initial charge, the cell was aged at 4.8 V vs Li"/Li for 30 hours, followed by continuous cycling
after aging. (c) Nyquist plots of NCM85 ASSB at the initial state, after 5™ discharge, and after
cell discharge held at 2.8 V vs Li'/Li for 10h. ToF-SIMS surface analysis results of (d) CI, (¢)
CIO;, and (f) ScO fragments of bare SE, uncycled cathode composite and cycled composites
with cut-off potential of 4.3 V (160 cycles), 4.6 V (20 cycles), and 4.8 V (10 cycles) vs Li"/Li,
at a discharged state. The box plots were obtained based on the corresponding normalized

signal tensities of 12 spectra on each sample. Box plot center line represents the median (of
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median F1l-scores); lower and upper box limits represent the 25% and 75% quantiles,

respectively; whisker extend to box limit + 1.5 x IQR; outlying points plotted individually.

Figure 6.26 (a) Impedance evolution at high-voltage, where the EIS spectra were collected every 20
min of “aging” at a constant applied potential of 4.8 V vs Li"/Li. (b) Equivalent circuit fit of
the final Nyquist plot of NCM85 ASSB after 30 h aging at 4.8 V vs Li"/Li, which shows
increased charge transfer resistance between NCMS85 and LizIn;3Sci3Cls due to significantly
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Chapter 1. Introduction

1.1 Energy Storage

Our increasing global population and the alarming consequences of heavily utilizing fossil
fuels, such as global warming and air pollution caused by their massive production of COz,
SOz gas, have led to an ever-increasing demand for sustainable energy in the last decade.
Alternative energy generation technologies, such as solar and wind are renewable energies and
environmentally clean. However, these are only intermittently available and depend on time,
weather, seasons, and locations. To fully utilize these intermittent energy sources drives
research for low cost, environmentally friendly and high-performance energy storage
technologies.™ 2 Rechargeable batteries are currently the most popular candidates. Among all
the rechargeable battery systems, Li-ion batteries (LIBs) have dominated the commercial
battery market.># The current start-of-the-art LIBs are widely used for portable devices such

as cell phones and laptops.

1.2 Rechargeable Li-ion Batteries and Li Metal Batteries

A typical LIB consists of two electrodes - positive and negative electrodes (cathode
and anode) - which are separated by the electrolyte. An electrolyte permeable and insulating
porous separator is needed for liquid electrolyte cells to avoid direct contact between two
electrodes. Driven by the difference in the chemical potentials of the two electrodes,
electrochemical reduction and oxidation occur at each electrode separately. By applying
external power, the process reverses in rechargeable batteries. Thus, energy can be reversibly
released and stored in rechargeable batteries. For LIBs using a graphite anode and a lithium

metal oxide cathode, as shown in Figure 1.1.# Li ion de/intercalation mechanism® takes place
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at both electrodes. During charging, the cell is charged with an external power supply, the
electrons were forced to move out from cathode to anode through the outer circuit. The loss of
electrons in LiCoO2 leads to the oxidation of Co®" to Co** and Li ion deintercalated from the
structure to balance the charge, following Equation 1.1. Then, the Li ions migrate to the
graphite anode through the electrolyte, intercalate into the graphite and recombine with
electrons, following Equation 1.2. Due to the higher chemical potential of the cathode than

the anode, the reverse process (discharging) takes place spontaneously, following Equations

1.3and 1.4.
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Figure 1.1 Schematic illustration of a conventional lithium-ion battery consists of a graphite
anode, layered LiCoO2 cathode, and a porous separator immersed in a liquid electrolyte,
respectively. The electrolyte contains lithium salts dissolved in organic solvents. Adapted from
Ref. 4. Copyright 2013 American Chemical Society.
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During Charging:
Positive electrode (Cathode): LiCoO2 - x Li* - x & — Li1xCo02 Equation 1.1

Negative electrode (Anode): Cs + X Li* + x " — LixCe Equation 1.2

During Discharging:
Positive electrode (Cathode): Li1xCoO2 + X Li* + x e — LiC00:2 Equation 1.3

Negative electrode (Anode): LixCs - X Li* - x & — Cs Equation 1.4

LiCoOz2 can only sustain half Li ion be taken out to maintain structural stability, which provides
a specific capacity of 137 mAh.g™. Deeper charging (remove more than half Li ions) will lead
to oxygen evolution from the crystal lattice, which leads to fast capacity fade.® Due to this
structural instability during deeper charging and the high price, limited resource and high
toxicity of cobalt, developing alternative cathode active materials (CAMs) has attracted great
interests. Substitution Co with other transition metals has led to one of the most extensively
investigated CAM family LiNii-xyMnxCoyO2 (NMC) over the last 10 years.” In this cathode
material class, electrochemical-inactive Mn maintains 4* oxidation state to stabilize the
structure and Co can decrease the cation site mixing that results from the similar ionic radii
between Li* and Ni?*. High-Ni NMC cathodes offer high discharge capacity (~ 200 mAh.g™),
relying on Ni%*"** and Co®*"** redox couples, which provide higher energy density compared

to LiCo0O:s..

As LIBs are approaching the theoretical capacity of cathode/anode materials, especially
graphite anode, Li metal batteries offer the promise for next-generation high energy density
electrochemical energy storage systems. Li metal anode exhibits the highest specific capacity

(3840 mAh.g) which is an order of magnitude higher than graphite and the lowest reduction
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potential (-3.04 V versus standard hydrogen electrode) among all metal anodes.® ® However,
Li metal anodes suffer from its dendrite-like electrodeposition behavior, instead of film-like
plating, as shown in Figure 1.2.1° Furthermore, organic liquid electrolytes are
thermodynamically unstable towards the reduction by Li metal, which leads to the growth of a
high resistance solid electrolyte interphase (SEI) and consume of liquid electrolyte. During
continuous cycling, the growth of Li dendrites leads to a high surface area of fresh Li which
endlessly reacts with liquid electrolyte and consumes Li and liquid electrolyte, and finally cell
failure. Upon further long-term cycling, Li dendrites can penetrate through the separator layer
which will lead to cell short circuit. The cell short circuit accompanies by the thermal runway
and combining with the intrinsic flammable nature of organic solvents can lead to explosion,

as summarized in Figure 1.2.

With the rapid growth of electric vehicles and grid energy storage demands, high
energy density, and high safety batteries are urgently needed. Safety is particularly important

for electric vehicles. Among the various technologies, including Li-S battery, Metal-O2 battery,

Short circuit
= Dendrite “Dead Li" o Safety hazards
=
= High surface ~ . Shortcycle
= a Life
= 8
E lowCE | — Consuming Li Low energy
= & electrolyte density
Li intercalation Li metal
compounds

Figure 1.2 Schematic diagram of Li metal batteries and the typical Li dendrite morphology
and the corresponding problems related to Li dendrite growth and low Coulombic efficiency.
Reproduced with permission from Ref. 8. Copyright 2014 Royal Society of Chemistry.
Reproduced with permission from Ref. 10. Copyright 2013 Elsevier.
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Na-ion battery, multivalence (Zn, Mg, Ca) battery, et al, all solid-state Li batteries (ASSBSs)
offers the greatest promise. As a result, LIBs are starting to undergo an evolution from
conventional LIBs to ASSBs. The development, current status, and the problems facing today

ASSBs will be discussed in detail in the following sections.

1.3 All Solid-State Li Batteries
1.3.1 Overview of All Solid-State Batteries

Based on the types of solid electrolytes (SEs) used, ASSBs can be divided into two
types: ASSBs with polymer SEs or polymer-ceramic composite SEs and ASSBs with inorganic
SEs. The poor interfacial contact between active materials-SEs and the chemo-mechanical
expansion/constriction of Li cathode materials'! can lead to high internal cell resistance. Thus,
a small amount of liquid electrolyte is usually added in between the electrolyte/electrode
interface to improve the cell performance, which is then regarded as quasi or hybrid ASSBs.
This thesis focuses on inorganic SEs and ASSBs with inorganic SEs, thus the following
discussions also focus on the development of inorganic SEs and ASSBs with inorganic SEs

only.

ASSBs that use a SE in place of a liquid electrolyte - and ideally a Li metal anode - can
eliminate safety concerns and provide higher energy density, as shown in Figure 1.3.12%
Typically, ASSBs consist of a thin layer of SE as separator and cathode and anode composites
which is a homogeneous mixture of active material, SE powder and electronic conductive
material (such as carbon, if necessary). To further improve the energy density, Li metal anode

or other high specific capacity material (such as silicon anode) is required. Furthermore, the



bipolar ASSBs packing architecture offers substantial benefits regarding battery performance
and fabrication cost, as shown in Figure 1.4.1 The bipolar cell stacking allows multiple cells
connected in series without external wiring and can lower the cell pack volume, weight, and

cost, which further improve the cell energy density.

lonically conductive inorganic SEs (> 1 mS.cm™) are the key component in ASSBs
which removes the safety concerns inherent with flammable organic liquid electrolytes in
conventional LIBs. Inorganic SEs also provide excellent thermal stability and conductivities
over a wider temperature range, which enables battery operation in a broad range of conditions
(for example, -10 to 100 °C) where conventional liquid electrolytes will freeze, boil or
decompose.’® To realize the potential of ASSBs, a range of new SE materials have been

developed and investigated.*” 1
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Figure 1.3 Schematic diagrams of typical battery architectures for conventional Li-ion battery
(middle), all solid-state Li-ion battery (right), and all solid-state Li metal battery (left). The
Wil and Wyrav represent volumetric and gravimetric energy densities, respectively. Only with
Li metal anode (rather than graphite) and a thin solid electrolyte layer, the energy density of
ASSBs can be significantly increased. Reproduced with permission from Ref. 12. Copyright
2016 Nature Publishing Group.
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Figure 1.4 Schematic diagrams of (a) monopolar (MP) design of current LIBs with liquid
electrolytes and (b) bipolar (BP) design of ASSBs with solid electrolytes. Reproduced with
permission from Ref. 15. Copyright 2019 Chemistry Europe.

1.3.2 Categorization of Various Inorganic Solid Electrolytes

SEs should meet several critical criteria: high Li ion conductivity, low electronic
conductivity, good chemical and electrochemical stability against Li metal and cathode/anode
active materials. Concerning practical application, they should also be cost-effective, low
toxic, and environmentally friendly. Heretofore various inorganic SEs have been discovered
and investigated, which including oxides, phosphates, thiophosphates (sulfides), halides, et
al.t3 7. 19 The representative examples for oxides and phosphate SEs: LISICON-type
LizaZn(GeOs)sa (LZGO), perovskite-type LisxLazsxTiOs (LLTO), NASICON-type
Lizo7AloeoTiras(POs)3 (LATP) and LiisAlosGeis(POs)s (LAGP), and garnet-type

LisLasZr2012 (LLZO); sulfide SEs: glassy sulfides, thio-LISICON-type binary/trinary sulfides,



LGPS-type: Li1oMP2S12 (M = Ge, Sn) and argyrodite-type LisPSsX (X=Cl, Br, I); chloride
SEs: binary/trinary LiCI-MxCly and derivatives. The properties of each type of SEs are

compared in the following sections.

1.3.2.1 Oxide and Phosphate Solid Electrolytes

Oxide and phosphate SEs are typically ceramics, which are rigid, brittle, and exhibit
relatively good stability in air. Based on their structures, they can be divided into four

representative categories: LISICON, Perovskite, NASICON, and Garnet.
LISICON

The LISICON structure Li1aZn(GeOa)s was discovered far back 1978 by Hong and
exhibits a really low ionic conductivity 1 x 107 S.cm™.2° Furthermore, it is also highly reactive
towards CO2 and can be easily reduced by Li metal,?! thus it is not suitable to be used as SEs,
but the derivatives: thio-LISICON which exhibits significantly higher Li ion conductivity and

will be discussed in the following section.
Perovskite

Perovskite structure SEs with general formula ABOs with the structure of CaTiOs.The
atomic A site is occupied by divalent alkali cation (Ba*, Ca?*, Sr?*, et al) and the atomic B
site is occupied by tetravalent transition metal cation (Ti*"). By replacing the divalent cation at
A site with trivalent rare earth element La* and monovalent alkali metal cation Li*, perovskite
LiosLaosTiOs were first reported by Brous et al.?? By controlling the Li substitution content,
LisxLaz;3-xTiO3, a high bulk ionic conductivity ~ 1 mS.cm™ (total ionic conductivity: 2 x 10

S.cm™) can be achieved at room temperature.? The crystal structure of LisxLazzxTiOs mainly
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depends on the composition (x) and synthesis conditions, cubic, tetragonal and orthorhombic
have been previously reported.?* When synthesizing at 1350 °C and then quenching to room
temperature, the product exhibits cubic structure; while when slowly cooling to room
temperature, tetragonal or orthorhombic structure can be obtained.?* The Li ion conductivity
of perovskites depends on the concentration of Li ions and vacancies at A site, as Li ions diffuse
from A site to neighboring A site through a diffusion bottleneck channel surrounded by four
oxygen atoms. Due to the Coulombic attraction force between O? and Li*, the oxygen
bottleneck channel acts as a potential barrier for Li ion diffusion.?® With co-existence of La*
and Li* in the A site, which leads to vacancy in A site, thus Li ions diffuse through A sites by
vacancy mechanism. By controlling the Li ion and vacancy contents through different cation
doping, a high Li ion conductivity ~ 1 mS.cm™ has been achieved.?® However, due to the
presence of transition metal cation, such as Ti**, it can be easily reduced by Li metal and form

an insulating interface.?’
NASICON

NASICON compounds have the general formula AM2(POa4)s, where A site is occupied
by Li* or other cations such as Na* and K* and the M site is occupied by Ge**, Ti** or Zr**.
Among a variety of compositions, two representative materials Liz.ozAlo.69Ti1.46(PO4)3 (LATP)
and Li1sAlosGe1s(PO4)3 (LAGP) exhibit the highest ionic conductivity 1.3 mS.cm™ and 0.4
mS.cm?, respectively.?® 2° They are also not stable with Li metal, due to the reduction of
transition metal cations by Li metal. However, NASICON-type SEs are suitable for high
voltage ASSBs application, due to their high ionic conductivity and good chemical stability

towards air and moisture, and wide oxidative potential window. Extensive studies on
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LATP/LAGP coated CAMs to improve the high voltage electrochemical performance in both
liquid cells and ASSBs have been conducted.>*3* However, due to the mechanical rigidity of
NASICON materials, high temperature sintering is required to improve grain boundary contact
between NASICON particles to achieve high total ionic conductivity and improve contact
between SE-CAMSs to lower interfacial resistance. High temperature sintering can also lead to
side reactions between NASICON SE and CAM.** Both hinder their practical application in

ASSBs.

Garnet

Garnet structured SEs with general formula LizLasM2012 (M = Zr, Hf, Sn, et al) have
been intensively studied and regarded as one of the best SEs, due to its intrinsic stability with
Li metal, wide electrochemical window, and good ionic conductivity.® 3¢ The representative
material cubic LizLasZr2012 exhibit a reasonably high ionic conductivity 0.3 mS.cm™.3" Based
on the Li content, garnet SEs can be classified into four categories, including Li3 series:
LisM3Te2012 (M =Y, Pr, Nd, et al)®®; Li5 series: LisLasM2012 (M = Nb, Ta, et al)®*4; Li6
series: LisALa2M2012 (A = Ca, Sr, Ba, etc., and M = Ta, et al)*!; and Li7 series: LizLasM2012
(M = Zr, Sn, Hf, et al)*’. The ionic conductivity of garnet SEs increases with increasing Li

content.*> Among them, the Li7 phases and its derivatives, LizxLasZr>xMxO12 (M = Ta, et al),

10



exhibit the highest ionic conductivity ~ 1 mS.cm™.#*6 Same as other oxide SEs, the

mechanical rigidity of materials and high synthesis temperature hinder its practical application.

1.3.2.2 Sulfide Solid Electrolytes

Since the discovery of superionic conductor Li1oGeP2S12,*" sulfide SEs have been
extensively studied over the last decade. Due to the lower electronegativity of S* compared to
0%, the S?-Li* bond is weaker compared to O%-Li* bond. And the large ionic radius of S*
leads to a larger bottleneck channel for Li ion diffusion. Thus, sulfide SEs have been shown to
exhibit particularly high ionic conductivity > 10 mS.cm™ that even surpasses that of
conventional organic liquid electrolytes. Accompanied by a ductile nature,* which makes
them relatively easy to process and realize intimate interfacial contact with cathode and anode
active materials - a requirement for ASSB operation. Thus, sulfide SEs have been a particular
focus of recent research. However, most sulfide SEs are extremely moisture sensitive, which
hydrolysis to form toxic H2S once exposed to moisture. Therefore, the preparation and storage
of sulfide SEs require an inert atmosphere, which significantly increases the processing and
storage cost. Sulfide SEs can be divided into several representative categories: glassy sulfides,
thio-LISICON-type binary/trinary sulfides, LGPS-type: LiiwoMP2S12 (M = Ge, Sn), and

argyrodite-type LisPSsX (X=ClI, Br, I).
Glassy Sulfide Solid Electrolytes

Glassy sulfide SEs have been studied before any crystalline and glass-ceramic sulfide
SE materials which generally exhibit relatively high ionic conductivity in the range of 10 -
103 S.cm™. Examples include: Li2S-P2Ss-Lil;* x Li2S-(1-x) SiS2 (x< 0.6);%° Li2S-M (M = SiSz,
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GeSz, P2Ss, B2S3, As2S3);%! Li2S-SiS2-LisN;%? Li2S-SiSa-Lil;® Li2S-B2Ss-Lil;** and et al.
However, the synthesis either requires high energy ball milling or high temperature quenching

under inert atmosphere, which is prohibitively costly and not practical.
Thio-LISICON and LGPS

Thio-LISICON SEs are one of the first high ionic conductive crystalline sulfide SEs.>®
The materials based on LisPS4 are particularly appealing. The most thermodynamically stable
form of LisPSs is the y-phase, with a reported low ionic conductivity of 0.0003 mS.cm™ at
room temperature.®® Above 195 °C, it converts to the more highly conductive B-phase.>® As p-
LisPS4 is not stable at room temperature, the conductivity of B-LisPSa at 25 °C was determined
by extrapolation of the Arrhenius plot from elevated temperature, and is only 0.0009 mS.cm’
157 Several groups have attempted to stabilize the B-LisPS4 structure at room temperature. Liu
et al reported a solution synthesis of nanoporous pB-LisPSs (0.16 mS.cm™? at room
temperature).>” The high-temperature B-LisPS4 appears to be stabilized at room temperature in
the nanoporous form by the inclusion of tetrahydrofuran in the material arising from the
synthetic procedure. As far back as 2002, Kanno et al reported on substitution of P>* with Ge**
to form Lis«xGexP1xSs, where the composition Lis25Geo.2sPo.7554 showed the highest ionic
conductivity (2.2 mS.cm™).> Kawamoto et al reported thio-LISICON Liz+SixP1-xSa with
maximum ionic conductivity of 0.64 mS.cm™ at x = 0.4.% These seminal work led to the
discovery of the superionic ‘LGPS-type’ phases exemplified by LiioGeP2S12.4” However, both

Lis+xGexP1xS4 and LGPS suffer from poor cathodic stability in contact with a highly reducing
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Li metal due to the presence of Ge*".>® Since then, a lot of LGPS derivatives were reported

with the highest ionic conductivity 25 mS.cm™ for Lig.54Si1.74P1.44S11.7Clo.3.89-63
Argyrodite Solid Electrolytes

Li-argyrodite SEs are currently the dominantly used SEs for ASSB fabrication.5* Li-
argyrodite SEs have a general formula Liz+xyMVY1xM"VxCheyXy (MY =P, Sh; M"Y = Si, Ge, Sn;
Ch=0,S,Se; X=CI,Br, 1,BHs;0<x<1;0<y<2)%"and are particularly appealing owing
to their high Li ion conductivity (up to 24 mS.cm™)% and scalable solution-assisted synthetic

approaches’®, which are both vital for commercial applications.

The argyrodite structure originates from the mineral AgsGeSs (orthorhombic, S. G.:
Pna2:1). The Li-argyrodites exhibit two structural polymorphs with phase transition
temperature depending on the chemical composition.” Compounds that crystallize in the low-
temperature orthorhombic structure, such as Li7PSe (S. G.: Pna2i), show very low Li ion
conductivity at room temperature, while high ionic conductivities have only been achieved in
the high-temperature cubic phase (S.G.: F43m). The cubic structure can be stabilized at room
temperature by replacement of one or more sulfide anions with halide anion, resulting in
LisPSsX (X = Cl, Br, 1).% Depending on the composition of LisPSsX, a certain degree of S*
/X" anion site disorder has been observed.®® Caused by a much larger ionic size difference
between 1~ and S in LisPSsl, both remain on their two unique crystallographic sites, while for

X = Br and CI, a significant site disorder is observed.®® Anion-ordered LisPSsl exhibits very
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low Li ion conductivity, while anion-disordered LisPSsBr and LisPSsCI exhibit high Li ion

conductivity.

1.3.2.3 Chloride Sold Electrolytes

Chloride SEs gained little attention, unlike oxide and sulfide SEs. Until 2018, there is
no chloride SE has been reported with high ionic conductivity > 1 mS.cm™. Asano et al
reported poorly crystalline LisYCls and LisYBre synthesized by high energy ball milling which
exhibit relatively high ionic conductivity 0.51 and 0.72 mS.cm™, respectively.® Due to the
intrinsic high oxidative potential and ductile nature, ASSBs with uncoated LiCoO2 exhibit
stable cycling up to 4.22 V vs Li*/Li.%° Subsequently, several chloride SEs were developed,
including poorly crystalline LisErCls (0.31 mS.cm™);® LizInCls (1.49 mS.cm™);82 and LizxM-
xZrxCle (M =Y, Er, up to 1.4 mS cm™)®, These lithium metal chlorides are also not stable with

Li metal, due to the presence of metal cation such as (In*).84

1.3.3 lon Diffusion Mechanism and Fast lon Conduction Design Mechanism

Better understanding of the ion diffusion mechanism in fast ion conductors is essential
to guide the development of new materials. The conventional ion diffusion mechanism in
inorganic solid electrolytes is based on classic diffusion model: ion diffusion as the hopping
of an individual ion from one lattice site to another adjacent site, which is termed as direct-
hopping. However, in fast ion conductors, fast ion conduction is achieved with multiple ions
migrate at the same time, rather than single ion diffusion. Thus, mobile ions interaction needs
to be considered. In accord, another conduction mechanism — concerted mechanism® — is
proposed, where multiple ions migrate together. Mobile ion occupying high energy sites can

migrate downhill towards low energy occupied site with low energy barrier and the
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corresponding coulombic interactions between two mobile ions will help lower the activation
energy barrier for mobile ion occupying low energy site to move uphill towards another
unoccupied high energy sites. This concerted ion migration mechanism explains the origin of
fast ion conduction in doped LLZO, NASICON and argyrodite materials at certain

compositions with increased ion concentration.

In general, some structural requirements should be satisfied to ensure fast in conduction
in inorganic materials. Firstly, as ion migration occurs locally with thermally activated jumps
and the jumps need to be connected through the diffusion pathway to allow long range
diffusion. The diffusion pathways need to be consisted of well-connected face-sharing
polyhedras with suitable bottleneck size, as narrow bottleneck will restrict mobility and too
large bottleneck will also impair diffusion. In fast ion conductors, mobile ions possess high
diffusivity and rapidly migrate within the lattice, which in turns suggests that they are well-
distributed over the diffusion pathways. From a crystallographic point of view, this means that
mobile ions partially occupy the available sites within the pathway and adopt good connectivity
that sustains fast diffusion. However, whether mobile ion site disorder drives high
conductivity, or the latter leads to a disordered mobile ion sublattice remains unclear. It is
obvious that to achieve high conductivity, a disordered mobile ion sublattice is required.
Secondly, a balanced vacancy and interstitial concentration is required. As with low defect
concentration, a defect formation step is necessary for ion diffusion which significantly
increases the overall activation energy. Thirdly, the anion sub-lattice arrangements are also
important for ion diffusion. Ceder’s group has proposed that body-centered cubic-like anion

framework allows Li ions migrate within interconnected tetrahedral sites with a low activation
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energy barrier.8® Fourthly, high-polarizability anion is advantageous for fast ion mobility.®5 87
High polarizability of anion sublattice leads to softer bonds which will lower activation energy

barrier of the mobile ions.

1.3.4 Comparison of Different Type Inorganic Solid Electrolytes

Even though a high ionic conductivity is a key property for SE materials, other factors,
including wide electrochemical stability window, good chemical and electrochemical
compatibility with electrode active materials (cathode and anode), excellent thermal and
air/moisture stability, good mechanical properties, simple synthesis process, easy integration,
environmental friendliness, and low cost are all important for practical applications such as for

electrical mobilities.

Oxide SEs exhibit relatively high ionic conductivity ~ 1 mS.cm™ and high oxidative
potential, but not stable with Li metal, except garnet. Due to their mechanical rigidness, high
temperature sintering or hot-pressing is required to improve grain boundary contact to achieve
high total ionic conductivity. To achieve good contact between oxide SEs-CAMs or direct
coating oxide SE onto CAM particles also requires high temperature sintering which will

induce side reaction between oxide SEs and CAMs.

Sulfide SEs exhibit much higher ionic conductivity (> 10 mS.cm™) which exceeds that
of liquid electrolytes. Some sulfide SEs can also form a quasi-stable SEI with Li metal and
sustain relatively high current density Li stripping/plating.® 8 However, sulfide SEs feature a
low oxidative potential (< 2.5 V vs Li*/Li) as shown in Figure 1.5,°°-9 which is not compatible

with typical high voltage CAMs such as LiCoO2 and LiNii-x-yMnxCoyOz2. Utilization of sulfide
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SEs with high voltage CAMs leads to decomposition of sulfide SEs to form Li ion and electron
blocking interfaces that cause increasing interfacial resistance and total cell resistance, thus
fast cell capacity fading.®® % Overall, due to their high ionic conductivity and quasi-stable SEI

formation with Li metal, sulfide SEs are suitable for the separator layer in ASSBs.
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Figure 1.5 The calculated electrochemical stability window of various SE materials.
Reproduced with permission from Ref. 92, Copyright 2015 American Chemical Society.

17



Chloride SEs exhibit reasonable high Li ion conductivity (10 - 10 S.cm™) and high
oxidative stability window. Furthermore, the ductile nature of the chloride materials allows
good interfacial contact between chloride SEs-CAMs by simply grinding which is essential for

ASSB performance. Thus, chloride SEs are suitable for cathode composite.

Heretofore, single SE material which meets all essential requirements for ASSBs has
not been developed. Thus, it is necessary to take advantages of each material, a bilayer
architecture with sulfide SEs as the separator and chloride SEs for the cathode is ideal for
current high voltage ASSBs. Furthermore, a better understanding of Li ion conducting
mechanism in inorganic SEs is essential for the discovery of new SE materials which

potentially can meet all requirements for ASSBs.

1.3.5 Challenges in All Solid-State Batteries

Besides the above-mentioned issues on lack of SE materials and understanding of ion
diffusion in SEs, other challenges including interfacial reactions, limit electrochemical
window, contact (mechanical) issues (crack or pulverization), instability towards moisture and
COg2, Li dendrite growth need to be conquered for achieving better ASSB performance and
final target of commercialization, as shown in Figure 1.6. These challenges are discussed in

detail in the following sections.
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Figure 1.6 Schematic illustration of challenges in ASSBs. Reproduced with permission from
Ref. 19. Copyright 2021 American Chemical Society.

Cathode / Solid Electrolyte Interface

The first interface is the cathode/SE interface due to chemical/electrochemical reaction
between SEs and high voltage CAMs, especially for sulfide SE materials, due to their low
oxidative potential. The spontaneous reactions lead to the formation of transition metal oxide,
sulfide, phosphate, sulfate, and other undesirable products on the cathode/SE interface which
results in increasing cell internal resistance.®* The electrochemical decomposition of sulfide
SE at high voltage results from the transfer of electrons from sulfide SE to CAMSs (or carbon
additives), as sulfide SE materials exhibit extremely low ionic conductivity. Thus, the obvious
approach to prevent this is to adopt an electronic insulating and Li ion conductive coating layer
on CAM particles. Such protective coating materials including LiNbOs, LisTisO12, LiTaOs,

Li2ZrOs, LisBO3-Li2CO3 have been shown to reduce the interfacial resistance growth %98
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However, these coating materials generally exhibit low ionic conductivity < 10 S.cm™, which
significantly reduce the cell performance at high current density. Furthermore, forming a thin
homogeneous coating layer on the CAM surface is hard to achieve. Typical cathode composite
consists of only SE and CAM without the addition of other electronic conducting material such
as carbon, as the addition of carbon also leads to the SE decomposition at high potential. Thus,
the electronic insulating coating on CAM particles will block the electronic conducting
pathway through the contact between CAM particles within the cathode composite. Although,
during the initial mixing of CAM and SE, a certain degree of the coating will break which lead
to some electronic conducting pathway between CAM particles. The limit electronic
conducting and Li ion conducting pathway significantly limit the cell performance especially
for high loading cells and high-rate performance. For oxide SEs, even though oxide SEs exhibit
high oxidative stability which is compatible with typical high voltage cathode materials. Due
to its intrinsic mechanical rigidness nature of oxide materials, simple mixed CAM and oxide
SE exhibits poor contact. High temperature sintering to improve the contact will induce side
reactions between CAMs and oxide SEs. Furthermore, typical cathode materials suffer from
volume change during cycling, which will unavoidably lead to contact loss between SE and
cathode material during cycling. Upon continuously cycling, the volume expansion and

contraction can cause pulverization of cathode composite which leads to cell failure.
Anode / Solid Electrolyte Interface

As above-mentioned, almost all SE materials are not stable with Li metal, besides
garnet LLZO. Oxide and chloride SE materials contain metal cation which can be easily

reduced by Li metal. Sulfide SE materials are also not stable with Li metal, but form a quasi-
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stable interface, such as for LisPSsCl, which consists of Li2S, LiCl, LisP.88 Although garnet is
stable with Li metal, garnet LLZO is not stable with moisture and COz, which forms Li2COs
and LiOH on the surface. As a result, LLZO is not wetting well by Li metal. Poor physical
contact also leads to high interfacial resistance.®® A lot of work has been done focusing on
improving the interfacial stability and lowering the interfacial resistance between garnet and

Li metal.

The low Coulombic efficiency and volumetric expansion due to Li dendrite growth is
another major challenge for ASSBs. Inorganic SEs with high elastic moduli have been believed
to suppress Li dendrite growth. However, multiple groups have reported Li dendrite formation
caused short circuits at even low current density. 19 Depends on the surface defects such as
crack and current density, plated Li infiltrates the cracks and penetrates through grain boundary
for polycrystalline material or cracks caused by Li plating which leads to short circuit.1%> 103
Recent work shows Li plating results in the formation of propagating cracks, then Li
infiltration.’®* And they also show Li stripping leads to void formation at the interface and
accumulate on cycling. During plating, the increased local current density at the interface leads
to dendrite formation, short circuits, and cell failure.8% The critical current density for void

formation is pressure dependent, higher pressure leads to higher critical current density.
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However, due to the soft nature of lithium metal, higher pressure can directly lead to Li

penetration through SE layer.1%
Thin Solid Electrolyte Separator Layer

Most of the current reported bulk type ceramic ASSBs use simply cold pressed thick
SE layers ~ 1 mm as separator which significantly lower the energy density of ASSBs. To
increase the energy density of ASSBs, a thin layer of SE (10-20 um) is necessary.%-1% The
previously reported SE thin layers are typically a composite of inorganic SE, polymer, and
maybe Li salt in liquid electrolyte for flexibility.1%13 However, such a thin SE layer cannot
sustain high current density Li stripping/plating due to dendrite formation. Further
understanding on the defect generation process during Li stripping/plating with a thin SE layer
is needed or a protected Li metal anode is necessary to be compatible with such thin film SEs
to suppress Li dendrite formation and growth. Finding an environmental-friendly thin film
processing method with proper inorganic SE and polymer and potentially Li salt with liquid
electrolyte to suppress Li dendrite is another major challenge facing the commercialization of

ASSBs.
Mechanical Failure

The volume change from CAMs and Li metal anode during cycling will unavoidably
lead to contact loss between SE/CAM and void formation at the anode interface. One obvious
method to suppress this problem is to apply high pressure during cell cycling. However, high

pressure can lead to Li penetration and thus cell short circuit. Thus, it is also essential to explore
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new CAMs which exhibit minor volume change during Li extraction and insertion and other

high specific capacity anode materials which can sustain high pressure.

1.4 Summary

ASSBs utilizing Li metal anode have the potential to enable improved cell performance,
safety, potentially lower cost compared to conventional LIBs, which are critical for electric
vehicle applications. In spite of these inimitable advantages, there is still a long way for the
practical application of ASSBs. The above-mentioned challenging facing ASSBs includes the
sluggish Li ion diffusion in SEs and active material / SE interfaces; continuously interface
growth at cathode and anode interface; limit electrochemical window; contact issues;

instability at ambient condition.

SEs with ultra-high ionic conductivity (i.e. superionic conductors, > 10 mS.cm? at
room temperature) are the key component of ASSBs necessary to achieve fast charging-
discharging and high energy densities.*'* Such high ionic conductivity is needed to enable thick
electrode configurations with high CAM loading, allowing for good percolation and ionic
transport in composite electrodes.!** 15 Thus, it is essential to focus on the discovery and
design of new SE materials which fulfill the requirements for ASSBs. Single material fulfills
all the requirements is hard but developing materials for each part of ASSBs including cathode
composite, separator layer, and anode is possible. With the discovery of new SE materials, it
is also important to gain a better understanding of the Li ion diffusion mechanism in inorganic
SEs to provide guidance for the future development of new SE materials. Understanding the
interface growth at cathode and anode interface is also essential to improve cell performance,

especially for high current density and high loading cells. The continuous Li ion blocking
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interface formation caused by the limit chemical and electrochemical stability can lead to
significantly increased cell internal resistance, thus fast discharge capacity fading. Either
finding SE materials which are chemical and electrochemical stable towards electrode
materials or a thin cathode coating and artificial SEI on Li metal is essential for improving cell

performance.

The mechanical problem caused by the volume change of CAMs and Li metal requires
further exploration of cathode active materials which exhibit minor volume change during Li
extraction/insertion, new anode architecture which can sustain Li volume change, and
potentially other high-capacity anode materials such as silicon. Since silicon possesses high
rigidness, ASSBs combining Si anode with typical cathode materials which suffer from volume

changes can suppress the mechanical failure by applying high pressure during cycling.

1.5 Scope of the Thesis

This thesis presents a thorough investigation on the synthesis, characterization,
electrochemical performance of novel Li fast ion conductors and understanding the
fundamental structure - ionic transport relationships in ionic conductors, and developing high
energy density and long-lasting ASSBs, and understanding the critical requirements for ASSBs

operations.

Chapter 1 gives a general introduction and overview of pertinent research that has
been conducted in the past decades on Li ion conductors and ASSBs. Parts of this chapter have
been published as: L. Zhou, N. Minafra, W. G. Zeier, L. F. Nazar, Innovative approaches to

Li- Argyrodite solid electrolytes for all-solid-state lithium batteries. Acc. Chem. Res., 2021,
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54, 2717-2728, Copyright © 2021 American Chemical Society, reproduced with permission

from American Chemical Society.

Chapter 2 describes the research experimental methods and characterization
techniques that are employed in this thesis. Parts of this chapter have been published as my
master thesis: L. Zhou, Synthesis and Characterization of New Solid-State Li-Superionic

Conductors. UWSpace, 2017, http://hdl.handle.net/10012/12617, reproduced with permission

from UWSpace.

Chapter 3 reports a family of lithium fast ion conductors, Liz+xSixP1-xS4, that exhibit
an entropically stabilized structure type in a solid solution regime (0.15 < x < 0.33) with high
ionic conductivity above 1 mS.cm™. Exploration of the influence of aliovalent substitution in
the thermodynamically unstable B-LisPS4 lattice using a combination of single crystal X-ray
and powder neutron diffraction, the maximum entropy method, and impedance spectroscopy
reveals that substitution induces structural splitting of the localized Li sites, effectively
stabilizing bulk B-LisPS4 structure at room temperature and delocalizing Li ion density. The
optimal material, Lis.25Sio.25P0.75S4, exhibits inherent entropic Li site disorder and a frustrated
energy landscape, resulting in a high ionic conductivity of 1.22 mS.cm™ that represents three
orders of magnitude increase compared to bulk B-LisPS4 and one order of magnitude higher
than the nanoporous B-LisPSa4. The enhanced Li ion conduction and lowered activation barrier
with increasing Li site disorder as a result of aliovalent ‘tuning’ reveal an important strategy
toward the design of fast ion conductors that are vital as SEs. The work has been published as:
L. Zhou, A. Assoud, A. Shyamsunder, A. Hug, Q. Zhang, P. Hartmann, J. Kulisch, L. F. Nazar,

An entropically stabilized fast-ion conductor: Lis.2s[Sio.2sP0.75]S4. Chem. Mater., 2019, 31,
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7801-7811, Copyright © 2019 American Chemical Society, reproduced with permission from

American Chemical Society.

Chapter 4 shows a new family of argyrodite lithium superionic conductors, as solid
solutions Lis+xMxSb1xSsl (M = Si, Ge, Sn), that exhibit superionic conductivity. These
represent the first thioantimonate argyrodites to date. Exploration of the series using a
combination of single crystal X-ray and synchrotron/neutron powder diffraction, combined
with impedance spectroscopy, reveals that an optimal degree of substitution (x), and
substituent induces slight S%/1" anion site disorder - but more importantly drives Li cation site
disorder. The additional, delocalized Li ion density located in the new high energy lattice sites
serves as intermediate interstitial positions for Li ion diffusion and activates concerted ion
migration, leading to a low activation energy of 0.25 eV. Excellent room temperature ionic
conductivity of 24 mS.cm™ is achieved among the highest values reported to date. This enables
prototype ASSBs that exhibit promising properties. Furthermore, even at -78 °C, a suitable
bulk ionic conductivity of the SE is retained (0.25 mS.cm™). Selected thioantimonate iodides
also demonstrate good compatibility with Li metal, sustaining over 1000 h of Li
stripping/plating at current densities up to 0.6 mA.cm™. The significantly enhanced Li ion
conduction and lowered activation energy barrier with increasing Li site disorder represents an
important strategy toward the development of superionic conductors. The work has been
published as: L. Zhou, A. Assoud, Q. Zhang, X. Wu, L. F. Nazar, New family of argyrodite

thioantimonate lithium superionic conductors. J. Am. Chem. Soc., 2019, 141, 19002-19013,
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Copyright © 2019 American Chemical Society, reproduced with permission from American

Chemical Society.

Chapter 5 shows a new chloride Li fast ion conductor, Li2Sc2/3Cls, that crystallizes in
a disordered spinel structure, and exhibits an ionic conductivity of 1.5 mS.cm™ with a low
activation energy barrier of 0.34 eV for Li ion diffusion. Structural elucidation via powder
neutron diffraction reveals a significantly disordered Li ion distribution over available
tetrahedral and octahedral sites within the lattice, forming an infinitely 3D connected Li ion
diffusion pathway comprised of face-sharing octahedra and tetrahedra. Due to the high
oxidative stability of Li2Sc23Cls, ASSBs employing Li2Sc23Clsa and high voltage cathodes
(LiCoO2, NMC622, or NMCB85) without any coating - exhibit excellent electrochemical
performance up to 4.6 V in terms of capacity retention and cycle life. The work has been
published as: L. Zhou, C. Y. Kwok, A. Shyamsunder, Q. Zhang, X. Wu, L. F. Nazar, A new
halospinel superionic conductor for high voltage all solid state lithium batteries. Energy
Environ. Sci., 2020, 13, 2056-2063, Copyright © 2019 Royal Society of Chemistry, reproduced

with permission from the Royal Society of Chemistry.

Chapter 6 presents a new family of soft lithium mixed-metal chlorospinel,
Li2InxSco.ss6xCla (0 < x < 0.666), with high ionic conductivity (up to 2.0 mS.cm™) owing to a
very disordered Li ion distribution and ASSBs with exceptional electrochemical performance.
They exhibit excellent interfacial stability against un-coated high voltage cathode materials
(up to 4.8 VV vs Li*/Li). As a result, catholyte-engineered ASSBs utilizing NMC622 or NMC85
as cathode materials exhibit superior rate capability and long-term cycling (up to 4.8 V vs

Li*/Li) compared to state-of-the-art ASSBs. The NMC85 ASSB exhibits an exceptionally long
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life - > 3000 cycles - with 80 % capacity retention at room temperature, and high cathode
loadings provide stable capacity retention of > 4 mAh.cm? (~ 190 mAh.g%). The work is
current under review: L. Zhou, C. Y. Kwok, S. Kim, A. Assoud, Q. Zhang, L. F. Nazar, High-
areal capacity, long cycle-life 4 V ceramic all solid-state Li batteries. Nat. Energy 2021, in

press.

The final chapter summarizes the work of the entire thesis and proposes potential

further directions of the Li ion conducting SEs and ASSBs.
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Chapter 2. Methods and Techniques

2.1 Solid Electrolyte Synthesis

SEs in this thesis are synthesized through the traditional solid state synthesis method.
Solid state synthesis consists of two steps: mixing of precursors and then pressing into pellets,
followed by heat treatment. At high temperatures, the thermal energy drives atoms to rearrange
themselves to form the most thermodynamically stable products. Since simple hand grounding
only provides limited contact between different precursors, thus the number of nucleation sites
for final products is low. As a result, solid state synthesis usually requires a long time sintering
to achieve phase-pure final products. Since both sulfide and chloride materials in this thesis
are moisture sensitive, the mixed precursor pellets are sealed in quartz tubes under vacuum to
avoid any reaction with moisture. For sulfide materials, a glassy carbon crucible is used to
avoid reactions between sulfides and quartz tubes at high temperatures. All processing steps

are conducted in Argon glovebox with low oxygen and moisture level (< 0.5 ppm).

2.2 Diffraction Techniques
2.2.1 Lab and Synchrotron Powder X-ray Diffraction

Powder X-ray diffraction is the most commonly used technique to identify phase
composition and analyze crystal structure. X-ray with wavelength 0.01 - 10 nm can be
diffracted by the repeated atom planes, as it is in the same range as the atomic distance in a
crystal. Bragg’s law is used to explain the appearance of a unique diffraction pattern which

identifies a specific structure, as shown in Equation 2.1:
ni=2d - sin © Equation 2.1
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Figure 2.1 Schematic of Bragg’s law, Reproduced from Ref. 116, CC BY-NC 4.0.

where O is the angle between the incident X-ray beam and the respective imaginary parallel
planes, A is the X-ray wavelength, and d represents the distance between crystallographic
planes, as shown in Figure 2.1. The basic idea is that X-ray beams scattered from successive
planes in the crystal will travel distance differing by exactly one wavelength (for the case of
n=1). At the angle ©, X-rays scattered from successive planes will interact constructively when
they eventually reach the X-ray detector. As powder sample contains millions of single crystals
that are oriented differently, diffraction beams are going towards all the directions obeying
Bragg’s law which results in the diffraction pattern. As X-ay is scattered by electron clouds
around the atoms, the intensity of the diffraction beam directly correlates to the number and
position of electrons. The intensity of the peaks is related to the structure factor (F) via the

following Equation 2.2:

I=A-F? Equation 2.2
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Where A includes other factors such as polarization, absorption, and temperature. Thus, the

XRD pattern can be used to evaluate the crystal structure information.

Lab XRD patterns in this thesis were collected using a PANalytical Empyrean with
P1Xcel®P detector operating at 45 kV and 40 mA with Cu Ka (A = 1.5405 A) radiation. Air
sensitive samples were applied on a silicon zero background holder and a protective Kapton
film was sealed with vacuum grease on the top to allow X-ray penetration, while avoiding
exposure to air and moisture during measurement. For overnight scans, the powder samples
were packed into glass capillary tubes (0.3 or 0.5 mm diameter) sealed under Argon
atmosphere with an acetylene oxygen torch. In this thesis, the Bragg-Brentano geometry

(Figure 2.2a) was used for the short scans, long scans were conducted in Debye-Scherrer

geometry (Figure 2.2b).
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Figure 2.2 Schematic diagram of (a) Bragg-Brentano and (b) Debye-Scherrer geometries.

Synchrotron X-ray is produced from forcing high energy accelerated electrons to travel
in a curved path by a magnetic field. This results in a more intensity, tunable energy
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(wavelength) X-ray compared to laboratory X-ray which was generated by the photoelectron
effect of a metal target hit by electrons. Thus, synchrotron XRD offers a better resolution,
signal-to-noise ratio, and a more well-defined peak shape. Synchrotron XRD patterns in this
thesis were collected on the Canadian Macromolecular Crystallography Facility beamline at
the Canadian Light Source. The samples were sealed in 0.5 mm glass capillaries under Argon
atmosphere and data were collected at a wavelength of an energy 18 keV (0.68916 A).

Refinement of the XRD patterns was performed by using the software of GSAS 11117,

2.2.2 Time-of-Flight Power Neutron Diffraction

As the beam of neutrons also has the wave character, it can be diffracted by atomic
planes in crystals, following Bragg’s Law. Since X-ray is scattered by the electron clouds
around the atoms, it is not sensitive to light atoms, such as Li. Unlike X-ray, neutron interacts
with the nucleus instead of electrons. The contribution to the diffracted intensity and scattering
length of neutron diffraction varies from isotope to isotope, rather than linearly with the atomic
number for X-ray. Typically light atoms contribute strongly to the diffracted intensity. Thus,
neutron powder diffraction is essential to accurately determine the site and occupancy of light

atoms, such as Li in this thesis.

Instead of fixing A and changing © in XRD or constant wavelength neutron diffraction,
various wavelengths neutron with fixed diffraction beam angle is applied to sample in time-
of-flight neutron diffraction (TOF-ND). By fixing the initial and final position of neutrons and
measuring the time that the neutron is detected, the time (t) of neutrons travel a fixed path
length (L) gives its velocity (v = L / t). Based on the de Broglie equation (A = h / mv) where h

is Planck’s constant and m is the mass of neutron, combining with Bragg’s law gives:
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A=ht/mL =2d - sin© Equation 2.3

Thus, d spacing is proportional to time. The resolution and signal-to-noise ratio of ToF-ND

can be optimized by changing the scattering angle.

The ToF-ND patterns in this thesis were carried in POWGEN beamline at Oak Ridge
National Laboratory. Refinement of the ToF-ND patterns was performed by using the software

of TOPASG.

2.2.3 Single Crystal X-Ray Diffraction

Since the neutron beamtime is often unavailable or requires a long waiting time before
proposals get approved, single crystal X-ray diffraction is initially used to solve crystal
structures in this thesis. Unlike powder XRD which is a bulk characterization technique
provides additional information about the samples, such as crystallinity, single crystal X-ray
diffraction just provides crystal structure and is the most common way to precise resolve

crystal structure.

The single crystal diffraction in this thesis was carried out using Bruker APEX Il
diffractometer equipped with a SMART APEX Il CCD, utilizing graphite-monochromated
Mo-Ka radiation (0.71073 A). The crystal was protected by Paratone-N oil and a liquid
nitrogen flow using an OXFORD Cryostream controller 700 at the desired temperature (< 300
K) to ensure no reaction of the materials with moisture occurred. The data were collected by
scanning o in a few groups of frames at different ¢ and an exposure time per frame. The data
were corrected for Lorentz and polarization effects. Absorption correction was carried out

using the empirical multi-scan method SADABS part of Bruker suite. Cell_now software was
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used to check for potential twinning and indexing the unit cell reflections with I/sigma below
5 to check for a possible supercell. The structure was solved by direct method to locate the
atom positions. These positions were then anisotropically refined using the least-squares
method incorporated in the SHELXTL package. The program Tidy was used to standardize

the atomic positions.

2.3 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

Scanning Electron Microscopy (SEM) is used to visualize the micro/nanostructural
morphology and the distribution of elements on the surface of a solid sample. In a typical SEM,
a focused primary electron beam with an energy ranging from 0.2 keV to 40 keV hits the
specimen surface, thus generating secondary electrons, backscattered electrons, transmitted
electrons, and characteristic X-rays (fluorescence), as shown in Figure 2.3. They are detected
by specialized detectors. Due to the repeated random scattering and absorption of primary
electrons, their interaction with sample atoms only occurs within a certain depth which forms
a teardrop shape (Figure 2.3a). A few interactions would take place together. Loosely bond
electrons are ejected by collisions with incoming electrons and form secondary electrons. Their
energies are typically low, so they only occur near the surface of the specimen (~ 10 nm depth)
and the deeper ones are absorbed on their way out. Meanwhile, the incident electrons are
elastically scattered by the specimen, which are called backscattered electrons (BSE). Heavier
elements scatter more strongly than lighter ones. Thus, the BSE provides information about
the atomic number and phase difference. With much larger energies than secondary electrons,
deeper BSE (1~3um depth) can also be detected. However, the spatial resolution of the BSE

images is worse, due to the teardrop shape of the interaction volume. When a secondary
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electron is generated, a shell electron with relatively low binding energy is excited and leaves
an empty electron site behind. Consequently, one electron from the outer shell will jump into
the low energy empty site with the excessive energy released by emitting X-ray. The energy
of the X-ray depends on the orbital energies involved and thus that is used for identifying

elements for energy dispersive X-ray spectroscopy (EDX).

SEM images and EDX measurement in this thesis were carried out on a Zeiss Ultra

Plus field emission SEM equipped with an EDX detector.
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Figure 2.3 Schematic diagram of (a) teardrop shape of the interaction volume in SEM,
Reproduced from Ref. 18 CC BY-SA 4.0. and (b) different types of interaction between the
incident electron beam and specimen.

2.4 Electrochemical Techniques
2.4.1 Electrochemical Impedance Spectroscopy

Impedance is a measurement of the circuit characteristic to impede the flow of electrons
through the circuit. Electrochemical impedance measurements are normally conducted by
applying an AC potential to an electrochemical cell and measuring the responding current
through the cell over a wide frequency range. Assume that a sinusoidal potential excitation is

applied, the response to this potential is an AC current which can be analyzed as a sinusoid at
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the same frequency but shifted in phase. The excitation potential is usually small to ensure the
cell’s response is pseudo-linear. The expression of the impedance Z(w) is presented in

Equation 2.3.
Z(w)=E/1=2Zoexp (j $) = Zo(cos ¢ + j sin d) Equation 2.3

Where  represents the radial frequency, ¢ is the shift in phase, j =V'1, and Zo is the amplitude

of the impedance.

The expression of Z(w) is composed of a real (Zocos ¢) and an imaginary part (Zosin
$). Among various ways to present the data, the Nyquist plot is commonly used in the battery
field by plotting the real part on X-axis and the imaginary part on Y-axis. The Nyquist plot
usually consists of single or multiple semicircles at high frequencies (charge transfer process),

followed by an inclined line at low frequencies (diffusion limit).

For the impedance measurements on a SE, three semicircles correspond to resistance
and capacitance of the bulk, the grain boundary resistance of the electrolyte, and the
electrolyte/current collector interface will appear on the high frequencies and normally they
form a single semicircle at room temperature. The total impedance of the SE is the sum of the
abovementioned three semicircles resistance. And the straight line at low frequencies
corresponds to diffusion limit at electrode/SE interfaces. For SEs with high ionic conductivity,
the semicircle is normally not well defined or not observed in the measurements, the resistance
value can be extrapolation of the linear part to the X-axis. The corresponding ionic conductivity

can be obtained following Equation 2.4:

c=d/xarR Equation 2.4
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where d is the thickness of the SE pellet and r is the radius of the SE pellet, R is the resistance
from EIS measurement. The ionic conductivity and temperature are related by the Arrhenius

equation:
oc=Aexp (-Ea/RT) Equation 2.5

where A is the pre-exponential factor, Ea is the activation energy for ion diffusion, R is the
ideal gas constant and T is the temperature in Kelvin. Plotting In (cT) vs 1/T gives the
activation energy for Li ion diffusion. Thus, EIS measurements on SEs are conducted over the

temperature range 25 °C to 60 °C to derive activation energy.

The impedance measurements on ASSBs at different states of charge/discharge or
different cycles can be conducted to monitor interfacial resistance growth during cell cycling.
Semicircles observed can be attributed to bulk ionic conductivity of SE/electrode materials,

cathode/SE, and anode/SE interfaces.

In this thesis, EIS measurements were performed on VMP3 potentiostat/galvanostat
station with EIS capabilities (Bio-Logic Science Instruments). For SE EIS measurements,
typically, 100 - 300 mg of the SE powder was placed between two Ti rods and pressed into a
10 mm diameter pellet by a hydraulic press at 3 tons for 3 min in an Argon glovebox. EIS
experiments were performed with 100 mV constant voltage within a frequency range of 1 MHz
- 100 mHz. For activation energy measurements, 100 - 300 mg of the SE powder was placed
between two Ti rods and pressed into a 10 mm diameter pellet by a hydraulic press at 3 tons
for 3 min in a custom-made Swagelok cell, and the pellet was placed between two indium foils

in order to maintain a good interface as the temperature varies or the cell was placed in a special
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cage which maintains the high applied pressure. The impedance was measured from 35 MHz
- 100 mHz at temperatures ranging from 30 to 60 °C. Low temperature EIS measurements
were conducted at -78 °C by placing the cell in a cooling bath (dry ice + acetone) for about
half an hour or until the temperature fully stabilized, and impedance measurements were then
conducted from 35 MHz to 100 mHz with 100 mV constant voltage using the MTZ-35

impedance analyzer (Bio-Logic Science Instruments).

2.4.2 Linear Sweep Voltammetry

Linear sweep voltammetry (LSV) is a potentiodynamic technique where the potential
is swept at a constant scan rate. The potential is swept only in one direction in order to study
one reaction. It is used in this thesis to study the oxidative potential window of SEs. LSV was
performed with a two-electrode cell setup consisting of a working electrode and Li-In alloy as
the counter and reference electrode. The cathode is a mixture of SE and carbon (Super P).
Since SE is electronic insulating, carbon is added to improve the electronic percolation within
the cathode composite. The experiments were conducted with VMP3 potentiostat/galvanostat

station (Bio-Logic Science Instruments).

2.4.3 Galvanostatic Charge/Discharge

Galvanostatic cycling is a typical electrochemical cycling method where a constant
current is applied to a cell until a certain amount of charge has been passed or reaching a cut-
off voltage. Typically, negative current forces discharge a cell and positive current forces

charge a cell.
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Galvanostatic cycling is usually used to study the specific capacity, rate capability,
capacity retention, and cycle life of an electrode active material. By applying a constant
current, the electrode (active materials) is oxidized/reduced with cation de/insertion. The
corresponding voltage response could be either a linear increase/decrease with respect to
capacity, which corresponds to a solid solution de/insertion mechanism, or a flat plateau which
results from a two-phase reaction. Approaching the capacity limit will lead to a dramatically
faster voltage increase/decrease. The current applied for cycling is defined by “C-rate”. The
“C” is related to the specific capacity (Q) of the materials which is related to the molar mass

(Mw) of the compound and can be calculated from:
Q=nF/3.6Mw (mAh/g) Equation 2.6

where F is the Faraday’s constant, n is the number of electrons transferred. 1C rate means
charging and discharging the cell in one hour, respectively. C/x rate means charging and

discharging the cell in x hours, respectively.

The electrochemical cycling in this thesis was carried out with two electrodes
configuration. The cell consists of a cathode (cathode active material mixed with SE) and an
anode (typically Li-In alloy) which is separated by a layer of SE. The measurements were
carried out using VMP3 potentiostat/galvanostat station (Bio-Logic Science Instruments) at a

specific C-rate and proper voltage window.
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Chapter 3. An Entropically Stabilized Fast Ion Conductor: Lisz.25sSio.25Po.75S4

3.1 Introduction

Among the above-mentioned thiophosphates (Section 1.3.2.2), LisPSs and its
derivatives are one of the first reported sulfide SEs with high ionic conductivity. Stabilization
of the high-temperature conductive B-LisPS4 structure at room temperature attracts great
attention. The efforts were devoted to the substitution of various elements in the LisPS4
structure, to achieve high room temperature conductivity. As far back as 2002, Kanno et al
reported on partial replacement of P°>* with Ge** to form Lis+xGexP1-xSa, where the composition
at Liz.25Geo.25P0.75S4, showed the highest ionic conductivity (¢ = 2.2 mS.cm™).% Kawamoto et
al reported thio-LISICON Lis+xSixP1xSa with maximum ionic conductivity of 0.64 mS.cm™ at
x = 0.4.%8 In both papers, the crystal structures of the Ge and Si substituted phases were indexed
to a superlattice of the corresponding parent monoclinic LisSiS4 phase and orthorhombic
LiaGeSa phase, although no structural data were reported. An ‘orthorhombic modification’ of
Lis+xSixP1-xS4 was also alluded by Lotsch et al, but no details were provided on lattice

parameters, structure, or conductivity.®

Herein, we report on a family of orthorhombic Lis«xSixP1xS4 compositions. Using a
combination of direct method structure solution allowed by single crystal X-ray diffraction,
combined with powder neutron diffraction and the maximum entropy method (MEM) that
reveals pathways for lithium transport, we identify the fundamental structural changes created
by the incorporation of Si and Li into the lattice. Effectively, this stabilizes the -LisPSa
structure at room temperature, but one in which importantly significant Li site disorder is

induced. We correlate this to the changes in Li site energy and the Li ion diffusion energy
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landscape. With increasing (Li* + Si*") content (X) in Liz+SixP1xSs over a limited
compositional range (0.25 < x < 0.50), the three independent sites that Li occupies each are
split in two, positioned about 1 A apart. The Li ion disorder over these split sites leads to a
frustrated energy landscape and partial vacancies, as Li ions can occupy either site, but not
simultaneously. The Li site disorder is experimentally correlated to a decrease in activation
energy for Li ion transport. The highest room temperature conductivity of 1.22 mS.cm™ is
achieved for Lis.2sSio.25P0.75S4, which represents an order of magnitude increase compared to
the nanoporous B-LisPSa4, and three orders higher than the extrapolated value of the bulk -
LisPSs. With higher (Li* + Si*") content, the Li site splitting partly disappears, accompanied
by a decrease in conductivity. Owing to its extensive site disorder, it is an example of an
entropically stabilized chalcogenide, akin to entropically stabilized oxides.**® This work proves
that deliberately inducing disorder in materials to generate frustrated energy landscapes in SEs

is a fruitful strategy to enhance ionic conductivity.

Dr. Abdeljalil Assoud performed the single crystal X-ray diffraction and structural
resolution. Abhinandan Shyamsunder performed the MAS NMR measurements. Dr. Ashfia

Hug and Qiang Zhang performed the powder neutron diffraction measurements.

3.2 Experimental Approaches

3.2.1 Material Synthesis
Li2S (99.98%, Sigma-Aldrich), P2Ss (99%, Sigma-Aldrich), Si (99%, Sigma-Aldrich),
and sulfur (99.5%, Sigma-Aldrich) were mixed together in a mortar at the targeted ratio, and

5 wt % excess sulfur was added to fully oxidize the Si. The mixture was pelletized and placed

41



in a glassy-carbon crucible in a sealed quartz tube under vacuum. The sample was heated to
750 °C, slowly cooled to 725 °C over the period of 18 h, and then cooled to room temperature
with a ramp rate of 5 °C.min. The final product was gently separated to find single crystals
suitable for single crystal X-ray diffraction. The remaining crystals, or those from subsequent
synthesis preparation, were crushed into a polycrystalline powder for powder X-ray diffraction
to check their purity and also for neutron diffraction, NMR, and impedance spectroscopy

analysis.

3.2.2 Single Crystal Diffraction and Structure Resolution

Several colorless plate-shaped single crystals of Lis.1sSio.15P0.85S4, Liz.25Si0.25P0.75S4,
Li3.33Si0.33P0.67S4, Li35Si05P05S4, Lis67Sios7P0.33S4, and LissSio.sPo.2Ss with dimensions of
approximately 0.150 x 0.080 x 0.020 mm? were scanned to determine their quality. Multiple
data sets were collected for each composition and gave exactly the same results. The data were
collected at 280 or 180 K by scanning ® and ¢ of 0.3° or 0.5° in a couple of groups of frames
at different ® and ¢ and an exposure time of 30 or 60 s per frame. The structure was solved
using direct methods to locate the positions of P/Sil, S1, S2, and S3 atoms. First, these 4
positions were anisotropically refined using the least-squares method incorporated in the
SHELXTL package, and then the Li positions were located in the remaining electron density
in the Fourier map, which revealed Li-S bonds very similar in nature to those found in binary
and ternary Li sulfides. Subsequently, the Li site occupancies were freely and anisotropically
refined. Since it is difficult to distinguish between P and Si using X-ray scattering and the

powder data revealed phase-pure samples, the P/Si ratio was fixed to the target stoichiometry.
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3.2.3 Neutron Diffraction

The ToF powder neutron diffraction pattern of Liz25Sio.2sPo.75S4 was measured at 300
and 180 K, and a single bank wave with center wavelengths of 2.665 A was used. With the
structure factors obtained from Rietveld refinements, the nuclear densities were analyzed by
the Maximum Entropy Method (MEM). Since only lithium possesses a negative scattering
length in Lis.2sSio.25P0.7sS4 (bLi = -1.9 fm), the nuclear density map is limited to the negative
part only. Reconstruction of the three-dimensional (3D) nuclear density map using the MEM
was performed using Dysnomia software!?® which visualizes the Li nuclear density and

provides Li-ion diffusion pathways in Lis.25Sio0.25P0.75S4.

3.2.4 Nuclear Magnetic Resonance Spectroscopy: Solid State MAS 2°Si and 3!P

Samples were filled in @ 4 mm zirconia rotor inside the glovebox with a loading of
approximately 80 mg. 3P MAS NMR measurements were obtained at 11.7 T and 295 K on a
Bruker Avance 500 MHz spectrometer operating at 202 MHz at spinning rates of both 5 kHz
and 6 kHz to determine the spinning side bands. The spectra were referenced using an external
sample of solid ammonium dihydrogen phosphate which has an isotropic 3P chemical shift of
§ = +0.81 ppm. 2°Si MAS NMR measurements were obtained using the same instrument
operating at 100 MHz at a spinning rate of 6 kHz. The spectra were referenced to tetramethyl

silane (6 = 0 ppm).

3.2.5 Bond Valence Site Energy (BVSE) Calculations

BVSE calculations were performed with the SoftBV program,*?* using the single
crystal structural model as input and the SoftBV bond valence parameter set'?? developed by

S. Adams. In this approach, Li-ion site energies are calculated for a dense grid of points with
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a resolution of 0.1 A covering the crystal structure using the transferable Morse-type softBV
force field. Li-ion diffusion pathways are identified with the regions of low bond valence site
energy. BVSE maps with isosurface levels 0.54 eV over global minimum are shown which
provide an indication of Li-ion diffusion pathways. The reported nanoporous B-LisPSa
structure determined from powder neutron diffraction was used as the input structure for the

BVSE calculations.'®

3.3 Structural Characterization: Liz25Sio.25P0.7554
3.3.1 Single Crystal X-Ray Diffraction

The structure of orthorhombic Lis.25Sio.25P0.75S4 determined from single crystal XRD
measurements is depicted in Figure 3.1 a, ¢, and the crystallographic details are summarized
in Table 3.1 and Tables A3. The unit cell was indexed in the orthorhombic space group Pnma
with a = 13.158(2) A, b = 8.029(1) A, and ¢ = 6.129(1) A. The framework is related to that
reported for ‘single crystal p-LisPS4’ (Figure 3.1b, d; Pnma; a = 13.066(3) A, b = 8.015(2) A,
and ¢ = 6.101(2) A, see Table 3.2 for comparison);*>* however, we note that the latter structure
was very likely stabilized with a low fraction of Si substitution via reaction with the quartz
tube at 950 °C, because the pure B-phase is certainly not stable at the ambient temperature

where the crystallographic study was conducted.*?*

The important difference on substitution of 0.25 (Li* + Si**) for P>* is that the three Li
positions in B-Li3sPS4 [tetrahedral Li(1) on the 8d site); octahedral Li(2) on the 4b site; and
tetrahedral Li(3) on the 4c site] are each split into two L. sites in Lis.25Sio.25Po.75S4 that are each

separated by about 1 A (see Figure 3.1a). These split sites cannot be simultaneously occupied
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within each pair due to proximity. All attempts to refine the structure with a large anisotropic
thermal parameter (as used to model positional disorder in ion conductive y-phases such as
LizsGeosVo5041% and related Li ion defect clustered interstitial solid solutions?®) on any of
the sites did not result in a converged solution; therefore, a two-site model was necessary. That
further confirms these are true ‘split sites’ that are equivalent to a highly smeared-out Li ion
distribution. Inspection of the Lis.2sSi0.25P0.75S4 framework, Table 3.1 and 3.2 and Figure 3.2,
reveals that the octahedral Li(2) on the 4b site in B-LisPS4 shifts slightly to form octahedral
Li(2) on an 8d site in the Si-substituted material. Because this position (the original 4b site)
lies on an inversion center, the new site (8d site) is split into two positions 1.02 A apart with
equal fractional occupation due to symmetry (Figure 3.2a). These highly delocalized

octahedral sites are connected to each other via edge sharing to form a one-dimensional LiSe

Figure 3.1 (a) Structure of orthorhombic Li3.25Si025P0.75S4 from single crystal data and (b)
structure of B-Li3sPS4 along [010]; view along [001] of (c) Li3.25S10.25P0.75S4 and (d) B-Li3PS4;
[P/S1]S4 (violet) tetrahedra, Li(8d)-1A/B (turquoise), Li(8d)-2 (blue) in Li3.25Si0.25P0.75S4 /
Li(4b)-2 (blue) in B-Li3PSa4, Li(4c)-3A/B (green), and S (yellow).
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Table 3.1 Atomic coordinates, occupation factors, and equivalent isotropic displacement
parameters of orthorhombic Lis.2sSio.2sP0.7554 obtained from single crystal X-ray diffraction at

280 K, refined composition Liz.274(20)Si0.25P0.75S4.

Atom | Wyck. | x % z Occ. Ueq (A?)
site
LilA | 8d 0.3299(2) 0.0305(4) 0.3846(5) 0.912(6) 0.0402(8)
LilB |8 |03342) |0012(4) |02186) |0.088(6) | 0.0402(8)
Li2 |8  |00061(5) |0.0447(8) |0.5572(9) |0457(10) | 0.046(2)
Li3A | 4c 20.0793) | 0.25 20.178(18) | 0.20(5) 0.072)
Li3B |4c  |-0071(3) | 025 20.312(13) | 0.16(5) 0.047(15)
Pl |4c | 0.087293) |0.25 0.15622(6) | 0.75 0.01522(11)
Sil 4c 0.08729(3) | 0.25 0.15622 (6) | 0.25 0.01522(11)
S1 8d 0.15281(2) | 0.03571(4) | 0.27631(5) |1 0.02359(10)
2 [4c  [-006191) |025 0.2684(1) |1 0.01986(11)
S3 |4c  |0.10084(4) |0.25 20.17765(7) | 1 0.02334(12)

Table 3.2 Comparison of the atomic coordinates, occupation factors, and isotropic
displacement parameters of 3-Li2.96(12)PS4 from single crystal X-ray diffraction reported in Ref
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Atom | Wyck. | x ¥ z Occ. Ueq (A?)
site
Lil |84 |03322) |00335) |0386(5) |1 0.0709
Li2 4b 0 0 0.5 0.68(12) 0.1013
Li3  |4c  |-0074(11) |025 20.306(29) | 028(12) | 0.0532
Pl |4c | 0.08744) |025 0.1576(8) | 1 0.0286
S1 8d 0.1532(3) 0.0367(5) 0.2784(6) 1 0.0344
2 |4 |-00624(4) |025 0.267409) |1 0.0300
S3 |4c  |0.1012(5 |025 20.1758(8) | 1 0.0360
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Figure 3.2 Structure of Lis 25Si0.25P0.75S4: (a) view along [001] showing the connectivity along
the b-axis; (b) view along [010] showing the potential Li-ion diffusion channels along the c-
axis formed by LilA/B bipyramids and within the a, c-plane, formed by octahedral Li(2)
connected with the Li1lA/B bipyramids; and negative nuclear density distribution (of Li ions)
in Liz.25Sio.25Po.75S4 at 300 K, calculated using the maximum entropy method (MEM) along
[001] (c) at the iso-surface level of -0.035 fm.A® and (d) at the iso-surface level of -0.025
fm.A between -0.1 < a < 1.1, Li1-8d (turquoise), Li2-8d (blue), Li3-4c (green).

chain. The Li(3) tetrahedra split into Li3A and Li3B sites 0.83 A apart, each with fractional
occupancy of around 20%, and the Li3B sites share opposite faces with the LiSs octahedra
along this chain. This site population generates potential channels for Li ion diffusion along
the [010] direction (Figure 3.2a). The Li(1) tetrahedra-split into Li1A and Li1B sites 1.03 A
apart-share a common face, effectively forming a bipyramidal moiety. These bipyramids form
a one-dimensional chain along the [001] direction (Figure 3.2b), which creates a potentially

additional Li diffusion pathway along the c-axis. In addition, in the Lis.2sSio.25P0.75S4 phase, the
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c-axis diffusion pathway formed by edge sharing bipyramidal moieties are connected by an
octahedral Li(2) by sharing a common face which forms an a, c-plane diffusion pathway. The

importance of these pathways to Li ion mobility is confirmed using MEM (next section).

3.3.2 Neutron Diffraction

Figure 3.3 shows the powder neutron diffraction (PND) pattern of polycrystalline
Lis25Sio.25Po.7sS4 at 300 K (Figure 3.3a) confirming the formation of a single-phase
composition with no visible impurities. Rietveld refinement of the neutron time-of-flight data,
which allows the location of the Li ions owing to their significant and negative neutron
scattering length, provided results (see Table A6) that show disorder of the Li over each of the
three site pairs in excellent agreement with the single crystal data described above. Low

temperature (180 K) PND and single crystal XRD measurements were also conducted on
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Figure 3.3 Time-of-flight neutron diffraction patterns and the corresponding Rietveld
refinement fits of Liz.25Sio.25Po.75S4 at () 300 K and (b) 180 K. Experimental data are shown
in black circles; the red line denotes the calculated pattern; the difference profile is shown in
blue; and the calculated positions of the Bragg reflections are shown as green vertical ticks.
Rwp and GoF are the weighted profile R-factor and goodness of fit, respectively.
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Lis.25Si0.25P0.75S4 (Figure 3.3b). These data sets, summarized in Tables A4-5, and A7, were in
excellent accord with the data at 300 K and show that the same degree of Li site disorder
remains at 180 K. Extracted structure factors from the neutron diffraction pattern generated the

negative nuclear density maps that revealed pathways for Li-ion transport (see below).

3.4 lonic Conductivity in Lis25Sio.25P0.75S4 and Pathways for Transport

Temperature-dependent impedance spectroscopy measurements were performed to
determine the ionic conductivity of Lis.2sSio.2sP075S4 and the activation energy for Li ion
transport (Figure 3.4 and Table 3.3). The corresponding impedance responses (illustrated as
Nyquist plots) from which the data were obtained are shown in Figure 3.5a-g. Low
temperature (-78 °C) EIS measurements were also conducted in order to distinguish bulk
conductivity and grain boundary conductivity (Figure 3.5h). Only one semicircle is present,
indicating that bulk and grain boundary conductivity could not be separated, which is due to
the soft nature of sulfide materials, even with high Si content (the results of the fit with an
equivalent circuit are summarized in Table 3.4). The total Li ion conductivity of 1.22 mS.cm’
! (labeled in red in Figure 3.4a) is about 10 fold higher than nanoporous B-LisPSa synthesized
by a wet-chemical method (0.16 mS.cm™).5" It is also more than a factor of 10% higher than
bulk B-LisPS4 (8.93 x 10* mS.cm™). In accord, Lis25Sio.25P0.7554 shows an Arrhenius behavior
that was fit to an activation energy, Ea = 0.34 eV (Figure 3.4b), which is much lower than that
of bulk B-LisPSs (Ea = 0.47 €V)® and slightly lower than that in nanoporous B-LisPS4 (Ea =

0.36 eV).5
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Figure 3.4 (a) lon conductivity (red dots) at RT and activation energy (blue triangles) of
Lis«SixP1-xS4 as a function of Si content (x); squares around the data points indicate
compositions for which the structure has been solved by single crystal diffraction. (b)
Arrhenius plots of Lis+xSixP1xS4 (x = 0.15, 0.25, 0.33, 0.5, 0.67).

To understand how the possible Li ion diffusion pathways in Liz.25Sio.25P0.75S4 could
lead to a high conductivity and low activation energy, the Li ion nuclear density distribution
was visualized based on the MEM in conjunction with Rietveld analysis of powder neutron
diffraction data, which is depicted as 3D distributions of (negative) Li nuclear densities. The
MEM maps are presented in Figure 3.2, underneath the depiction of the structure in the
polyhedral motif for comparison. Well-connected L.i ion diffusion pathways that lie both along
the b-axis (Figure 3.2c) and in the a,c-plane (perspective view, Figure 3.2d) form a highly
connected 3D diffusion pathway. In contrast, similar MEM analysis based on PND data of
nanoporous B-LisPS4 reveals only Li pathways in the a,c-plane but no connectivity along the
b-axis.'?” These findings are further supported by the bond valence site energy (BVSE)

maps,*?! as discussed below.
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Figure 3.5 Nyquist plots of Liz«xSixP1-xS4 phases at room temperature (a) 0.1 <x < 0.4 and (b)
0.5 < x < 0.8; Nyquist plots at each temperature used to determine activation energies: (c)
Li3.15Si0.15P0.8sS4, (d) Lis.25Sio.2sP0.75Ss, (€) Lis33Si0.33Po67Ss, (f) LizsSiosPosSsand ()
Li367Si0.67P0.33S4; (h) Nyquist plots at -78 °C of Liz.15Sio.15P0.85S4, Liz.25Sio.25Po.75S4 and
Lis.67Si0.67P0.33S4, along with corresponding equivalent circuit fits.
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Table 3.3 lonic conductivity of Lis+«SixP1xSa as a function of Si content (x) at room
temperature.

Composition lonic conductivity (mS.cm™)
Li3.15Si0.15P0.85S4 1.15
Lis.25S10.25P0.7554 1.22

Lis.3Si0.3P0.7S4 1.13
Li3.33S10.33P0.67S4 1.04

Liz.4Si0.4P0.6S4 0.947

Liz5Si0.5P0.554 0.612

Liz6Sio.6P0.4S4 0.374

Liz.67Si0.67P0.33S4 0.231

Table 3.4 Parameters of the fit for the impedance data of Liz+xSixP1xS4 (x= 0.15, 0.25, 0.67)
at -78 °C; fitting parameters errors are shown in brackets.

Element Li3.15Si0.15P0.8554 Li3.25Si0.25P0.7554 Li3.67Si0.67P0.33S4
Resistance (R1) /ohm | 2.878(5) x 10° 2.230(2) x 10° 5.23(3) x 10°
CPE (Q1) /S5 3.69(6) x 1010 3.98(3) x 1010 5.2(2) x 1010
CPE Alpha (a1) 0.978(2) 0.9719(8) 0.952(4)

CPE (Q2) /S-s™ 5.44(5) x 10°® 8.58(5) x 10 8.85(5) x 107
CPE Alpha (a.2) 0.584(6) 0.606(3) 0.503(4)

3.5 Correlating Structure and Li lon Transport in the Series Liz+xSixP1-xSa

The targeted synthesis of Lis+SixP1-xSa phases in the composition range of 0.1 < x <
0.67 provided phase pure solid solutions as polycrystalline powders, as proven by X-ray
diffraction (Figure 3.6a). All the phases were indexed in the same space group, Pnma. We
note that in the composition range 0.4 < x < 0.475 under slightly different heat-treatment

conditions, the tetragonal ‘LGPS’-type structure of Liz+xSixP1xS4 can also crystallize,*?® in
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addition to the monoclinic superlattice Lis+xSixP1xS4°® that exhibits a different PXRD pattern.
However, by adjusting heat treatment and cooling parameters, these side products can be
completely avoided. When the Si content reaches 0.8, the symmetry of Lis.sSio.sPo.2S4 switches
to monoclinic (Figure 3.6a) which is similar to the parent monoclinic phase LiaSiS4s*® (see
crystallographic details summarized in Tables A14-15 from single crystal diffraction). The
clear difference of the XRD patterns (Figure 3.6a) between the orthorhombic and the
monoclinic phases is the peak at 20 ~16° (black arrow, (101) reflection) in the former which
shifts to ~14.5° (blue arrow, (100) reflection) in the monoclinic phase. X-ray single crystal

solutions of the structures were also achieved for other selected compositions aside from the
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Figure 3.6 (a) Selected X-ray diffraction patterns of as-synthesized Liz«SixP1-xSs with x = 0.1,
0.15, 0.25, 0.33, 0.5 0.67, 0.8; the black arrow indicates the (101) reflection in orthorhombic
Lis«xSixP1-xS4 (X = 0.1, 0.15, 0.25, 0.33, 0.5 0.67) and the blue arrow indicates the (100)
reflection in monoclinic LissSio.sPo.2S4. (b) Lattice parameters and unit cell volume change of
orthorhombic Lis+xSixP1xS4 phases with Si content from single crystal structure solutions at
280 K.
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Lis.25Si0.25P0.75S4 framework, namely, x = 0.15, 0.33, 0.5, and 0.67 (see Tables A1-2 and A8-
13 for details, and crystallographic information). Together, this series provides a systematic
way of investigating the effect of composition/structure on Li ion conductivity. For all of the
Lis+xSixP1-xSa phases (including Lis25Sio.2sP0.75S4 described above), due to the similar X-
ray/neutron scattering factors of Si and P, in the X-ray single crystal and neutron powder
refinements, the Si/P ratios were fixed to the experimental targeted values as no impurity
phases were visible in the XRD patterns. To prove the successful substitution of P for Si in the
lattice, 2°Si and 3P MAS NMR studies of Liz+xSixP1-xSs (x = 0.25, 0.33, 0.67) were performed,
shown in Figure 3.7. We observed peaks corresponding to SiSs* (8 ~ 5 ppm) and PS4* (& ~

86.5 ppm) moieties; typical chemical shifts in accord with prior reports,2% 130

a b

x=0.67 x=0.67

Y jlion

x=0.33

(o vl

VWWWJ\ Vil

50 25 0 -25 -50 150 100 50
o (PppmM) S (PpM)
xin Lis,,Si,P,,S4

Figure 3.7 (a) 2°Si MAS NMR (b) 3'P MAS NMR of Liz+xSixP1-xSa (x=0.25, 0.33, 0.67), spades
indicate spinning side bands.

54



The lattice parameters and unit cell volume changes based on single crystal data for
Lis+xSixP1xSa with different Si fractions are shown in Figure 3.6b. With increasing Si, the a
lattice parameter increases, whereas the b parameter decreases and the ¢ parameter shows a
small variation. Overall, the cell volume thus enlarges almost linearly with increasing Si
content in accord with solid solution behavior, because of the introduction of the larger Si** on
the P> site. The variable temperature conductivity data and Arrhenius plots of compositions
Lis+xSixP1-xS4 as a function of x are presented in Figures 3.4 and 3.5. The conductivity is not
strongly dependent on x within 0.15 < x < 0.33, but outside of this regime, the conductivity
drops off markedly (Figure 3.4a). The activation energy also increases with greater Si content
(atrend that is correlated with a decrease in ionic conductivity) from 0.34 eV (x = 0.25) to 0.38

eV (x=0.33) and 0.40 eV (x = 0.5), reaching 0.41 eV for x = 0.67 (Figure 3.4b).

3.6 Effect of Entropic Disorder

Aliovalent substitution in Lis+xSixP1-xS4 has a large influence on ionic transport due to
characteristic and distinct changes in the structure. For example, at low Si fractions, the single
crystal structure of Lis.15Sio.15Po.85S4 reveals different Li environments compared to x = 0.25;
namely, only partial site splitting is observed (Figure 3.8a-c). The octahedral Li(2) ions shift
from 4b sites to 8d sites which are split into two positions due to symmetry, as in x = 0.25. The
tetrahedral Li(1) site, however, does not split and attains 97.6% occupancy (Figure 3.8b),
similar to B-LisPSa4. Li(3) shifts from its original tetrahedral sites to disordered trigonal
bipyramidal sites that now exhibit large anisotropic thermal displacement parameters (as
opposed to a true split site) and still shares opposite faces with octahedral Li(2) to form a

potential Li-ion diffusion channel shown in Figure 3.8c. The structure of this relatively highly
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conductive composition, Liz15Sio.15P0.85S4, can thus be regarded as a transition between -

LisPS4 and Lis.25Sio.2sPo.75S4, where all three Li sites are split into two.

With increasing Si**/P°* ratio, more Li is stuffed into the structure to balance the
charge. The single crystal solution of Lis.67Sio.67P0.33S4 is shown in Figure 3.8d, and the details
are summarized in Tables A12-13. The split Li2 sites move closer within the octahedra with
increasing Si content as shown in Figure 3.9, and at x = 0.67, the octahedral Li2 now occupies

the original 4b site, albeit with a large atomic displacement parameter. This is explained by the

Figure 3.8 View along (a) [001] and (b) [010] of Lis.15Si0.15P0.8sS4 showing the zigzag Li-ion
conduction channels along the b-axis and the isolated Li(8d)S4-1 tetrahedra along the c-axis;
(c) zigzag Li-ion diffusion along the b-axis with the octahedral Li(2) and disordered trigonal
bipyramids Li(3); and (d) view along [001] of Lis.7Sio.67P0.33S4 showing the nonsplit Li2 site
with a large thermal displacement parameter: Li(8d)Ss-1 (turquoise) tetrahedra, Li(8d)Se-2
(blue) octahedra, Li(4c)Ss-3 (green) trigonal bipyramids, P/Si (violet spheres), and S (yellow
spheres).
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fact that the Li2 octahedra share common faces with the surrounding Lil and Li3 tetrahedra
(inset in Figure 3.9). The additional Li content with increasing x is accommodated on the (still
split) Li3 sites, and the total occupancy of the Lil sites is always >90%. We propose that this
significantly increases the Coulombic repulsion between the Li ions in the Li2 site and the
Li1,3 sites, thereby changing the site energy of Li2 and making the split site less favorable.
The increased occupancy in the Li3 split sites also greatly reduces their vacancy populations.
The combination of these two factors lowers the ionic conductivity to 0.23 mS.cm™ and

increases the activation energy to 0.41 eV.

BVSE maps in the SoftBV program*?% 122 developed by S. Adams were used to analyze
the energetics of probable ion diffusion pathways in the lattice. It provides an estimate of the
changes in the energy landscape for Li-ion diffusion induced by L. site splitting. Split Li sites

indicate the existence of many local minima which serve to frustrate the overall energy
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Figure 3.9 Li2-Li2 distance (red arrow) changes with different Si content (x) in Liz+xSixP1-xS4;
the inset shows the Li2 octahedra is surrounded by Lil and Li3 tetrahedra.
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landscape and should lead to lower activation energy barriers for Li ion diffusion.’®! This
supposition is confirmed by examining the BVSE calculations for the x = 0, 0.25, and 0.67
compositions shown in Figure 3.10. The average activation energy barrier for Liz.25Si0.25P0.7554
in the Li2-Li3 pathway along the b-axis is lower than for nanoporous B-LisPSs as a result of
the change in the energy landscape resulting from the splitting of the Li2 and Li3 sites (Figure
3.10a). We suggest this accounts for the Li-ion diffusion along the b-axis determined by the
MEM analysis of the negative nuclear densities. Whereas in B-LisPSas, only quasi 2D a,c-plane
Li-ion diffusion is observed.'?” In x = 0.67 where the Li2 site is not split, the activation energy
barrier along the b-axis is higher. Especially noteworthy is that the diffusion pathway for the
x =0.25 and 0.67 compositions along the c-axis (which passes through the split LilA and Li1B
sites that connect interstitial sites (i1, i3)) exhibits a relatively low activation energy ~0.2 eV
(Figure 3.10b). This value is much lower than that of B-LisPS4 (~0.3 eV) due to significantly
increased Lil and i1, i3 site energies and likely compensates for the increased energy barrier
in the a,c-plane as x increases (Figure 3.10c). In short, the BVSE calculations indicate the
lowest overall activation energy pathways are for x = 0.25 and suggest that Li ion diffusion
takes place both along the b-axis and in the a,c-plane. Furthermore, recent ab initio modeling®
has pointed out that mobile Li ions occupying high-energy sites can activate concerted
migration with a reduced migration energy barrier. As indicated in Figure 3.10a, the Li3 split
site energy is significantly higher than that of the split Li2 and thus occupation of the high
energy split Li3 site may activate concerted ion migration to further lower the activation

energy.
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absolute value; it does not imply the lowest energies are the same in each calculation.
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We note that excess volume and attendant geometric frustration have been invoked in
increasing the fluoride ion conductivity in Bai-xCaxF2.1*2 Moreover, the correlated disorder has
been linked to clear crystallographic signatures'®® which are present in our case. The
connection between the Li site disorder and the increasing ion conductivity and decreasing
activation energy barrier shows that substitution-induced L. site disorder has a major influence
on the Li ion diffusion in Lis+xSixP1xSs, which may apply more generally to other solid
electrolytes of this nature. We also note that molecular dynamics simulations of B-LisPSa4
suggest maximal ionic conductivity is coincident with the highest configurational entropy.
These calculations show that ‘melting’ (i.e. complete disorder) of the Li sublattice at 600 K in
B-Li3PSs4 occurs as more Li sites become available due to an increase in intrinsic vacancies.!3*
This report suggests that the melted Li sublattice leads to a liquid-like ionic diffusivity, and the
sublattice melt-induced Li disorder can possibly be stabilized by quenching. Our studies
confirm experimental verification of the onset of such disorder that is stabilized by substitution

instead of quenching.

3.7 Conclusions

In summary, we have synthesized a fast-ion conductor, orthorhombic Liz+xSixP1-xS4,
with an entropically stabilized structure in a limited solid solution range (0.15 < x < 0.33) that
results in high ionic conductivities above 1 mS.cm™, and where the highest ionic conductivity
of 1.22 mS.cm is exhibited for the composition Lis.2sSio.25Po.75S4. This represents an increase
by 3 orders of magnitude compared to bulk B-LisPSa. The ionic conductivities can likely be
further improved by reducing grain boundary resistance by hot pressing as reported

elsewhere.®” 13 The orthorhombic phase is a promising sulfide SE for ASSBs as the ductile
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and flexible nature of thiophosphates makes them more easily processed and densified,
compared to oxide SEs. This work shows aliovalent substitution can lead to structural changes
and Li site disorder which can induce a flatter potential energy landscape and lower the
activation energy for mobile Li ions. These observations highlight the importance of a detailed
and reliable structure analysis enabled by single crystal diffraction combined with powder
neutron diffraction to gain a better understanding of the structure-property relations in these
solid-state ion conductors. These findings can help to guide further enhancements in ionic

conductivity, new materials discovery, and the understanding of Li ion transport in SEs.
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Chapter 4. A New Family of Argyrodite Thioantimonate Lithium

Superionic Conductors

4.1 Introduction

Most ASSBs reported in the literature can only be cycled at low current density with
low active material loading, as they are limited by moderate ionic conductivity of the SEs
and/or poor contact between the SEs and active materials. Ultra-highly conductive (>10
mS.cm™) and relatively soft SEs offer the possibility to achieve high energy densities with
improved rate capabilities, which are enabled by utilizing thick electrode configurations and a

high active material loading.'*s

Until now, only a limited number of SEs have been reported with conductivity
approaching 10 mS.cm™; namely LiioGeP2S12 and related phases with substitution of the Ge
for Si and Sn,*": 136137 j;P3S;11,1%° and Ge-substituted Li-argryodite®”. Most of these materials
exhibit high ionic conductivity (>10 mS.cm™) for pellets sintered at elevated temperatures, but
much lower ionic conductivity for ‘cold-pressed’ pellets prepared at ambient temperature due
to poorer crystallite contact (Table 4.1). While sintered values are more indicative of the
inherent bulk ionic conductivity, practical ASSBs require their electrode/electrolyte
components to be pressed at ambient temperature to limit reactivity. Classic argyrodites
LisPSsX (X=Cl, Br)% 13 have attracted considerable interest, due to their good ionic
conductivity (up to 4 - 5mS.cm™ by direct annealing of precursors,*® or from scalable solution-
engineered synthesis™). The ionic conductivity of argyrodites is strongly dependent on the S*
/X" (X=Cl, Br, I) disorder over the 4a and 4c sites as demonstrated by density functional theory

molecular dynamics simulations (DFT MD).** Indeed, CI/Br compositions with mixed halide
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occupation on these sites give rise to higher ionic conductivity (up to 4 mS.cm™) than either
pure Cl or Br compositions.”® As LisPSsI exhibits no SZ/1" disorder due to the large ionic radii
difference between S? and I, this arrangement leads to very low ionic conductivity, in the
range of 1.3 x10° mS.cm™.%® Recently, Zeier’s group reported Ge-substituted LisPSsl phases.®’
As the Ge content increases from 0 to 0.6, a small degree (ca. ~7%) of S?/I site disorder is
induced based on powder X-ray and neutron diffraction analysis, which was correlated to a
drop in the activation energy and a dramatic increase in ionic conductivity. The composition
Lis.sP0.4Geo.6Ss1 exhibits a high ionic conductivity of 5.4 mS.cm™ for the cold pressed material,
and triple that for the sintered pellet (see Table 4.1). However, whether the induced S%/I°
disorder is due to a larger unit cell upon Ge** substitution, which allows for better mixing of
the mismatched anions, or owes to the increased Li* concentration in the structure was not

identified in this report.

Table 4.1 Comparison of ionic conductivities between cold pressed powders and sintered
pellets for some recently reported superionic conductors.

Compositions Cold-pressed Ref. Sintered Pellet Ref.
powder (mS.cm™) (mS.cm)

LizP3S11 3.2 135 17 (hot-pressing) | °
LizoGeP2S12 5-9 61,141 12 47
Li1035SN027Si1.08P1.65512 | 3.31 136 11 136
Lig54Si1.74P144S117Clos | 3-16 142,143 25 187
Lis.sGeo.sPo.4Ssl 54 67 18.4 67
Lis.7Si0.7Sbo.3Ssl 12.6 This work | 19 This work
Lie.6Sio.6Sho.4Ssl 14.8 Thiswork | 24 This work

63



Here, we report on a new family of thioantimonate iodide argyrodites Lis+xMxSb1-xSsl
(M=Si, Ge, Sn), where the highest ionic conductivities above 10 mS.cm™ are exhibited by Si
compositions (0.5 < x < 0.7) that constitute low-cost, abundant elements. They are prepared
via simple, non-ball milled synthesis. Optimum values were obtained for x = 0.6 (14.8 mS.cm’
1 cold pressed pellet; 24 mS.cm™, sintered pellet, see Table 4.1). These materials demonstrate
good compatibility with Li metal, sustaining over 1000 hours Li stripping/plating at current
densities up to 0.6 mA.cm?, and enable good room temperature cycling performance in
prototype ASSBs. Moreover, with the aim to unravel the underlying factors driving the
superionic conductivity, a combination of exact structure solution enabled by single crystal X-
ray and powder X-ray synchrotron/neutron methods reveal the origin of the fundamental
structural changes associated with increased Li* content and anion/cation site disorder. Highly
delocalized Li ion density in the lattice serves as important interstitial sites for Li ion diffusion
and activates concerted ion migration, leading to a lowering of the activation energy from 0.41
eV to 0.25 eV. We find that Li ion disorder and concentration dictate superionic conductivity
more so than anion site disorder, although the two factors are not necessarily independent.

Dr. Abdeljalil Assoud performed single crystal X-ray diffraction and structural

resolution. Dr. Qiang Zhang performed powder neutron diffraction measurements.

4.2 Experimental Approaches
4.2.1 Material Synthesis

A simple approach based on mixing and heating of the precursors was used.
Stoichiometric amounts of Li2S (99.98%), P2Ss (99%), Sb2Ss (99.995%), Si (99%), GeS:

(Kojundo, 99.99%), SnS2 (Kojundo, >99.9%), S (99.98%) and Lil (99.9%) (the source was
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Sigma-Aldrich unless otherwise stated) were mixed together in an agate mortar at the targeted
ratio, and 5 wt% excess sulfur was added to fully oxidize Si and Sb2Ss. The mixtures were
pelletized and placed in a glassy carbon crucible in a sealed quartz tube under vacuum.
Lis+xSixSb1-xSsl was heated to 550°C (0.5 <x <0.7) or 500°C (0.1 <x <0.4) for 7 days with a
ramp rate of 5°C-min (designated as as-synthesized materials). To improve purity, the as-
synthesized samples were ground, repelletized and heated again to 500 °C for another 7 days
at a ramp rate of 5°C-min™ (designated as annealed materials). LisSbxP1xSsl was heated to
550°C (0.1 <x<0.4) or 500°C (0.5 <x < 1) for 100 h with a ramp rate 5°C-min’. Lis+xGexSbi-
xSsl was heated to 550 °C for 50 h, then cooled down to 450 °C for another 100 h with an ramp
rate of 5°C-min*. Lis+xSnxSb1xSsl was heated to 550 °C for 50 h with the same ramp rate.
Finally, the final product in each case was gently separated to find single crystals suitable for
single crystal diffraction. The remaining crystals, or those from subsequent synthesis
preparations, were crushed into polycrystalline powders for X-ray and neutron diffraction and

impedance spectroscopy analysis.

4.2.2 Single Crystal Diffraction and Structure Resolution

Several colorless plate-shaped single crystals with dimensions of approximately 0.040
x 0.040 x 0.030 mm3 were scanned to determine their quality. Multiple data sets were collected
and gave exactly the same results. The data were collected at 280 K by scanning » and ¢ of
0.3° or 0.5° in a few groups of frames at different ® and ¢ and an exposure time of 30 or 60
seconds per frame. The structure was solved using direct methods to locate the positions of
Sb/Si/Ge/Sn, S, and | atoms. First, these positions were anisotropically refined using the least

squares method incorporated in the SHELXTL package, and then the Li positions were located
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in the remaining electron density in the Fourier map, which revealed Li-S bonds very similar
in length to those found in binary and ternary Li sulfides. Subsequently, the Li site occupancies
were freely and anisotropically refined. No constraints were used during the structure
refinements, aside from fixing the Sn/Sb occupancy to the experimental targeted value due to
the similar X-ray scattering of Sn and Sb. No constraints were used for Si:Sb or Ge:Sb
occupancy refinement. The Li2 (24g) site was only identified in Lis.2Sno.2SbosSsl and was

isotropically refined.

4.2.3 Synchrotron X-ray and Neutron Powder Diffraction

For Rietveld analysis of the Lis+xSixSh1xSsl series, synchrotron XRD measurements
were also carried out on the Macromolecular Crystallography Facility beamline at the
Canadian Light Source (CLS). The samples were sealed in 0.5 mm glass capillaries and data
was collected at a wavelength of an energy 18 KeV. Refinement took benefit from the
significantly different X-ray scattering factors between the component elements and the well-
defined peak shapes afforded by synchrotron diffraction. This data was especially essential to
resolve the very low degree of S?/I- disorder, where the mixed S/I- occupancy on the 4a and
4c site was refined without occupancy constraints, and the Uiso value for S?- and I- was refined
to be equal at the same sites.

The time-of-flight powder neutron diffraction patterns were measured at 300 K or 195

K, and a single bank wave with a center wavelength of 1.5 A was used.

4.2.4 Electrochemical Measurements

For the fabrication of Li | SE | Li symmetric cells, ~ 100 mg of Lie.7Sio.7Sbo.3Ssl or

Lis.sGeo.saSho.sSsl powder was placed into a PEEK cylinder and cold-pressed at 3 tons for 1
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min (10 mm diameter). On both sides of the SE pellet, Li foil (99.9%, Sigma-Aldrich, 0.38
mm thickness) with a diameter of 10 mm was attached. The cell was subjected to constant
uniaxial pressure using the screw of a stainless-steel framework with 4 Nm torque.
Galvanostatic cycling of the symmetric cell for Lis.7Sio.7Sbo.3Ssl was carried out at a current
density and capacity of a) 0.3 mA.cm2and 0.3 mAh.cm; b) 0.6 mA.cm2and 0.6 mAh.cm?;
and for Lis.4Geo4ShoeSsl, a lower current density and capacity of ¢) 0.1 mA.cm?and 0.1
mAh.cm?; and d) 0.3 mA.cm2and 0.3 mAh.cm™.

ASSBs employing the Lie.7Sio.7Sbo.3Ssl SE in combination with a TiS2 (or LiCoOz2)
cathode and a Li-In alloy anode were assembled in an argon glovebox. First, ~ 80 mg of SE
powder was placed into a PEEK cylinder and cold pressed at 3 tons for 1 min (10 mm
diameter). The composite cathode mixtures were prepared by mixing TiS2 or LiCoO2 and the
SE in an agate mortar at a weight ratio of 50:50 for TiSz, and 70:30 for LiCoOz2. On one side
of the SE pellet, ~ 8 - 10 mg composite cathode mixture (37.4 mg for the high loading TiS:
cell) was spread and pressed at 3 tons for 3 min. On the other side of the pellet, a thin indium
foil (10 mm diameter, Alfa Aesar, 99.99%, 0.125 mm thickness) was attached and ~ 1 mg L.i
powder (FMC Lithium, ~ 2 mg for the high loading cell) was spread over the Indium foil, and
pressed at 1.5 tons for 1 min. The cell was placed into a stainless-steel casing with a constant
applied pressure of ~ 1.5 tons. Galvanostatic cycling of the cell was carried out in the voltage

range of 2.3V - 3.7 VV vs Liln for the LiCoO2 cell and 0.9 V - 2.4 V vs Liln for the TiSz cell.

4.3 Structural evolution in the series Lis+xMxSb1.xSsl (M = Si, Sn, Ge)

X-ray diffraction shows that the targeted synthesis of Lie+xSixSb1xSsl (0.1 <x <0.7)

phases provide almost phase-pure polycrystalline powders in this solid solution range (Figure
67



4.1a). All the phases were indexed in the same cubic space group, F43m, that is adopted by
most other argyrodites. Higher Si** content (x > 0.7) leads to increasing amounts of impurities,
indicative of the solubility limit (Figure 4.2a). All solid solution phases exhibit very minor
fractions of Lil and Li2S (Figure 4.1a). While the tiny Li2S peak exhibits almost no change,
the intensity of the Lil peaks increases with increasing Si** content, which correlates with I°
deficiency in the high-Si compositions as revealed by single crystal diffraction (see below).
The argyrodite peaks shift to smaller d-spacing with increasing Si** content (Figure 4.1a),
because of the substitution of Sb®" with the smaller Si** ion. Similar results are observed for
Ge** and Sn* substituted Lis+x(Ge/Sn)xSb1xSsl. Figure 4.1b shows that phase pure
Lis+xGexSh1-xSsI (0.1 < x < 0.4) can be prepared, while for Sn substituted compositions, even

at low content (x = 0.2), small impurities signal the limit of solubility, as shown in Figure 4.1b

and 4.2b.
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Figure 4.1 X-ray diffraction patterns of as-synthesized (a) Lis+xSixSb1xSsI (0.1 <x <0.7) and
(b) Lie+xMxSbh1-xSsI (M = Sn, x=0.2; M = Ge; 0.1 <x < 0.4). All reflections correspond to the

respective argyrodite phase except for the trace impurities as marked.
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Figure 4.2 X-ray diffraction patterns of as-synthesized (a) Lis.sSio.sSbo.2Ssl and (b)
Lis.4sGeo.45ShossSsl, with impurities present, indicate the respective solubility limits; (c) X-ray
diffraction patterns of as-synthesized LisSbxP1-xSsI (0 <x < 1), all reflections correspond to the
respective argyrodite phase except the trace impurities as marked.
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4.4 lonic Conductivity and L.i ion transport

Temperature-dependent impedance spectroscopy measurements were performed to
determine the ionic conductivity of cold-pressed as-synthesized Lis+xMxSb1xSsl (M=Si, Sn,
Ge) and the activation energy for Li ion transport (Figure 4.3-4.6). Arrhenius plots for all
samples of Lis+xMxSbh1xSsl (M=Si, Sn, Ge) are shown in Figure 4.3f and Figure 4.5i, and the
activation energies are summarized in Table 4.2. Due to the high ionic conductivity of many
of these phases, bulk and grain boundary contributions cannot be deconvoluted at room
temperature. Figure 4.3e, f shows the ionic conductivities of cold-pressed as-synthesized
Lis+xSixSh1xSsl and the extracted activation energy barriers for Li ion diffusion, as measured
by impedance spectroscopy (Figure 4.4). With increasing Si**+Li* content, the ionic
conductivity increases dramatically, accompanied by a decrease in the activation energy from
0.41 eV (at x = 0) to about 0.25 eV (Figure 4.3e). The highest ionic conductivities were
obtained in the range x = 0.6 - 0.7 of 9.4 and 11.2 mS.cm?, respectively; annealing these two
materials (Figure 4.7) further improved the cold-pressed pellet conductivity to 14.8 (x = 0.6)
and 12.6 mS.cm™ (x = 0.7). The ionic conductivity data for the cold-pressed pellets of as-
synthesized and annealed materials is summarized in Tables 4.2 and 4.3. The sintered pellets
of x = 0.6, 0.7 exhibit an even higher ion conductivity, up to 24 mS.cm™ for Lie.6Sio.6Sbo.4Ssl,
due to improved grain boundary contact (Figure 4.8 and Table 4.4) as discussed below. For
the Sn** and Ge** substituted samples Lis+x(Ge/Sn)xSb1xSsl, a similar trend (Figure 4.5)is
observed with increasing x but the corresponding conductivities are lower; the highest value
reaches 6.25 mS.cm™ for Lis.4Geo.4Sbo.6Ssl, and 0.12 mS.cm™ for Lis.2Sno.2ShoSsl (Figure 4.6

and Table 4.2).
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Figure 4.3 Nyquist plots (a) x = 0.1, (b) x=0, 0.2, (c) x=0.3,0.4, 0.5 and (d) x=0.6, 0.7, 0.8
for all degrees of substitution in the solid solution series Lis+xSixShi-xSsl at room temperature;
(e) activation energy and ionic conductivities of cold pressed as-synthesized Lis+xSixSbi1-xSsl
as a function of nominal Si** content (curves show the trend, and are not a fit of the data); (f)
Arrhenius plots of the conductivity values for Lis+xSixSb1-xSsl in the temperature range from
30°C to 60°C. The anomalous low conductivity/high Ea value for x = 0.1 may be the result of
an amorphous insulating material in the grain boundary.
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Figure 4.4 Nyquist plots at each temperature used to extract the conductivity values for
activation energy measurements of the Lis+xSixSb1-xSsl phases (a) x = 0; (b) x =0.1; (c) x =
0.2; (d)x=0.3; (e) x=0.4; (f) x=0.5; (g) x=0.6; (h) x=0.7.

72



a 1000 - b so - C 1500
_ g 50 _ ¢ 5
800 A ° Ge=0.2 ° Ge=04-. 1200 4
- 1 o o — 404 . ° - Sn=0.2
E 600 E Ge=03 , E 900
< : Ge=0.1 ° < < o
= 5 =30 - ° . NT o
N g N . N .
£ 4004 ° ° = J £ 6004 o
- ] o ° - 204 ° ° - 2
2004 ¢ 10 : g 3004 seaeons, &
0 j L L L 0 T |§ — T T T T |{ — T T 0 — T T T T T T T T
0 200 400 600 800 1000 0 10 20 30 40 50 60 0 300 600 900 1200 1500
Re Z (ohm) Re Z (ohm) Re Z (ohm)
1500 T—— — e 500 5 — f 100 ——= _—
= 35°C o 35°C ' o s 35°C N
o 40°C %% o o 4004 ° 40°C .. 80 ° 40°C ° . d
45°C C o 45°C 50, o 45%C e
—~1000 © 50°C A = o 50°C oo, — + 50°C e, o,
E 55°C N E a0 o s5°C . © e E 0o s5% e
S 60°C g ° . S 60°C SOORO S 60°C %, " °
N N ©% 0o, N
= SRR £ 200+ °%c 0 o 4 g 404 fo, o o
T 500+ S5 ONON - I DI - %0, %o
° % ®%9 o o ° o, %o o
g % o ‘Df::%n" . o 100 A o aonoooou °
28800, % o S0P od
v /)
of 1 . 0 —— 0 I /
0 500 1000 1500 0 100 200 300 400 500 0 20 40 60 80 100
Re Z (ohm) Re Z (ohm) Re Z (ohm)
g T 0o o © h2000 o 30°C e | e e - o
o 35%C Lo o 35°C . . **ehﬁ__ﬁgeff}ﬂr
404 ° igg R 1600 ° 40°C R Me-w-_, T
o 50°C ot - Ge=03 ~ -0
= o o o ° £ o "~
Ea0q - s5c e o ® o e ~
s 60°C o o o U") T~e._, Ge=02
N20 TR :71— ~e__5°__k9
E <V Jo v : -0
< a0l o 6 | S8--s._ Ge=01
ounguc : £ -2 T~e.
10 el Ss S oo .
| S -3
0 T T le T T T T T T T T T T T T T T T
0 10 20 30 40 50 0 400 800 1200 1600 2000 3.00 3.05 3.10 3.15 3.20 3.25 3.30
Re Z (ohm) Re Z (ohm) 1000/T (K™)

Figure 4.5 Nyquist plots for cold-pressed as-synthesized Lis+xGexSb1xSsl (a) x = 0.1, 0.2 and
(b) x=0.3,0.4 and (c) Lis.2Sno.2Sho.sSs1 at room temperature. Nyquist plots at each temperature
used to extract the conductivity values for activation energy measurements of (d)
Lie.1Geo.1Sho.oSsl; (e) Lis2Geo2Sho.sSsl; (f) Lie3GeosSho.7Ssl; (g) Lis.aGeo.sShosSsl; (h)
Lis.2Sno.2Sho.sSsl; and (i) corresponding Arrhenius plots of the conductivity values in the
temperature range from 30 °C to 60 °C.
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Figure 4.6 Activation energy and ionic conductivities of cold pressed Lis+xGexSb1-xSsl as a
function of nominal Ge** content (curves show the trend and are not a fit of the data).

Table 4.2 lonic conductivity of cold-pressed as-synthesized (non-annealed) LisSbxP1-xSsl and
Lis+xMxSbh1-xSsl (M=Si, Ge, Sn) at room temperature and activation energy for selected
compositions. The refined Si: Sb occupancy from synchrotron diffraction is shown in brackets.

Composition lonic conductivity (mS.cm™) Activation energy (eV)
LisPSsl 2.9x103
LisSho.1Po.9Ssl 1.4x103
LisSbo.3Po.7Ssl 1.2x10%
LisSho.5Po.5Ssl 2.1x103
LisSbo.sPo.2Ssl 55x103
LieSbSsl 2.8 x 107 0.41
Lie.1Si0.1Sbo.9Ssl 1.1x 103 0.55
Lis.2Sio.2Sbo.sSsl 6.9 x 102 0.33
Lis.3Si0.3Sho.7Ssl 0.93 0.29
Li6.4Si0.4Sbo.6Ssl 3.9 0.25
Lie5Sios5SbosSsl 7.8 0.26
Lie.6Sio.6Sb0.4Ssl 9.4 0.24
Lie.7Si0.7Sbo.3Ssl 11.2 0.26
Lis.2SNno.2Sho.sSsl 0.12 0.38
Lis.1Ge0.1Sho.9Ssl 0.16 0.35
Lis.2Geo.2Sho.sSsl 0.87 0.30
Lis.3Ge0.3Sho.7Ssl 2.77 0.25
Lis.4Geo.4Sho.6Ssl 6.3 0.23
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Figure 4.7 Nyquist plots for cold-pressed annealed Lis+xSixSb1xSsl (a) x = 0.1; (b) x = 0.2,
0.3and (b) x=0.4-0.7.
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Figure 4.8 Nyquist plots for sintered pellets of Lis.6Sio.sSbo.sSsl (black circles) and
Lis.7Sio.7Sho.3Ssl (blue circles) at room temperature.
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Table 4.3 lonic conductivity of annealed Lis+xSixSh1-xSsl (0.1 <x <0.7) (cold pressed pellets)
at room temperature.

Composition lonic conductivity (mS.cm™)
Li6.1Si0.1Sbo.9Ssl 6.7 x 107
Lis.2Si0.2Sbo.sSsl 8.8 x 107
Li6.3Si0.3Sbo.7Ssl 1.03
Li6.4Si0.4Sbo.6Ssl 4.14
Lis.5Sio.5Sbo.5Ss! 9.98
Li6.6Si0.6Sb0.4Ssl 14.8
Li6.7Si0.7Sbo.3Ssl 12.6

Table 4.4 lonic conductivity of annealed Lis+xSixSb1-xSsl (x =0.6, 0.7) (sintered pellets) at
room temperature.

Composition lonic conductivity (mS.cm™)
Lis.6Si0.65b0.4Ssl 24
Lis.7Sio.7Sbo.3Ssl 19

To determine the grain boundary resistance, low temperature (195 K) measurements
were conducted for selected Si-substituted compositions. Figure 4.9a shows Nyquist plots for
Lis+xSixSh1xSsl (x = 0.4 - 0.7). They exhibit two slightly depressed semicircles at high and mid
frequencies and a clear polarization spike at low frequencies. The spectra were fit with an
equivalent circuit consisting of a serial connection of two parallel arrangements of a resistor
(R) and a constant phase element (CPE, Q), representing the conductive and capacitive
behaviors of the SE, respectively, and an additional CPE component for polarization. For
Lis.7Sio.7Sho3Ssl, the capacitance of the high frequency semicircle is about two orders of

magnitude lower than that for mid-frequency semicircle (details of the fits are listed in Table
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4.5). Thus, the high-frequency semicircle is attributed to bulk (i.e., grain) conductivity and the
mid-frequency semicircle is attributed to the grain boundary resistance (Figure 4.9a). At this
low temperature of 195 K, significant grain boundary resistance was observed for all materials,
as summarized in Table 4.7. Because the grain boundary conductivity is about eight-fold lower
than the bulk in all cases, it significantly lowers the total ionic conductivity. This explains why
sintered pellets exhibit much higher ionic conductivity (see above),®” 13% 136,144 \whijch enhances
grain boundary contact. Nonetheless, even at 195 K, all these materials still exhibit high bulk
ionic conductivity > 0.1 mS.cm™ which is significantly higher than of an organic electrolyte at
that temperature (Figure 4.9a). For the Ge** substituted sample Lis.4Geo.4Sho.sSsl, relatively

high grain boundary resistance was also observed as shown in Figure 4.9b and Table 4.6.
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Figure 4.9 Low temperature (195 K) Nyquist plots for (a) Lis+SixSh1 xSsl (x = 0.4, 0.5, 0.6,
0.7) and (b) Lis.4Geo.4Sho.sSsl show two semicircles, corresponding to bulk and grain boundary
contributions. The third semicircle (grey-blue) is ascribed to the contact between the SE pellet
and In foil owing to its capacitance value. The data were fit (shown by the line) with the

indicated equivalent circuit.
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Owing to the high ionic conductivity of the Si-substituted compositions, this family

was targeted for single crystal, and powder X-ray synchrotron and neutron diffraction studies

in order to correlate structure-property relationships as described below.

Table 4.5 Parameters of the fit for the impedance data of Lis+SixSb1-xSsl (x=0.4, 0.5, 0.6, 0.7)
at 195 K; fitting parameters errors are shown in brackets.

Element Lie.4Si0.4Sbo6Ssl | LissSiosSbosSsl | LiseSio.sSDo.4Ssl | Lie.7Sio.7Sbo.3Ssl
Resistance (R1) | 1952.8 (925) | 1138.3(26.2) | 1016.1(27.1) | 909.19 (38.5)
/ ohm
CPE (Q1) /S | 2.0(4) x 10° 1.0(2) x 10° 7)) X100 | 25(6)x 107
CPE Alpha (o) 0.89(2) 0.91(1) 0.93(1) 1.002)
Resistance (R2) | 16030 (107) 10066 (33.6) | 5588.4 (31) 6050.5 (45)
/ohm
CPE (Q2)/Ss%| 142(4)x10° | 1.12(3)x10° | 75(2)x10° | 1.12(5)x 10°
CPE Alpha (a2) | 0.782(4) 0.817(3) 0.842(3) 0.798(5)
CPE (Q3)/ S's | 4.20(2) x 10° 5.35(2) x 10 8.65(3) x 10° 5.59(2) x 10
CPE Alpha (a3) | 0.785(3) 0.844(2) 0.873(2) 0.895(2)

Table 4.6 Parameters of the fit for the impedance data of Lis4Geo.4Sho.4Ssl at 195 K; fitting
parameters errors are shown in brackets.

Element Lis.sGeo.4SbosSsl
Resistance (R1) / ohm 660.02 (49.6)
CPE (Q1)/S-s® 1.5(3) x 10°°
CPE Alpha (al) 0.99(2)
Resistance (R2) /ohm 6332.8 (57.6)
CPE (Q2) / S's 3.67(8) x 10°
CPE Alpha (a.2) 0.886(3)
Resistance (R3) /ohm 2394.7 (153)
CPE (Q3) / S-s™ 6.7(6) x 10
CPE Alpha (a.3) 0.55(2)
CPE (Q4)/ S-s™ 9.86(6) x 10
CPE Alpha (a.4) 0.873(5)
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Table 4.7 Bulk and grain boundary conductivities of as-synthesized Lis+xSixSb1-xSsl (x = 0.4 -
0.7, cold-pressed pellets) at 195 K.

Compositions Bulk conductivity (mS.cm™) | Grain boundary conductivity (mS.cm™)
Li6.7Si0.7Sbo.3Ssl 0.29 0.044
Lis.6Si0.65b0.4Ssl 0.25 0.045
Lis.5Si0.5Sbo.5Ssl 0.21 0.024
Lis.4Sio.4Sbho. 51 0.13 0.015

4.5 Structural characterization of Lie+x(Si/Ge/Sn)xSb1xSsl and ion diffusion pathways

Li-argyrodite Lie+xSixSh1xSsl (0.1 < x < 0.7) superionic conductors were synthesized
with varying Si**/Sb°* ratios in order to study the structural changes and assess the effect of
increasing Li* content on the ionic conductivity. Single crystal diffraction was performed for
crystals obtained at selected compositions (x = 0.1, 0.4, 0.5, 0.7) to determine the changes in
Li site and S?/I" disorder. As small compositional variance from crystal to crystal is always
possible, powder synchrotron X-ray diffraction measurements were then conducted for all
compositions to evaluate the overall sample purity, the solubility limit of Si**, and the degree
of S%/I" disorder. Due to the superionic conductivity of the Si-substituted compositions (i.e.,
very high Li ion mobility), and hence possible location of some Li on alternative sites in the
lattice that cannot be easily refined owing to very low occupation, single crystal diffraction
results show slightly lower Li* content than experimental targeted values. Neutron powder
diffraction measurements (300 K) were carried out to determine the Li* position and occupancy
changes with different Si** content on selected compositions (x = 0, 0.3, 0.5, 0.7). In addition,
low temperature (195 K) neutron powder diffraction was also conducted on Lis.7Sio.7Sbo.3Ssl
to freeze the Li* mobility, thus allowing more accurate determination of the Li position and

occupation.
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The structure of the composition with the highest conductivity, Lie.7Sio.7Sbo.3Ssl
(refined composition Lis.77Si0.66Sb0.34Ss.01l0.99) from the neutron diffraction study (Figure
4.10d) is shown in Figure 4.11a, b, c and compared to that of the classic phosphorus argyrodite
LisPSsl (Figure 4.11d, €)%. The unit cell of the antimony phases adopts the same cubic space
group F43m as LisPSsl (a = 10.1414(1) A), but with a larger lattice parameter of a =
10.3231(1) A, and a different Li sublattice (four Li* sites) than typical Li-argyrodite materials.
Li ions still diffuse via three discrete jumps (doublet, intra and inter cage jumps) as for classic
argyrodite LisPSsX (X= Cl, Br, 1), as shown in Figure 4.11e.1%° The difference is that a new

Li3(48h) site is identified in Lis.7Sio.7Sho.3SsI which resides between the intra-cage jump sites

Table 4.8 Atomic coordinates, occupation factors, and isotropic displacement parameter of

representative Lis.7Sio.7Sbo.3SsI obtained from powder neutron diffraction at 300 K.

a=10.32309(5) A, 4.32 wt% L.i2S, 6.43 wt% Lil

Atom Wyck. Site | X y z Occ. Uiso (A%
Li1 48h 0.290(1) | 05175(9) |0.790(1) |029(2) |0.034(3)
Li2 24g 0.021(1) | 0.25 0.25 0.34(3) | 0.032(5)
Li3 48h 0.732(3) |0.067(2) |0567(2) |0.097(9) |0.08(0)
Li4 4d 0.75 0.25 0.25 0.04(1) | 0.01(2)
si1 4b 05 05 05 0.655 0.0123(3)
Sbl 4b 0.5 0.5 05 0.345 0.0123(3)
s1 4c 0.25 0.25 0.25 0.983 0.0157(5)
s2 16e 0.3771(2) |0.3771(2) |0.6229(2) |1 0.0234(3)
S3 4a 0.5 0.5 0 0.026 0.0385(5)
11 4a 05 05 0 0.974 0.0385(5)
12 4c 0.25 0.25 0.25 0.017 0.0157(4)
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Figure 4.10 (a) Crystal structure of Lis.7Sio.7Sbo.sSsl from powder neutron diffraction at 300
K, showing the fully occupied S (16e) site and the 2.6 and 1.7% S?/I" (4a, 4c) mixed occupied
site. (Sb/Si)Sa tetrahedra are shown in dark violet. Four Li* sites exist: Li1(48h) - turquoise,
Li2(249) - teal, Li3(48h) - green, Li4(4d) - orange; (b) Li ion diffusion showing the discrete
jumps: the doublet jump (Li1(48h)-Li1(48h) within bipyramids passing through Li2(249),
blue arrow), intracage jump (Li1(48h)-Li1(48h) within cage passing through the Li3(48h) site,
red arrow) and intercage jump (Li1(48h)-Li1(48h) between cages, orange arrow); (C) new
intercage jump Li3(48h)-Li3(48h) between cages is shown by the orange arrow; (d) crystal
structure of LiePSsl from ref. 57 is shown for comparison, with a fully ordered S (16e, 4c) and
| (4a) arrangement. PS4 tetrahedra are depicted in violet. The Li ion forms pseudo-octahedral
cages (four/unit cell) with two crystallographically distinct sites, Li1(48h) and Li2(24g); (d)
Li ion diffusion by discrete jumps: doublet jump (Lil(48h)-Li1(48h) within bipyramids
passing through the Li2(24q) site, blue arrow); intracage jump (Li1(48h)-Li1(48h) within the
cage, red arrow) and intercage jump (Li1(48h)-Li1(48h), orange arrow).
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Figure 4.11 Time-of-flight neutron diffraction patterns and the corresponding Rietveld
refinement fits of (a) LieSbSsl, (b) LiesSio3SborSsl, (c) LiesSiosSbosSsl, and (d)
Li6.7Si0.7Sho.3Ssl at 300 K and (e) Lie.7Sio.7Sbo.sSs1 at195 K. Experimental data are shown in
black circles; the red line denotes the calculated pattern; the difference profile is shown in blue
and calculated positions of the Bragg reflections are shown as vertical ticks. Rwp and GoF are
the weighted profile R-factor and goodness of fit, respectively.
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(Figure 4.11b). This Li3(48h) site also creates a new inter-cage jump pathway (directly
through the face shared Li3(48h) tetrahedra, as shown in Figure 4.11c. The crystallographic
details of Lis.7Sio.7Sbo.3Ssl and Lis+xSixSh1-xSsl (x=0, 0.3, 0.5) phases are summarized in Table
4.8 and B1-4. The structure exhibits one crystallographically distinct Sb/Si site for all
compositions (x), which is partially occupied by Si (up to 70% in Lie.7Sio.7Sbo.3Ssl) and is
tetrahedrally coordinated by four S atoms. The refined lattice parameter (Figure 4.12a),
(SixSh1-x)Sa tetrahedral volume, and (SixSbhix)-S bond distance (Figure 4.12b) from single
crystal XRD (Table B13-20) and synchrotron XRD (Table B5-12) all decrease nearly linearly
with increasing (Si** + Li*) content in Lis+xSixSb1-xSsl, indicating the formation of a solid
solution in accordance with Vegard’s law.

The effect of S%/I- site disorder in these materials merit discussion, in light of its
proposed role in dictating conductivity in the argyrodites. From single crystal X-ray diffraction
results, there is only slight (~1-2) % S?/1" site disorder on the 4a and 4c site for x = 0.1 (Figure
4.12c). At higher Li*/Si** content (x > 0.1), only site disorder on the 4a site can be identified
(but not on the 4c site) that increases with x to reach 7(1) % for the highly conductive phase (x
= 0.7). We note that single crystal diffraction offers superior accuracy in determining the low
degree of S%/I" site disorder over any powder diffraction techniques. Most importantly, several
percent of S%/I" site disorder clearly will not lead to a three order of magnitude increase in
ionic conductivity compared to the parent phase (x = 0). This is further proved in the Ge and
Sn substituted materials. Crystallographic details of Lis«xGexSb1-xSsl (x= 0.2, 0.4) and
Lis.2Sno.2Sho.sSsl are summarized in Table B21-26) and the S?/I" site disorder as a function of
x and ionic conductivity is shown in Table 4.9. For the Ge phase, even though x =0.2 and 0.4
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exhibit essentially the same anion disorder (~ 2.5%) ionic conductivity increases by almost an
order of magnitude from 0.87 mS-cm™ for x = 0.2, to 6.3 mS.cm™ for x = 0.4. The Sn phase at
x = 0.2 shows a slightly higher disorder but even lower ionic conductivity of 0.12 mS.cm™.
Furthermore, as small compositional variance from crystal to crystal is always possible,

powder synchrotron diffraction measurements (Figure 4.13) were conducted for annealed
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Figure 4.12 (a) lattice parameters, (b) (SixSbi-x)S4 tetrahedral volume (left, hollow) and
(SixSh1x)-S bond distance (right, filled) of solid solutions Lis+xSixSh1-xSsl vs refined Si content
(xr) from single crystal XRD at 280 K (black) and synchrotron XRD at room temperature (red)
and (c) S%/I" disorder vs refined Si content (xr) from single crystal XRD at 280 K; (d) S*/I°
site disorder and ionic as a function of refined Si content (xr) from synchrotron diffraction
measurements. Curves show the trend and are not a fit of the data.
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Figure 4.13 Synchrotron diffraction patterns and the corresponding Rietveld refinement fits of
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Lis+xSixSh1xSsl (0.1 <x <0.7) compositions. Figure 4.12d confirms that upon annealing, there
is no obvious correlation between S?/1" site disorder and conductivity. Overall, the annealed
samples show slightly higher ionic conductivity compared to non-annealed samples but yet all
materials exhibit < 3.3 % S%/I" site disorder. Thus, the compositions Lis+xMxSb1-xSsl (M = Si,
Sn, Ge) exhibit very high ionic conductivity with a low degree of S?/1- disorder, and the latter

is ruled out as a major contributing factor.

Table 4.9 S%/I site disorder from single crystal X-ray diffraction at 280 K and ionic
conductivities at room temperature for Lis+xMxSb1-xSsl (M=Sn, Ge).

Li6+xMbe1-xSS|
SZ/1" disorder M=Sn, x=0.2 M=Ge, x=0.2 M=Ge, x=0.4
4a site 1.0Q2) % 2.4(6) % 2.6(5) %
4c site 4.4(6) % 1.2(7) % 2.2(5) %
lonic conductivity (mS.cm™) | 0.12 0.87 6.3

4.6 Interfacial Stability with Li Metal

The Li plating/stripping behavior and interfacial stability of Lis.7Sio.7Sbo.3Ssl towards a
Li metal anode were evaluated in symmetric Li | Lis.7Sio.7Sbo.3Ssl | Li cells. Lis.7Sio.7Sbo.3Ssl
exhibited excellent stability with Li metal, exhibiting a steady voltage profile at a current of
0.3 mA.cm? and capacity of 0.3 mAh.cm™ for 600 hours. At even a higher current of 0.6
mA.cm and capacity of 0.6 mAh.cm, stripping/plating continued up to a total of 1000 hours
(Figure 4.14a). Figure 4.14b shows that the initial cell voltage for the cell cycled at 0.3
mA.cm increases slightly from 7.3 mV to 11.3 mV after 600 hours, and then a stable voltage
profile at 22.0 mV was observed for another 400 hours at the current density of 0.6 mA.cm™.
Nyquist plots of cell impedance are shown in Figure 4.14c, directly after contact of the Li

metal and SE; after 600 hours cycling at 0.3 mA.cm?; and after an additional 400 hours cycling
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Figure 4.14
symmetric cell, cycled at different currents and capacities (0.3 mA.cm and 0.3 mAh.cm™ for
A.cm?2, 0.6 mAh.cm (blue) for another 400 h); (b) enlarged voltage profiles of
the Li | Lis.7Sio.7Sho.3Ssl | Li symmetric cell of the first and last 10 cycles at different current
Nyquist plots of the Li | Lis.7Sio.7Sbo.3Ssl | Li symmetric cell: before cycling (0 h,
ng at 0.3 mA.cm? and 0.3 mAh.cm for 200 h (red), 400 h (blue) and 600 h
(magenta); cycling at 0.6 mA.cm, 0.6 mAh.cm for another 200 h (800 h in total, dark yellow)
and 400 h (1000 h in total, purple).

at 0.6 mA.cm. While the spectra cannot be fit well with an equivalent circuit, it is nonetheless

600 h; 0.6 m

densities; (c)
black); cycli

very clear that the total resistivity increases slightly during cycling and then stabilizes at a

relatively low value (Figure 4.14c). Furthermore, Lis4GeosShosSsl also exhibits relatively
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stable Li stripping/plating (albeit at lower current density and capacity) up to 0.3 mA.cm and
0.3 mAh.cm (Figure 4.15a), which is still much more stable compared to other Ge-containing
materials such as LGPS or even protected LGPS.%® 145146 At a higher current density of 0.6
mA.cm? (Figure 4.15b), microshorts appear (in contrast to Lis.7Sio.7Sbo.3Ssl at that same
current, which exhibits a steady profile). Nyquist plots of cell impedance are shown in Figure
4.15c¢, which shows the total resistivity increases during cycling and then stabilizes. We note
that recent work indicates the pressure-dependent critical stripping current can lead to Li voids
and dendrite formation, 8° whereas microstructural characteristics of a garnet SE lead to locally
differing Li deposition kinetics and morphologies.'*’ Further densification, surface polishing
of the argyrodite pellet, and control of applied pressure will possibly enable stable Li
plating/stripping at even higher current density and capacity. Nevertheless, the stable
symmetric cell cycling, steady voltage profile, and stable total resistivity all indicate the
formation of a relatively stable interphase between Li metal and Lis.7Sio.7Sbo.3Ssl which is

favorable to ultimately develop a long-life Li-metal ASSB.
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Figure 4.15 (a) the voltage profile of Li* plating/stripping in a Li | Lis.4Geo.4Sbo.eSsl | Li
symmetric cell, cycled at different currents and capacities (0.1 mA.cm? and 0.1 mAh.cm™ for
300 h; 0.3 mA.cm, 0.3 mAh.cm for another 300 h); (b) enlarged voltage profiles of the first
and last 10 cycles at different current densities; (¢) Nyquist plots of the symmetric cell: before
cycling (0 h, black); cycling at 0.1 mA.cm? and 0.1 mAh.cm for 100 h (red), 200 h (blue)
and 300 h (magenta); cycling at 0.3 mA.cm2, 0.3 mAh.cm for another 100 h (400 h in total,
purple), 200 h (500 h in total, wine) and another 300 h (600 h in total, orange); (d) the voltage
profile of Li* plating/stripping at higher current and capacity (0.6 mA.cm and 0.6 mAh.cm™)
which leads to a short circuit after 2 h.
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4.7 All Solid-State Batteries Performance

To further evaluate the electrochemical properties of these new superionic conductors,
prototype cells were assembled with Lis.7Sio.7Sbo.3Ssl, where a Li-In alloy as the negative
electrode was paired with TiSz or LiCoOz as the positive. These choices were made in order to
more clearly showcase the conductive properties of the SE. Pairing the SE with Li metal and
high voltage positive electrodes will be the topic of future work devoted to ASSBs. Figure
4.16a shows the 1%, 2" 10" and 20" cycle discharge-charge voltage profiles for the TiS: cell
cycled at 0.1 C between 0.9 and 2.4 V at room temperature. A highly reversible capacity of
240 mAh.g* is exhibited, corresponding to the theoretical value for TiSz. The discharge/charge
capacity at different C-rates and the Coulombic efficiencies are displayed in Figure 16b
(see Figure 4.16c¢ for the corresponding voltage profiles). At a practical rate of C/5, the cell
still retains almost 100% theoretical capacity after 130 cycles, and delivers ~ 85% capacity
(200 mAh.g?) at a C/2 rate. The cell delivers a somewhat lower capacity at 1C (~70% of
theoretical capacity), possibly due to the slight oxidation of SE on the 1% charge shown in
Figure 4.16a (SE oxidation occurs at ~2.1 V vs Li-In). Slow Li-ion diffusion Kkinetics in the
Li-In alloy may also be responsible. Furthermore, a high loading cell (23.8 mg.cm™ TiS>) also
exhibits highly reversible, theoretical capacity (close to 240 mAh.g?) at C/10, as shown in
Figure 4.16d. The LiCoO: cell (Fig. 4.17) also exhibits relatively stable cycling, though the
capacity fades due to an insulating interface build-up between the LiCoO2 and
Lis.7Sio.7Sho.3Ssl. This naturally results from oxidation of the SE at the higher voltage of the

LiCoO:2 positive electrode, since a protective coating layer was not used on the oxide in these
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preliminary studies. Overall, the respectable electrochemical performance for the ASSBs using

Lis.7Sio.7Sho.3Ssl highlights its very high room temperature Li ion conductivity.
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Figure 4.16 Electrochemical performance of TiSz/Li-In ASSBs using Lis.7Sio.7Sbo.3Ssl as the
solid electrolyte at room temperature. (a) 1%, 2", 10", 20" cycle discharge-charge voltage
profiles at C/10. (b) discharge-charge capacity and the Coulombic efficiency (CE) as a function
of cycle number at different C-rates. (c) 2" discharge-charge voltage profiles at different C-
rates. (d) Discharge-charge capacity and the Coulombic efficiency (CE) of TiS2/Li-In ASSBs
with high TiS2 loading (23.8 mg.cm™) as a function of cycle number.
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Figure 4.17 (a) 1% and (b) 2", 4™ 6™, 8™ and 11" charge-discharge voltage profiles for
LiCoOz2/Li-In ASSBs employing Lis.7Sio.7Sho.sSsl at C/10; the extra capacity before reaching
the LiCoOz2 plateau on the first charge voltage profile indicates the slight oxidation of the SE;
(c) charge-discharge capacity and the corresponding Coulombic efficiency (CE) as a function
of cycle number at C/10.

4.8 Origin of the Superionic Conductivity of Lis+xMxSb1.xSsl - Concerted lon Migration

A summary of the results above indicates that the aliovalent substitution of (Li* + M*")
for Sb>* in Lis+xMxSh1.xSsl (M=Si, Sn, Ge) - and hence increased Li* concentration and altered
distribution - tremendously influences the Li ion conductivity in the argyrodite structure even

at low levels of x. A superionic conductivity of 14.8 mS.cm™ (cold-pressed pellet) for the
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optimal composition Lis.sSio.sSbo.4Ssl is accompanied by a low activation energy barrier for Li
ion diffusion of 0.25 eV. Structure solution from powder X-ray synchrotron/neutron and single
crystal diffraction shows a slight increase in the S?/1" site disorder over the 4a/c site in the Si
phases Lis+xSixSbi1-xSsl with increasing X, but this is small even for the x= 0.7 composition (up
to 7% for single crystal measurements, and up to 3.3% for synchrotron diffraction
measurements on annealed samples). As recently experimentally and theoretically
suggested,®” > 149 sjte disorder between sulfide and halide can lead to lower activation barriers.
However, such low level S?/I" site disorder does not lead to the three-order of magnitude
increase in ionic conductivity we observe here. It has also been suggested that the high
multiplicity of the Li site can make percolation possible at a low degree of disorder.®” We note
that Lie.sSio.6Sbo.4Ssl shows tripled ionic conductivity compared to LissGeo.sPo.4Ssl: namely
14.8 mS.cm™ vs 5.4 mS.cm™, respectively (measurements being both conducted on cold-
pressed materials). The increased ionic conductivity can be ascribed to the different Li ion
distribution between these materials (as discussed below).

In the stoichiometric LisPnSsl (Pn = P, Sb) argyrodite structure, Li ions occupy
tetrahedral sites: each site shares a common face with one other to form a bipyramid; in turn,
each bipyramid shares an edge with another bipyramid and six bipyramids form a cage (Figure
4.11, above). In one unit cell, there are 4 cages (24 bipyramids) and each bipyramid is occupied
by one Li ion that can only move freely within the bipyramid (equilibrium state). To sustain
macroscopic Li ion diffusion, a defect formation step is necessary, and the sum of defect
formation and migration energies correspond to a high activation energy as measured by EIS.

This is further supported by a DFT MD simulation of LisPSs1*4° which shows inter and intra
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cage jumps pass through a much higher activation barrier than that in LisPSsCl and LisPSsBr
as depicted in Figure 4.18a, which leads to low ionic conductivity. However, in Li-rich
Lis+xSixSh1-xSsl, our neutron diffraction analysis (Figure 4.19) reveals a different Li* sublattice
than other typical Li-argyrodites and the previously reported Li-rich Lis.sGeo.sPo.sSs1®” 2. Two
new L.i sites, along with the original two sites in LisSbSsl, are identified. These sit within the
Li cages at the mid-point of the intra-cage jump and between the Li cages at the mid-point of
the inter-cage jump with relatively low occupancy (Figure 4.11b-c, Table 4.8). They can be
regarded as high-energy interstitial sites for Li ion diffusion. The occupancy of the Li3(48h)

site increases with increasing Li*+Si** content, and meanwhile creates vacancies on the

a Single ion migration
E F 3
LigShS.|
b Concerted ion migration
Lig 7Si5.7500.355!
E

Figure 4.18 Proposed mechanism of (a) traditional vacancy Li ion diffusion mechanism for
LisSbSsl and (b) concerted Li ion migration with a flatter energy landscape induced by Li ion
site disorder. The triangle indicates a tetrahedral site, and the filled ones indicate a partially
occupied site. The empty sites are depicted by an open triangle. The energy landscape is shown
for the intracage jump. Black triangles: Li1(48h); blue triangles: Li3(48h), unoccupied site for
LisSbSsl; yellow triangles: unoccupied sites on the pathway on the intercage jump pathway.
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Li1(48h)-Li2(249)-Li1(48h) equilibrium sites (within one bipyramid), as shown in Figure
4.19a (we do not speculate on the role of the Li4(4d) site due to its very low occupancy, Table
4.8). The redistribution of Li ions from Lil-2 onto the Li3 sites and hence the creation of
vacancies on those sites helps eliminate the defect formation step for Li ion diffusion. The
increased Liion concentration in Lis+xSixSb1-xSs| pushes the additional Li ions into these high-
energy interstitial sites. These positions are very close (~ 1.6 A) to the low energy sites with
higher occupancy and increase the Li*-Li" interactions. Thus, the site energies of Lil and Li3
become closer with increasing Li ion content, as both increase due to Coulombic repulsion
(Figure 4.19b). The resultant repulsion will activate concerted ion migration®® with a
significantly lower activation energy for Li ion diffusion, as described schematically in Figure
4.18b. The new inter-cage jump (Figure 4.11c) - directly through the face-shared Li3(48h)
tetrahedra with a presumed low activation energy barrier® - connects the Li cages in the unit
cell and should also favor macroscopic long-range Li ion diffusion (superionic conductivity).
These high-energy interstitial sites for diffusion indicate the existence of local minima with no
strongly preferred positions which leads to an overall lowering of the activation energy.3! 132
148,149 A similar principle was identified in Li-stuffed garnets. The garnet-type compounds
LisLasM2012 (M = Nb, Ta) initially were reported to exhibit a Li-ion conductivity of ~107°
S.cm™ at 25 °C, but substitution on the La and M sites by lower-valent metal ions led to Li-

rich garnet-type materials, where conductivities of 1 mS.cm™ are achieved.*
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Figure 4.19 (a) Li* content of each site per unit cell vs xn of Lie+xSixSbh1xSsl from neutron
diffraction results; (b) BVSE models of migration barriers with Lis+SixSb1xSsl (x = 0, 0.3,
0.5,0.7).

4.9 Conclusion

Exploration of the series Lis+xMxSb1-xSsl (M=Si, Sn, Ge) reveals a highly promising
sulfide SE, Lis.6Sio.sSho.4Ssl that exhibits superionic conductivity owing to a unique framework
with minor S%/I- anion disorder and a distinctly disordered Li ion distribution. Using a
combination of single crystal and powder synchrotron and neutron diffraction and impedance
spectroscopy, changes in the Li* occupancies and S?/1- anion disorder across the series were
monitored for the Si members of the series. With the increasing substitution of Si** onto the
Sb®* site and Li ions into the lattice, a significant lowering of the activation energy barrier for
Li ion mobility is related to the slightly increased S?/1- site disorder but mostly to the
disordered Li ion distribution. The additional Li ions populate high-energy interstitial sites,
thus activating concerted ion migration. This process further leads to a very low activation
energy barrier and superionic conductivity of 14.8 mS.cm™ for cold pressed Lis.sSio.6Sbo.4Ssl
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which can be utilized in ASSBs. The ionic conductivity can be further increased by decreasing
the grain boundary contributions, and thus sintered pellets exhibit a higher ionic conductivity
of 24 mS.cm™. Furthermore, the new superionic conductors exhibit good stability with Li
metal, where no apparent microshorts were evident even at high current density
stripping/plating experiments conducted at 0.6 mA.cm at a capacity 0.6 mAh.cm™. Excellent
electrochemical performance is observed for a prototype TiS2/Liln ASSBs, which augers well
for the future development of advanced all-solid-state Li metal batteries. Most importantly, our
work shows that structural changes leading to Li site disorder can induce alterations to the
potential energy landscape for the mobile Li ions in fast-ion conductors; namely (as predicted
theoretically),** pushing Li ions into high energy sites will induce concerted ion migration
with a reduced migration energy barrier in Li-rich phases. This strategy should prove
invaluable for further optimizing solid electrolyte materials towards high ionic conductivity,

new material discovery, and allow the commercialization and practical use of ASSBs.
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Chapter 5. A New Halospinel Fast Ion Conductor Li>Sc23Cls for High
Voltage All Solid-State Li Batteries

5.1 Introduction

Among a range of SE materials which have been studied,'” 8 sulfide materials
generally exhibit high ionic conductivity approaching or even surpassing those of organic
liquid electrolytes (>10 mS.cm™), and ductile nature. The latter makes it easy to process and
realize intimate contact between the SE - SE and SE - active material, and thus sulfides have
been a particular focus of research.*” 8 67,137, 151-153 However, these materials feature a low
upper voltage stability window (< 2.5 V vs Li/Li*) which is not compatible with the typical
cathode active materials (CAMS) (LiCoOz, LiNiix-yMnxCoyO2 (NMC)) that do not utilize an
insulating coating.%? 5415 Incorporation of these sulfide SEs in ASSBs with bare LiCoO: or
NMC leads to oxidation of the SE to form a passivating, blocking interphase.'*® The increase
in internal resistance results in a dramatic capacity fade.™®” Coating of the CAM particles with
an electronically insulating/ionically conductive, chemically compatible material is required
to address this problem, which brings a myriad of additional issues. These include the difficulty
of finding and processing suitable materials to achieve a homogeneous, functional coating.t®®
180 Some oxide SEs, such as garnets, exhibit high ionic conductivity, good chemical stability
with Li metal and a wide electrochemical stability window.*> 162 However, generally oxides
are brittle, very difficult to process into SE/active material composites and can lead to high
interfacial and grain boundary resistance. They also require high synthesis temperatures which

are prohibitively costly and are not amenable to cold (or elevated temperature) sintering. Thus,
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it is still challenging to find SEs that can simultaneously meet all the requirements of fast ion
conductivity, a wide electrochemical window and good mechanical properties.

Recently, several lithium transition metal halide materials, including LisErCls,
LisYCls, LisInCls, and LisxM1-xZrxCls (M = Er, Y) were reported with relatively high ionic
conductivities of 0.31 - 1.49 mS.cm™ and a wide electrochemical window.®%% In poorly
crystalline LisMCls derived from mechanochemical milling, the increase in ionic conductivity
(from ~107 to 0.3 mS.cm™) was ascribed to cation site disorder.8! Substitution of Y (or Er) by
Zr in crystalline LisMCles induces a trigonal-to-orthorhombic phase transition and leads to
much higher ionic conductivity (up to 1.4 mS.cm™) than in the parent phases, accruing from
distinctly different and more favorable Li-ion diffusion pathways.®® The reason for the
significantly increased ionic conductivity of LisInCls compared to the value reported in 1992
(~ 0.01 mS.cm™) is still unclear.'®? Although such materials are not stable with lithium metal
because the transition metal cation in the halide can be easily reduced, LisYCls, LisInCls, and
Lis-xM1xZrxCls (M = Er, Y) show very good compatibility with high voltage cathodes such as
LiC002.80 82 8 |n this regard, halides (specifically chlorides, which possesses higher anodic
stability than bromides and iodides) are attractive for applications in high voltage ASSBs. Until
now, very limited materials have been reported with ionic conductivity > 1 mS.cm™. Thus, it
is essential to search for other halides that could exhibit such promising properties. Materials
with a spinel structure, including Li2MgClas and Li2ZnClas, were studied in the 1970s-1980s.16*-
166 However, these spinel chlorides exhibit extremely low ionic conductivity (< 10° mS.cm™?

at room temperature), and thus cannot be used as SEs in ASSBs.

99



Herein, we report on a new disordered-spinel chloride fast ion conductor, Li2Sc2/3Cls,
which exhibits a high ionic conductivity of 1.5 mS.cm™ and is based on the relatively more
abundant element scandium compared to indium or erbium. The spinel is prepared via a simple
synthetic procedure, unlike LisYCls and LisErCls which require long duration high energy ball-
milling to reach a conductivity of 0.3 mS.cm™. Li2Sc23Cls represents the first spinel-type fast
ion conductor, due to significant Li-site disorder in the lattice as determined by neutron
diffraction studies. Delocalized Li-ion density serves as interstitial sites that provide critical Li
ion diffusion pathways, similar to other fast ion conductors.* 5 161 Importantly, Li>Sc23Cla
exhibits excellent electrochemical performance combined with typical high voltage CAMs
with a bare surface (LiCoO2, NMC622, and NMCS85; no coatings applied) due to their stable
interface formed with this halide SE and its mechanically pliable and high oxidative stable
nature. Cells cycled at room temperature with a high upper cutoff voltage between 4.3 and 4.6
V exhibit stable behavior for over 70 - 110 cycles and capacity up to 215 mAh.g™* at a C/5 rate.

Dr. Qiang Zhang performed powder the neutron diffraction measurement. Chun Yuen

Kwok performed the SEM measurements.

5.2 Experimental Approaches
5.2.1 Materials Synthesis

A simple approach based on mixing and heating of the precursors was used.
Stoichiometric amounts of LiCl (Sigma-Aldrich, 99.9%) and ScCls (Strem Chemical, 99.99%)
were mixed together at the targeted ratio. The mixtures were pelletized and placed in a sealed
quartz tube under vacuum. Lis-3xScxCls (0.64 < x < 0.8) was heated to 650 °C for 48 hours with

a ramp rate of 5 °C.min*.
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5.2.2 Electrochemical measurements

For linear sweep voltammetry (LSV) measurements, 90 mg of Li2Sc2/3Cls was filled
into a polyether ether ketone (PEEK) cylinder and pressed at 2 tons for 1 min (10 mm
diameter). To prepare the Li2Sc23Cls-Super P carbon composite, Li2Sc23Cla and carbon were
mixed in a weight ratio of 7:3 and hand-ground in an agate mortar for 15 min. A mass of 5 mg
of the composite was put into one side of the SE pellet to serve as a working electrode and
pressed at 2 tons for another 1 min. On the other side of the pellet, a thin indium foil (10 mm
diameter, Alfa Aesar, 99.99%, 0.125 mm thickness) was attached and ~0.3 mg Li powder
(FMC Lithium) was spread over the indium foil. The cell was then placed into a stainless-steel
casing with a constant applied pressure of ~1.5 tons. The LSV measurement was performed
with a scan rate of 0.1 mV.s™,

For the fabrication of Li | Li2Sc23Cls | Li symmetric cells, ~100 mg of Li2Sc23Cl4
powder was placed into a PEEK cylinder and cold-pressed at 3 tons for 1 min (10 mm
diameter). On both sides of the SE pellet, Li foil (99.9%, Sigma-Aldrich, 0.38 mm thickness)
with a diameter of 10 mm was attached. The cell was subjected to constant uniaxial pressure
using the screw of a stainless-steel framework with 4 Nm torque. Galvanostatic cycling of the
symmetric cell was carried out at a current density and capacity of 0.1 mA.cm?and 0.1
mAh.cm?2,

All-solid-state batteries employing the Li2Sc23Cls SE in combination with a LiCoOz2
(LCO, Wellcos corporation) or NMC622 (BASF) or NMC85 (BASF) cathode and a Li-In alloy
anode were assembled in an argon filled glovebox. LiCoO2, NMC622, and NMC85 powders

were dried in a Buchi oven under vacuum at 200 °C for 20 h before use. Lis.7Si0o.7Sbo3Ssl was
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synthesized following our previously reported procedure.® First, ~ 60 mg of Lis.7Sio.7Sbo.3Ss|
powder was placed into a PEEK cylinder and pressed at 2 tons for 1 min (10 mm diameter),
and then ~ 40 mg of Li2Sc2/3Cls was spread over one side of the SE pellet and pressed at 2 tons
for another 1 min. The composite cathode mixtures were prepared by mixing LCO or NMC622
or NMC85 and Li2Sc2/3Cls in an agate mortar in a weight ratio of 8:2. On the Li2Sc2/3Cls side
of the SE pellet, ~ 6-9 mg of the composite cathode mixture (corresponding to a capacity of
~1-1.25 mAh.cm2) was spread and pressed at 3 tons for 3 min. On the other side of the pellet,
a thin indium foil (10 mm diameter, Alfa Aesar, 99.99%, 0.125 mm thickness) was attached
and ~1 mg Li powder (FMC Lithium) was spread over the indium foil. The cell was placed
into a stainless-steel casing with a constant applied pressure of ~1.5 tons. Galvanostatic
cycling of the cell was carried out in the voltage range of 3 - 4.3 V vs Li*/Li for the LCO cell
(1C=137mAh.gY) and 2.8 -4.3V or 2.8 - 4.6 V vs Li*/Li for the NMC622 (1C = 180 mAh.g"

h cell.

5.3 Structural Evolution of Disordered Spinel Li>Sc2/3Cls

X-ray diffraction (Figure 5.1a, red pattern) shows that the targeted synthesis of spinel
Li2Sc23Cls provides almost phase-pure polycrystalline powder with only a trace amount of
unknown impurities. Preparing the material for XRD analysis clearly revealed its soft and
ductile nature. The pattern was indexed in the same cubic space group, Fd3m which is adopted
by other spinel materials. A lower Sc*>* content leads to increasing amounts of LiCl impurity,
as shown in Figure 5.1a, black pattern. A slightly higher Sc*" content leads to lower ionic
conductivity (see below) and even higher Sc** content leads to a ScCl3 impurity (Figure 5.2).

The title composition is therefore optimal. The structure of spinel Li2Sc23Cls was determined
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from Rietveld refinement of the ToF PND pattern, as shown in Figure S5.1b and the
crystallographic details are summarized in Table 5.1. The framework is somewhat similar to
the previously reported spinel Li2MgCls.'®* The important difference is that the disordered
spinel Li2Sc2/3Cls exhibits four Li sites: Li2 and Li3 are new while Lil and Li4 are also present
in spinel Lix2MgCly, as shown in Figure 5.3a,¢,d. Li2MgCls is constructed from edge-sharing
(Mg1/Li2)Cls octahedra (Figure 5.3b) and Lil fills the corner-sharing tetrahedral site (Figure
5.3d). In contrast, while Li2Sc2/3Cla also contains edge-sharing (Sc1/Li4)Cls octahedra, Lil,2,3

fill the face-sharing octahedral and tetrahedral sites, as shown in Figure 5.3c-e.
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Figure 5.1 (a) Powder X-ray diffraction patterns of Li20sSco.64Cla (black), Li2Sc23Cla (red)
and LizeSco.7Cla (blue). All reflections correspond to the respective spinel phase except for the
unknown impurity as marked; red arrows indicate LiCl impurity. (b) Time-of-flight neutron
diffraction and the corresponding Rietveld refinement fit of Li2Sc2/3Cls, excluded regions (Q
=2.28, 3.01, 4.11 and 4.56 A') correspond to trace unknown impurity phase. Experimental
data are shown in black circles; the red line denotes the calculated pattern; the difference profile
is shown in blue and calculated positions of the Bragg reflections are shown as vertical ticks.

Rwp and GoF are the weighted profile R-factor and goodness of fit respectively.
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Table 5.1 Atomic coordinates, occupation factors, and isotropic displacement parameter of
Li2Sc23Cls obtained from time-of-flight powder neutron diffraction at 300 K.

a =10.4037 (5) A, Space group: Fd3m

Atom | Wyck. Site X y z Occ. Uiso (A?)
Liltet |8a 0.125 0.125 0.125 0.141(27) 0.025(20)
Li2 oct | 16¢C 0 0 0 0.218(13) 0.038(5)
Li3tet | 48f 0.125 0.125 0.886(16) | 0.0282(63) | 0.025
Li4 oct | 16d 0.5 0.5 0.5 0.689(2) | 0.0029(6)
Scl 16d 0.5 0.5 0.5 0.311(2) 0.0029(6)
CiL 32e 0.25435(6) | 0.25435(6) | 0.25435(6) | 1 0.0208(2)
* ScCly
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Figure 5.2 Powder X-ray diffraction of LiieScosCls. All reflections correspond to the
respective spinel phase except for the ScCls impurity as marked.
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Figure 5.3 (a) Structure of spinel Li2MgCls from single crystal X-ray diffraction reported in
Ref. 145 and (b) structure of spinel Li2MgCl4 (corner-sharing Li(1)Cls tetrahedra are not
shown) depicting a possible Li* ion diffusion pathway formed by edge-shared (Mg1/Li2)Cls
octahedra whose faces border empty tetrahedral sites (enlarged); Li(1)Cls - (light blue)
tetrahedra and (Mg1/Li2)Cls - (dark blue) octahedra. (c) structure of disordered spinel
Li2Sc2/3Cls from ToF powder neutron diffraction and (d) structure without illustrating Li(2)Cle
octahedra and Li(3)Cl4 tetrahedra, demonstrating that it is related to spinel Li2MgCla but with
different site occupancies. (Sc1/Li4)Cls octahedra are in dark blue and Li(1)Cls tetrahedra in
light blue; (e) structure of disordered spinel Li2Sc2/3Cls only showing face-sharing Li(1,3)Cl4
tetrahedra and Li(2)Cle octahedra that represent a 3D Li ion diffusion pathway; expansion
shows potential ion diffusion through Li(2)Cls octahedra passing by Li(1,3)Cls tetrahedra.
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5.4 Ionic Conductivity and Li ion diffusion Pathways

Temperature-dependent impedance spectroscopy measurements were performed to

determine the ionic conductivity of cold-pressed Li2Sc2/3Cls and the activation energy for Li

ion transport (Figure 5.4). The corresponding impedance responses (illustrated as Nyquist

plots) are shown in Figure 5.4a, b. Li2Sc2:3Cls exhibits fast ion conductivity of 1.5 mS.cm™ at

room temperature. The Nyquist plots at different temperatures were fit to derive ionic
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Figure 5.4 Nyquist plots of Li2Sc2/3Cls (a) at room temperature and (b) at each temperature
used to determine activation energy; (c) Arrhenius plots of the conductivity values for
Li2Sc23Cl4 in the temperature range from 30 to 60 °C. (d) Nyquist plots of Li2.08Sco.64Cl4 (red)
and Li1.9Sco.7Cls (blue) at room temperature.
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conductivity values that were used for the corresponding Arrhenius plot that yielded a low
activation energy, Ea = 0.34 eV (Figure 5.4c). Li20sSco.s4Cla exhibits slightly lower ionic
conductivity of 1.22 mS.cm™ due to minor LiCl impurities and Li1.9Sco.7Cls also exhibits a
lower ionic conductivity of 1.09 mS.cm™ due to a lower carrier concentration (Figure 5.4d).
The ionic conductivity of the new disordered spinel, Li2Sc2/3Cl4, is more than three
orders of magnitude higher than previously reported chlorospinels including Li2MCl4 (M= Mg,
V, Cr, Mn, Fe, Co, Zn, Cd) which exhibit very low ionic transport, ionic conductivity < 103
mS.cm™. The difference is that Li2Sc23Cla exhibits multiple Li sites in the spinel lattice (and
two new L.i sites) compared to the other materials. Taking Li2MgCls as an example, Li ions
would likely diffuse through the faces of edge-shared Li(2)Cls octahedra that border an empty
tetrahedral site (Figure 5.3b). While the Li2 site is also a shared site with Mg?* (half occupied
by both Mg?* and Li*), both Lil and Li2 sites are fully occupied. Hence a defect formation
step is necessary to sustain macroscopic Li ion diffusion. Furthermore, divalent Mg?* is present
within the main diffusion pathway, which will hinder Li ion diffusion due to its presumed low
mobility.?%® The sum of these factors results in the high activation energy and low ionic
conductivity previously reported.'®® For the disordered spinel Li2Sc23Cls, the same possible
(Sc1/Li4)Cls octahedral pathway (via empty face-shared sites described in Figure 5.3b for
Li2MgCla) also exists, shown in Figure 5.3a. However, trivalent Sc®* ions also sit within the
pathway and are anticipated to block Li ion diffusion; thus Li ions in this site will have very
low mobility, as supported by their very low atomic displacement parameter (Table 5.1). This
Li/Sc shared site forms a rigid framework that allows the diffusion of Li ions resident on the

other sites. The additional Li ions are spread over the other face-sharing octahedral and
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tetrahedral Lil1,2,3 sites, which form a proposed, infinite 3D Li ion diffusion pathway shown
in Figure 5.3e. The relatively low occupancy of the Li1,2,3 sites results in vacancies which
help eliminate the defect formation step for Li ion diffusion. The re-distribution of Li ion
density over available tetrahedral and octahedral sites within the lattice suggests the Li site
energies are relatively similar which would lead to a relatively flat energy landscape for Li ion
diffusion.* 161 Qverall, the relatively low activation energy is supported by the new probable

diffusion pathway and considerable vacancies that promote Li ion mobility.

5.5 Electrochemical Performance

Bulk-type ASSBs with Li2Sc2/3Cls as a SE using uncoated high voltage CAMs (bare-
LiCoO2 and bare-NMC622 or NMCB85) and Li-In alloy as the negative electrode were
constructed to demonstrate the electrochemical performance of this new chlorospinel SE. Li-
In alloy was chosen as the anode because Sc®* can be reduced by Li (in Figure 5.5). A highly-
superionic conductive sulfide solid electrolyte layer (Lis.7Sio.7Sbo3Ssl, 12.6 mS.cm™)% was
added between Li-In alloy and Li2Sc2/3Cl4 layer to further prevent the reduction of Li2Sc2/3Cla
and decrease the total cell resistance. Bulk-type ASSBs show very good performance in terms
of Coulombic efficiency and cycling performance (Figure 5.6). In large part, this owes to the
high oxidative stability of Li2Sc23Cls as indicated by linear sweep voltammetry (LSV)
performed on chlorospinel electrodes mixed with 30 wt% Super P carbon (Figure 5.7a). The
ultra-slow sweep (0.1 mV.s?), which effectively probes the equilibrium potential limit,
suggests that Li2Sc2/3Cls is thermodynamically stable up to ~ 4.3 V vs Li*/Li (and kinetically

beyond, see below), i.e, very much higher than sulfide materials (~2.5 V).%
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Figure 5.5 (a) Voltage profile of Li stripping/plating in a Li/Li2Sc23Cls/Li symmetric cell,
cycled at 0.1mA.cm? and 0.1 mAh.cm? for 20 h; (b) corresponding Nyquist plots of the
symmetric cell: before cycling (black), cycling for 10 h (red) and 20 h(blue). This figure shows
the instability between Li2Sc23Cls and Li metal, as Sc®* can be reduced by Li to form an
insulating interphase.

The initial charge/discharge curves of LCO and NMC622 cells cycled in different voltage
ranges, up to 4.5 V vs Li*/Li are shown in Figure 5.7b, c. All cells exhibit high initial
Coulombic efficiency > 93.7%, which indicates the Li2Sc23Cla chlorospinel is stable with these
high voltage cathode materials. Figure 5.8 shows the cross-section of ASSBs after cycling
(fully discharged state) which reveals that the NMC622 and LiCoO: particles are well
embedded in the Li2Sc23Clsa matrix with excellent contact. The LCO cell exhibits excellent
rate capacity (Figure 5.6a, b). With an upper cutoff voltage of 4.3 V vs Li*/Li, the cell exhibits
a high initial discharge capacity of 135 mAh.g™* at a 0.5C rate (Figure 5.6b) and good capacity
retention. Even at 1C, the cell still retains a reversible capacity over 120 mAh.g* (Figure 5.6a
and 5.9a), which is significantly better than those of state-of-art LiCoO2 ASSBs.14% 169, 170
Figure 5.10 shows the initial and final EIS data of the corresponding LCO cells in Figure
5.6a. The total impedance of cells cycled at fast rates is almost the same as the initial state,

which further demonstrates the excellent high voltage stability of Li2Sc2/3Cla.
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Figure 5.6 Electrochemical performance of LiCoO2 and NMC622 ASSBs using Li2Sc23Cls as
the solid electrolyte at room temperature. Charge-discharge capacity as a function of cycle
number at different C-rates for (a) LCoO2 ASSB and (c) NMC622 ASSB and corresponding
charge-discharge curves at different C-rates for (b) LiCoO2 ASSB and (d) NMC622 ASSB. (e)
Charge-discharge capacity and the Coulombic efficiency (CE) as a function of cycle number
for NMC 622 ASSB cycled at 0.1C between 2.8 V and 4.3V vs Li*/Li and (f) corresponding
charge-discharge curves. (g) Charge-discharge capacity and the Coulombic efficiency (CE) as
a function of cycle number for NMC622 ASSB cycled at 0.1C, 0.2C between 2.8V and 4.5V
and 4.6V vs Li*/Li and (h) corresponding charge-discharge curves.
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Figure 5.7 (a) Linear sweep voltammograms at a scan rate of 0.1 mV-s? with Li-In alloy as
the reference; Li2Sc2/3Cla/Super P carbon mixture (70:30wt%) as the counter electrode and
Li2Sc213Cla as the solid electrolyte layer. Initial charge/discharge curves of bulk-type ASSLBs
of (b) LiCoO:2 cell cycled between 3V - 4.3V vs Li*/Li and (c) NMC622 cell cycled between
2.8V- 4.3V and 2.8V- 4.5V vs Li*/Li at room temperature at a rate of 0.1 C. Insets show cell
configurations.

The NMC622 cell also exhibits good rate capability (Figure 5.6¢,d and 5.9b), although a little
lower than the LCO cell described above, possibly due to the microstructure of NMC622
particles that contains randomly oriented grains (i.e., small primary particles aggregated into
large secondary particles).t”* In comparison, LCO is comprised of large single LiCoO:
crystallites (Figure 5.11). Tuning cathode particle size and microstructure will potentially

further improve the electrochemical performance of ASSBs.}"*1"* Figure 5.6e, f shows the
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long-term cycling of the NMC622 cell at 0.1 C between 2.8 V and 4.3 V vs Li*/Li. It exhibits

very stable capacity retention with very little capacity fade, maintaining a capacity of ~170

mAh-g* after 110 cycles with high Coulombic efficiency: ~ 99.8% on average. The NMC622

Figure 5.8 Cross-sectional SEM images of (a) the NMC622 cathode composite and Li2Sc2/3Cl4
electrolyte section and (b) enlarged cathode composite section shows the NMC622 particles
(spheres) are well embedded in the Li2Sc23Cla matrix. (c) SEM cross-sectional images and (d)
EDX mapping of the LiCoO2 cathode composite and Li2Sc23Cls electrolyte section, illustrating
that the LiCoOz2 cannot be distinguished from the solid electrolyte; EDX mapping (Cl and Co)
shows the LiCoO:2 particles and Li2Sc2/3Cla are well mixed.

Voltage vs Li/Li (V) @

3.2 21-70% cycles

1 1C, 3.0V- 4.3V vs Li*/Li
3.0 T T

Capacity (mAh-g™)

—— v
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Figure 5.9 Charge-discharge curves corresponding to the 215-70" cycles of ASSBs for a: (a)
LiCoO:z cell cycled at 1C and (b) NMC622 cell cycled at 0.5C.
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Figure 5.10 Nyquist plots of a LiCoO2 ASSB at the initial state and after 70 cycles, showing
no increase of internal resistance upon cycling.

Figure 5.11 SEM images of pristine (a,b) LiCoO:2 particles and (d,e) NMC622 particles
showing the particle size distribution and microstructure. SEM images of the particle
morphology after hand-grinding with 20 wt% Li2Sc2/3Cl4 shows (c) LiCoO2 and (f) NMC622
particle surfaces are covered with the Li2Sc23Cla solid electrolyte.

cell also exhibits excellent cycling performance with a cutoff voltage of 4.6 V vs Li*/Li with
very low-capacity fade, maintaining a capacity of ~190 mAh.g? with high Coulombic
efficiency of ~ 99.6% on average at 0.2 C over 70 cycles (Figure 5.69); typical voltage profiles
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are shown in Figure 5.6h. This performance is significantly better than previously reported
ASSBs with typical coated NMC cathodes married with a sulfide SE.1"® This data suggests that
while the thermodynamic stability of Li2Sc2i3Cla is ~ 4.3 V vs Li*/Li, in fact, a kinetically
quasi-stable interface forms between NMC622 and Li2Sc2/3Cla up to 4.6 V. The exact nature
of this interface will be explored in future studies.

High-Ni NMC85 cathode materials provide even higher capacity, which can further
improve the energy density of ASSBs. With an upper cutoff voltage of 4.3 V vs Li*/Li, cells
exhibit a stable discharge capacity >190 mAh.g* at a rate of 0.2C and good capacity retention
for 90 cycles (Figure 5.12a, b). NMCS85 cells cycled with a high upper cutoff voltage of 4.5
V also exhibit stable cycling with high discharge capacity up to 214 mAh.g* at 0.2C and good
capacity retention for 70 cycles (Figure 5.12c, d). These findings represent the first 4.5 V
NMC85 ASSBs with stable performance. Typically, NMCB85 cells with liquid electrolytes
show capacity fade when charged to high potential 2’61’8 This is due to the surface of NMC85
particles being converted to spinel and rock-salt types phases, and the formation of a cathode-
electrolyte interface (CEI) due to the oxidation of liquid electrolyte by the strongly oxidizing
Ni3*/** sites, which impede Li ion diffusion.t’®18! The excellent cycling of NMC85 ASSBs is
likely due to the good oxidative stability of Li2Sc23Cls, as no Li ion blocking interface is built
up between the contact of the NMC and Li2Sc2:3Cla. Nonetheless, the intrinsic nature of high-
Ni NMC materials and their aggregate microstructure ((Figure 5.13) undoubtedly leads to the
very slow capacity fading in NMC ASSBs, shown in Figure 5.12. This can be due to Ni

migration/phase transformation at high potential, and micro-cracks formed in cycled NMC
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particles due to the volume change during cycling that can create loss of contact within the
electrode.

In addition to being employed as a SE in ASSBs, Li2Sc23Cls can be also utilized as a
high voltage cathode coating material, where the coated cathode materials can be used with
lower-cost sulfide solid electrolytes. Overall, the excellent electrochemical performance of
ASSBs employing this novel Li2Sc23Cls solid electrolyte and a > 4 V voltage uncoated
NMC/LCO cathode highlights its high room temperature Li ion conductivity and oxidative

stability window, which bodes well for practical applications of ASSBs.
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Figure 5.12 Electrochemical performance of NMC85 ASSBs using Li2Sc23Cls as the solid
electrolyte at room temperature. Charge-discharge capacity and the Coulombic efficiency (CE)
as a function of cycle number for NMC85 ASSBs cycled at 0.2C (a) between 2.8 VV and 4.3 V
and (c) between 2.8 V and 4.5 V vs Li*/Li and (b,d) corresponding charge-discharge curves.
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100 nm

Figure 5.13 SEM images of NMC85 particles showing the (a) particle size distribution and (b)
microstructure. NMC85 exhibits a small particle size compared to LCO and NMC622.

5.6 Conclusions

In summary, we have synthesized a new chloride fast ion conductor, Li2Sc2/3Cls, with
a disordered spinel structure and high Li ion conductivity of 1.5 mS.cm’!, representing the first
spinel structure fast ion conductor. Excellent electrochemical performance is observed for
bulk-type ASSBs with bare LiCoO2 or NMC cathode materials (no external coating) at
potentials up to 4.6 V, which augers well for the future development of advanced high energy
density and stable cycling life ASSBs. Most importantly, while we report the first spinel fast
ion conductors, multiple elemental doping can be conducted to further increase the ionic
conductivity. The same concept can be applied to other Li-spinel structured materials including

sulfides and oxides, which opens a new avenue in developing new SEs for ASSBs.
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Chapter 6. High-Areal Capacity Long Cycle-Life 4.8 V Ceramic All Solid-
State Li batteries with Chloride Solid Electrolytes

6.1 Introduction

As above-mentioned, sulfide SEs exhibit high ionic conductivity comparable to
traditional liquid electrolytes and form a quasi-stable SEI with Li metal, thus are suitable for
separator layer in ASSBs. Chloride SEs are suitable for high voltage ASSBs, due to their
intrinsic high voltage stability and good ductility. However, to date, a very limited number of
chloride SEs have been reported with high ionic conductivity > 1 mS.cm™, driving an essential
search for new materials.

Another major challenge for ASSBs is the moderate CAM loadings that are typically
utilized (< 1.25 mAh.cm). To improve energy density, high loading cathode composites (i.e.,
with areal capacities of > 3 mAh.cm?) must be developed to make ASSBs practically
competitive with conventional LIBs.!*> However, as the active material loading increases in
an ASSB, the ionic and electronic conduction percolation within the catholyte declines
significantly, leading to poor CAM utilization.!* Thus catholyte engineering along with a
highly conductive SE are needed.

Herein, we report a family of chloride fast Li-ion conductors, Li2InxSco.c66-xCls (0 < x
< 0.666), which exhibit ionic conductivity up to 2.0 mS.cm™. Incorporation of as little as 10
wt% Li2lni3Sc13Cls with bare CAMs forms a cathode composite with excellent
electrochemical ASSB performance, owing to a low-impedance SE/CAM interface. ASSBs
utilizing un-coated LiCoO2 (LCO), LiNio.cC002Mno202 (NCM622), and high-Ni
LiNio.85C00.1Mno.0s02 (NCMS85) at typical cell loading levels of ~1.25 mAh.cm™ exhibit
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superior rate capability and significantly more stable long-term cycling up to 4.8 V vs Li'/Li,
compared to state-of-the-art ASSBs. Furthermore, NCM85 ASSBs show an exceptionally long
life at room temperature: up to 3000 cycles with > 80 % capacity retention. LCO ASSBs with
CAM loadings up to 52.5 mg.cm? (7 mAh.cm™) also exhibit very steady long-term cycling
with high specific capacity at both room temperature and high temperature (50 °C). High-Ni
NCMS85 ASSB with a high loading of 21.6 mg.cm™ exhibit a capacity of >4 mAh.cm™ (> 190
mAh.g") with no fading. These ultra-stable high voltage and high loading ASSBs provide
valuable insight into the design and development of ASSBs and may serve as an important
point of reference.

Dr. Tongtong Zuo performed the Tof-SIMS measurements and analyzed the data with
Dr. Juergen Janek. Dr. Abdeljalil Assoud performed single crystal X-ray diffraction and
structural resolution. Dr. Qiang Zhang performed powder neutron diffraction measurements.

Chun Yuen Kwok performed SEM measurements. Dr. Se Young Kim assembled liquid cells.

6.2 Experimental Approaches
6.2.1 Materials Synthesis

A simple approach based on mixing and heating of the precursors was used.
Stoichiometric amounts of LiCl (Sigma-Aldrich, 99.9%), InCls (Alfa Aesar, 99.99%), and
ScCls (Strem Chemical, 99.99%) were combined at the targeted ratio, pelletized, and placed in
a sealed quartz tube under vacuum. The pellet was heated to 650 °C at a heating rate of 5
°C.mint and sintered at 650 °C for 48 hours, then slowly cooled to room temperature at 10

°C.h. Li2Sc2i3Cls was synthesized as described in our previous paper.!8?
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6.2.2 Neutron Powder Diffraction

ToF-PND data was collected on POWGEN at the Spallation Neutron Source (SNS) at
the Oak Ridge National Laboratory. The sample (~1 g) was loaded into a vanadium can under
an argon atmosphere and sealed with a copper gasket and aluminum lid. The sample was

measured at 300 K, and a single bank wave with a center wavelength of 1.5 A was used.

6.2.3 Electrochemical Measurement

ASSBs employing the Li2Ini3Sci13Clsa SE in combination with a LiCoO2 (LCO,
Wellcos corporation, D50 = 16.2 pum), LiNi0.6C002Mno202 (NCM622, BASF, D50 =5 um) or
LiNio.85C00.1Mno.0s02 (NCM85, BASF, D50 = 5 um) cathode active material and a In/InLi
anode were assembled in an argon filled glovebox. All CAMs were stored in Ar-glovebox and
used as received without any treatment. Lis.7Si10.7Sbo3SsI was synthesized following our
previously reported procedure.®® First, ~ 100 mg of Lis.7Si0.7Sbo.3SsI powder was placed into a
PEEK cylinder and pressed at 2 tons for 1 min (10 mm diameter), and then ~ 40 mg of
Li2Ini3Sc13Cls was spread over one side of the Lie.7Si0.7Sbo3SsI pellet and pressed at 2 tons
for another 1 min. The composite cathode mixtures were prepared by mixing LCO or NCM622
or NCMS8S5 and Li2Ini13Sci13Cls at a weight ratio of 8:2 or 9:1. On the Liz2Ini3Sc13Cls side of
the SE pellet, ~ 6-9 mg of the composite cathode mixture (corresponding to an areal capacity
of ~1.1 - 1.25 mAh.cm™) was spread and pressed at 3 tons for 3 min. For high loading cells, ~
20 - 53 mg cathode composite was used, and the corresponding areal capacities are labeled in
the figures. On the other side of the pellet, a thin indium foil (10 mm diameter, 99.99%, 0.1

mm thickness) was attached and ~1 mg Li foil (Sigma-Aldrich) was rolled into a thin foil
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(around 5 mm diameter) and placed over the indium foil. The cell was placed into a custom-

made stainless-steel casing with a constant applied pressure of ~250 MPa during cycling.
NCM liquid cells were assembled following standard procedures. For electrode

fabrication, NCM622 or NCMS85 powder was mixed with Super P carbon (Timcal) and

polyvinylidene fluoride (PVDF) (Sigma-Aldrich, average Mw =~ 534,000 GPC) to achieve a

final weight ratio of 8:1:1 (active material: carbon: binder). The powdered mixture was then
suspended in N-methyl-2-pyrrolidinone (Sigma-Aldrich, 99.5%) to obtain a viscous slurry,
which was cast on Al foil with a typical loading of ~ 3.6 mg.cm™. The electrodes were punched
to a 1 cm? geometric area and dried in a vacuum oven at 120 °C overnight. Electrochemical
studies were carried out in 2325 coin-type half cells with a Li-metal anode, Celgard 3501
separator, and LP57 electrolyte (Gotion Inc., IM LiPF¢ in ethylene carbonate: ethyl methyl
carbonate = 3:7).

Galvanostatic cycling of the cell was carried out in different voltage ranges at different
rates (as labeled) using a VMP3 (Bio-Logic) cycler. Rate current density calculations used
conventional values for LCO (1C = 137 mA.g") and NCM622/NCMS85 (1C = 180 mA.g™!).

ASSBs with LCO, NCM622, and NCM85 CAMs were constructed for impedance
measurements following the same procedure as above and cycled at a C/5 or C/2 rate as
indicated. Measurements were conducted after every 1 hour of charge/discharge, before and
after which the cells were placed at rest for 30 min, respectively. For the impedance
measurements after full discharge, the same procedure was followed except the cells were

placed at rest for 1 h before and after the measurement.
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ASSBs with NCM8S5 for aging experiments were constructed following the same
procedure. Cells were first charged to 4.3 V, 4.6 V, and 4.8 V vs Li'/Li respectively, and
followed by constant potential aging at 4.3 V, 4.6 V, and 4.8 V for 30 h. EIS was conducted
every 20 min aging with constant applied potential 4.3 V, 4.6 V, and 4.8 V and no rest. After
aging, the cells were continuously cycled for several cycles. Then, the final EIS was measured

at discharged state with no applied potential and 0.5 h rest after discharge.

6.2.4 Time-of-flight secondary-ion mass spectrometry

Cycled cathode composites NCM85- Liz2Ini3Sc13Cla (cut-oft 4.3 V for 160 cycles, cut-
off 4.6 V for 20 cycles, and cut-off 4.8 V for 10 cycles) are compared to pristine SE, uncycled
cathode composite and all measurements were conducted at discharged state. The chemical
characterization was performed on a Hybrid ToF-SIMS M6 machine (IONTOF GmbH). To
transfer the samples from the glovebox into the measurement chamber, the transfer module
Leica EM VCT500 (Leica Microsystems GmbH) was applied to guarantee an argon
atmosphere. The measurements were conducted on the top surface of the cathode composite
pellets.

In order to avoid the topographic interference and ensure the reproducibility, we
measured 12 mass spectra in different areas on each sample. The measurement was carried out
in spectrometry mode (bunched mode), which enables a high mass resolution (FWHM m/Am
> 7000 at m/z 34.97 (CI")). All spectra were collected in negative ion mode using 60 keV
Biz""cluster primary ion gun. The cycle time was set to 100 ps. The measurement area was set

to 150x150 pm? and rasterized with 256x256 pixels. For each patch, 1 frame and 1 shot per
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pixel and frame were chosen. The primary ion current was about 0.43 pA. To enable the semi-

quantitative analysis, the stop condition was set with the primary ion dose of 10'? ions/cm?.
The data evaluation was conducted with software Surfacelab 7.2 (IONTOF GmbH).

The secondary ion signals were normalized to the total ion signals, and all signal intensities

were collected from the corresponding normalized secondary ion images.

6.3 Synthesis and characterization of lithium mixed-metal chloride SEs

New chloride fast Li ion conductors with composition Li2lnxSco.ee6-xCla (0 < x < 0.666)
were synthesized by the simple solid-state reaction to explore the structural changes and
influences of increasing In®* content on the ionic conductivity. X-ray diffraction patterns
(Figure 6.1a) show that the targeted synthesis of Li2lnxSco.es6-xClsa provides an almost phase-
pure cubic spinel phase within the solid solution range of 0 < x < 0.444. At higher In®* content
(x > 0.555) monoclinic LisInCls and LiCl impurities start to increase (Figure 6.1a).
Temperature-dependent impedance spectroscopy measurements were performed to determine
the ionic conductivity and activation energy for Li-ion transport. The Nyquist plots at room
temperature are shown in Figure 6.1b, and the data at different temperatures were fit to derive
ionic conductivity values that were used to generate the Arrhenius plots (Figure 6.2). The
corresponding room temperature ionic conductivities and activation energies are summarized
in Figure 6.1c and Table 6.1. All compositions Liz2lnxSco.es6-xCla (0 < x < 0.666) exhibit high
ionic conductivity between 1.83 - 2.03 mS.cm™ and a low activation energy of ~ 0.33 eV
(Figure 6.1c). The electronic conductivity measured by the Hebb-Wagner DC polarization

method (Figure 6.3) was 4.7 x 10'° S-cm™! for Li2Ini/3Sc13Cls which is almost one order of
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Figure 6.1(a) X-ray diffraction patterns of Liz2lnxSco.e66-xCls (0 < x < 0.666); (b) Nyquist plots
of Li2lnxSco.ee6-xClsa (0.111 < x < 0.666) at room temperature; (c¢) Ionic conductivity and
activation energy of Li2lnxSco.ess-xCla (0 < x < 0.666) as a function of nominal In®*" content.
The ionic conductivity and activation energy values for x = 0 were previously reported in Ref.
182
magnitude lower than the Li2Sc23Cl4 (4.2 x 10 S-cm™) and indicating that LizIni3Sc13Cl4 is
essentially a pure ionic conductor.

The structure of Liz2lnysSc13Cla was determined from Rietveld refinement of the ToF
PND pattern (Figure 6.4a; crystallographic details are summarized in Table 6.2). The
framework is same as that of our previously reported halospinel Li2Sc2/3Cls, and also contains
four Li sites, albeit with somewhat different occupations. Four Li sites in a spinel structure

were also recently reported for lithiated spinel LiaTisO12 that exhibits facile Li-ion mobility

(LigTisO12).18% The metastable intermediate Li sites in Lis+xTisO12 (0 < x < 3) lead to excellent
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Li-ion mobility which allow fast rate capability.’3% 18 The edge-sharing (Li4/Sc1/In1)
octahedra form a rigid framework whereas the additional Li ions are spread over other available
octahedral and tetrahedral sites within the lattice (Figure 6.4b). The face-sharing Li2 octahedra
and Lil or Li3 tetrahedra with low occupancies (~ 0.2 - 0.3) form a 3D L.i ion diffusion pathway
(Figure 6.4c, d). Owing to the relatively low activation energy (0.33 eV from EIS
measurement) for Li-ion diffusion and 3D Li ion diffusion pathways with considerable

vacancies that promote Li ion mobility, a high ionic conductivity of 2.0 mS.cm™ is obtained.

Table 6.1 lonic conductivity at room temperature and corresponding activation energy for the
materials described in the main text.

Compositions lonic conductivity (mS.cm™) Activation energy (eV)
Li2lno.111S¢0.555Cl4 1.92 0.34
Li21Nno.2225¢0.444Cl4 1.83 0.32
Li21no0.3335€0.333Cl4 1.99 0.33
Li21Nn0.444S5¢0.222Cl4 2.03 0.34
Li2Ino.5555¢C0.111Cl4 1.90 0.35

Li2lno.e66Cl4 1.11

Table 6.2 Atomic coordinates, occupation factors, and isotropic displacement parameters of
Li2Ino.333Sc0.333Cls obtained from time-of-flight powder neutron diffraction at 300 K.

a =10.42138(8) A, space group: Fd3m

Atom | Wyck. Site | x y z Occupancy | Uiso (A%
Lil |8a 0.125 0.125 0.125 0.28(5) 0.025(12)
Li2 | 16c 0 0 0 0.19(2) 0.034(8)
Li3 | 48f 0.125 0.125 0.89(2) 0.008(7) | 0.025

Li4 | 16d 0.5 0.5 0.5 0.675(2) | 0.0038(7)
Sc1 | 16d 0.5 0.5 0.5 0.164(1) | 0.0038(7)
Inl | 16d 0.5 0.5 0.5 0.161(2) | 0.0038(7)
ClL |32 0.25424(6) | 0.25424(6) | 0.25424(6) |1 0.0203(2)

124




2.0

a 1 5 LiianJHSCU‘ESSCI‘t
< 1.0
S 05-
» 0.0
0.5
[#]
c -1.0
-1.54
2.0-+— - . ‘
30 31 32 33
1000/T (K™
p 200
~ 150
=
=
e .
N 1001 e
—E, ——40°C
——45°C
50 ——50°C
——55°C
80°C
0 T T T
0 50 100 150 200
Re Z (ohm)
2.0 :
g 1 5 LIZ'"OAMISCUZZZC‘A
< 1.0
£
9 051
A
» 0.0
 -0.5-
e}
= -1.04
-1.54
2.0 T T T T T T T
30 31 32 33
1000/T (K")
h 200
—~ 1501
E
o
Gl
100 e
I\EJ ——35°C
= —e—40°C
——A45'C
50 ——50°C
——55C
80°C
0 T T T
0 50 100 150 200
Re Z (ohm}

Figure 6.2 Arrhenius plots for (a) Liz2lno.111Sco.sss5Cls;
Li21n0.333SC0.333Cl4; (g) Li2lno.444Sco.222Cla and (i) Lizlno.ss5Sco.111Cls in the temperature range
°C. Corresponding Nyquist plots of (b) Li2lno.111Sco.555Cl4;
Li21no.222S¢0.444Cls4; (f) Li2lno.333Sco.333Cls; (h) Li2lno.444Sco.222Cls and (j) Liz2lno.sssSco.111Cls at

from 30 to 60

2.0 . 2.0 -
C LI2|nU.2228CO.444C|4 e 1 lelnn axascn SSJCIAt
1.5 1.5
< 1.0 < 1.0
© 0.54 Q 0.5
M 4
v 0.0 v 0.04
= -0.54 = -0.54
o] o b
= -1.0  -1.04
-1.54 -1.54
'20 T T T T '20 T T T T
3.0 3.1 3.2 3.3 3.0 3.1 3.2 3.3
1000/T (K" 1000T (K™)
g 20 fF 200
— 150+ — 150+
S S
= =
2 ol 2 .
N 1001 el N 100+ e
_§ ——40°C _$ ——40°C
—e45°C ——45°C
501 ——50°C 504 ——50°C
——55°C ——55°C
80°C 80°C
0 T T T 0 T T T
0 50 100 150 200 0 50 100 150 200
Re Z (chm) Re Z (ohm)
i 20 LizlnDSSSSCDHICIA
1.5
= 1.04
Q@ 0.54
@ 0.0
= -0.54
e}
= -1.04
-1.5
-2.0 T T T T T T T
3.0 3.1 3.2 3.3
1000/T (K™)
. 200
J
- 150_
£
=
= .
e o
—% ——40°C
——45°C
501 ——50°C
——55°C
80°C
0 ' T T
0 50 100 150 200
Re Z (ohm)
(c) Li2lno.222Sco.444Cls;

each temperature used in the Arrhenius plots.
125




. Li,In,,Sc,,Cl,
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Figure 6.3 Chronoamperometry result for the Stainless steel | SE | stainless steel cells with a

constant voltage of 1 V, and the corresponding electronic conductivity of Lizlni3ScwsCla (blue
curve) is 4.7 x 10 29 S-cm™ and Li2Sc23Cla (red curve) is 4.2 x 10 ° S-cm™,

The higher-indium composition, Lizlno.4424Sco.222Cl4, shows additional reflections (Q =
1.1 - 1.9 A’y in the neutron diffraction pattern that correspond to a non-spinel monoclinic
phase, (Figure 6.5a). Its high-resolution powder X-ray diffraction pattern (Figure 6.5b) also
reveals reflections at 26: 15°-25° due to this monoclinic material identified as LizInzi3ScusCle
(note that the main peaks overlap with spinel reflections), which are almost completely
invisible in LizlnisSc1sCla. A crystal of LislnzsScisCls was picked from the two-phase
mixture, and its structure was confirmed by single-crystal diffraction measurement
(crystallographic details are summarized in Tables 6.3-4). The refinement yields a lower-than-
expected Li content (Li2.1slno.e64Sc0.336Cls) due to poor sensitivity of X-rays for light lithium
atoms, but the In/Sc ratio is as targeted (2:1). The framework of Lizln2;3Sc13Cls is identical to

monoclinic LizScCls.!8® One difference between the cubic spinel and monoclinic structures is
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the fact that the Li/metal site (Li4/Sc1/Inl) is shared in the spinel, whereas all of the Li and
metal sites are crystallographically distinct in the latter (i.e., ordered), as shown in Figure 6.6.
The ordering is possibly due to the relatively larger ionic radius difference between Li* (0.76

A, C.N.=6) and In** (0.8 A, C.N.=6), compared to Sc* (0.745 A, C.N.=6), which triggers the
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Figure 6.4 (a) Time-of-flight neutron diffraction pattern and the corresponding Rietveld
refinement of Lizln1sScusCls; experimental data are shown in black circles; the red line
denotes the calculated pattern; the difference profile is shown in blue and calculated positions
of the Bragg reflections are shown as red (LizlnisSc13Cls, 97.424 wt %) and blue (LiCl, 2.576
wt %) vertical ticks. Rwp and GoF are the weighted profile R-factor and goodness of fit,
respectively. (b) structure of LizlnysScysCls from the refinement, showing only the blue
Li4/In1/Scl octahedral framework; (c) structure depicting the face-sharing Lil tetrahedra and
Li2 octahedra that represent the main 3D Li ion diffusion pathway; Lil tetrahedra and Li2
octahedra in light orange; (d) enlarged Li* diffusion pathway through Li2 octahedra passing

through Lil or Li3 tetrahedra.
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formation of about 40 wt% Lislnzi3Sc13Cles in the high-indium content material upon slow
cooling (see neutron diffraction refinement results, Figure 6.4a and Table 6.5). As both
spinel*®? and monoclinic phases® 87 reported previously display good ionic conductivities, the
two phase composition with x = 0.444 also exhibits high ionic conductivity (Figure 6.1c). A

detailed study of different synthesis conditions’ effects (different sintering temperature and

time, ramping rate) will be reported elsewhere.
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Figure 6.5 (a) Time-of-flight neutron diffraction pattern and the corresponding Rietveld
refinement of Lizlno.444Sco.222Cls, Experimental data are shown in black circles; the red line
denotes the calculated pattern; the difference profile is shown in blue and calculated positions
of the Bragg reflections are shown as red (Li21Nno.4445¢C0.222Cl4, 58.784%), blue (LiCl, 1.817%)
and pink (LizIno.essSco.334Cls, 39.400%) vertical ticks. Rwp and GoF are the weighted profile R-
factor and goodness of fit respectively. Due to the peak overlap between cubic spinel and
monoclinic phases, the refinement was initially conducted with only the cubic spinel phase and
LiCl, and then all the structural parameters were fixed. Finally, the monoclinic phase was
added to the refinement, with the single crystal diffraction framework used as a starting point.
The Sc and In occupancies were fixed from single crystal results during the refinement. (b)
powder X-ray diffraction patterns collected in Debye-Scherrer geometry, of Li2lno.444SC0.222Cl4
(red), and Lizlno.333Sco.333Cls (blue) at high-resolution with long scan times to identify trace
impurities. Samples were sealed in 0.3 mm (diameter) glass capillaries under argon. The
enlarged area shows reflections corresponding to the monoclinic phase, which is almost
invisible for Li2lno.333Sco.333Cla.
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Spinel Li,Ing 3335¢0 33:Cly Monoclinic LizIn, ¢¢,Scg 334Cly

Li/in/sc &
oéta{\edra ﬂatedr octahedra’ octahedra
Figure 6.6 Structure comparison between spinel Liz2lno.333Sco.333Cla and monoclinic
Lislno.essSco.334Cls. (a, b) a cubic close-packed (ccp)-like Cl anion arrangement in both
structures; (c) spinel structure with Sc/In occupy Li layer, and (d) monoclinic structure with
no Sc/In in Li layer; (e) spinel structure with Sc/In/Li shared site, and (f) monoclinic structure

with distinct In/Sc and Li site (no shared occupancy).
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Table 6.3 Atomic coordinates, occupation factors, and equivalent isotropic displacement
parameters of Lislno.es6SCo.334Cls obtained from single crystal X-ray diffraction at 270 K.

Monoclinic Li,.1s4)IN0.664(7)SCo.336(7)Cls (refined composition), space group: C2/m

a=6.404(1) A, b = 11.066(2) A, ¢ = 6.383(1) A, b = 109.790(5) °

Atom | Wyck. Site | x y z Occupancy | Ueq (A?)

Lil 4q 0.5 -0.1660(7) |0 1 0.030(2)

Li2 4h 0 0.170(12) |05 0.09(7) 0.05(6)
(Uiso)

Inl 2a 0 0 0 0.664(7) | 0.0143(2)

Scl 2a 0 0 0 0.336(7) | 0.0143(2)

cl1 4i 0.7561(2) |0 0.2336(2) |1 0.0202(3)

ClI2 8j 0.2410(2) | 0.83788(6) | 0.2383(2) |1 0.0202(3)

Table 6.4 Anisotropic displacement parameters of Lislno.sssSco.334Cls obtained from single
crystal X-ray diffraction at 270 K.

Atom | U (A? U2 (A?) Uss (A?) Uas (A?) Uiz (A?) U1z (A?)

Lil | 0.023(4) | 0.015(4) | 0.056(6) | 0.000 0.020(4) 0.000
Inl | 0.0117(2) | 0.0112(3) | 0.0213(3) | 0.000 0.00711(18) | 0.000
Sc1 | 00117(2) | 0.0112(3) | 0.0213(3) | 0.000 0.00711(18) | 0.000
Cll | 0.0180(5) | 0.0230(5) | 0.0225(5) | 0.000 0.0108(4) | 0.000

CI2 | 0.0200(4) | 0.0172(4) | 0.0219(4) | 0.0032(2) | 0.0051(3) | 0.0040(2)
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Table 6.5 Atomic coordinates, occupation factors, and isotropic displacement parameters of
Li2Ino.444Sco.222Clsa and Lislno.essSco.334Cls obtained from time-of-flight powder neutron
diffraction at 300 K. Uiso values for the Lil and Li2 sites in Lislno.ss6Sco.334Cls were refined to
be equal and the Scl and Inl site occupancies were fixed from the single crystal results.

Spinel Liz2lno.444Sco.222Cls, a = 10.42562(8) A, space group: Fd3m

Atom | Wyck. Site | x y z Occupancy | Uiso (A?)
Lil 8a 0.125 0.125 0.125 0.28(5) 0.025(13)
Li2 16¢ 0 0 0 0.20(2) 0.040(9)
Li3 48f 0.125 0.125 0.89(4) 0.008(7) 0.025

Li4 16d 0.5 0.5 0.5 0.673(3) | 0.0025(10)
Scl 16d 0.5 0.5 0.5 0.109(1) | 0.0025(10)
In1 16d 0.5 0.5 0.5 0.218(3) | 0.0025(10)
Ccl1 32e 0.25414(6) | 0.25414(6) | 0.25414(6) | 1 0.0208(2)
Monoclinic Lislno.sssSco.334Cle, space group: C2/m

a=6.4017(3) A, b = 11.0596(3) A, ¢ = 6.3756(2) A, b = 109.781(4) °

Atom | Wyck. Site | x y z Occupancy | Uiso (A?)
Lil 49 0.5 -0.170(3) |0 0.89(4) 0.040(3)
Li2 4h 0 0.19(2) 0.5 0.61(4) 0.040(3)
Inl 2a 0 0 0 0.664 0.0104(8)
Scl 2a 0 0 0 0.336 0.0104(8)
cl1 4i 0.7541(8) |0 0.2321(7) |1 0.0139(8)
ClI2 8 0.2390(6) |0.8382(4) |0.2352(4) |1 0.0197(5)
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6.4 Electrochemical performance of ASSBs with typical cell loading 1.25 mAh.cm-?

ASSBs using Liz2InysSc13Cla as the catholyte with uncoated high voltage CAMs (bare-
LCO, bare-NCM622 or NCM85), and Li-In alloy as the negative electrode (see cell design in
Figure 6.7) were fabricated to examine the electrochemical performance of LizIny3ScysCla. A
thin layer of highly conductive argyrodite SE (Lis.7Sio.7Sbo.3Ss1)®® was added on top of the Li-
In alloy to reduce the total cell resistance and prevent reduction of the chloride SE. A layer of
Li2lnysScusCls between the negative electrode and the cathode composite served as the
separator. The cathode composite typically consisted of 80 wi% CAM and 20 wt%
Li2lnysScsCla. Figure 6.8 shows the excellent rate capability of both LCO (Figure 6.8a, b)
and NMC85 (Figure 6.8c, d) ASSBs. With an upper cutoff voltage of 4.3V vs Li*/Li, the LCO
cell retained a reversible capacity of 137 mAh.g™* for LCO (i.e., theoretical capacity) at a C/2
rate. Even at a 3C rate, the LCO cell still exhibits a capacity of 86 mAh.g2. Similarly, the
NMCS8S5 cell exhibits a high capacity of 195 mAh.g* at C/5; 180 mAh.g* at a C/2 rate, and 89
mAh.g* at a 3C rate at room temperature. The excellent rate capability of both cells represents

the best ASSB performance for chloride SEs.® 8283, 182

® LiCoO,, NCM622, NCM85

NN TRV,

Li;Ing 3335€0 333Cl4
Lig 7Sip 7Sbg 3Ss!
In/Liln anode

Figure 6.7 Schematic illustration of the ASSB configuration, with Li-In alloy as the negative
electrode, Lis.7Sio.7Sbo.3Ssl as the separator and LizIno.333Sco.333Cla as the solid electrolyte for
the catholyte and separator.
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Figure 6.8 Charge-discharge capacity as a function of cycle number at different C-rates for
ASSBs comprised of cathode active materials and 20 wt% Li2InysSci3Cla: (a) LCO and (c)
NMCS85; and corresponding charge-discharge curves at different C-rates for (b) LCO and (d)
NMC85.

Long-term cycling at a C/5 rate was performed for NCM85 cycled between 2.8 V - 4.3
V vs Li*/Li (Figure 6.9a and 6.10a) and NCM622 cycled between 2.8 V - 4.6 V vs Li*/Li
(Figure 6.9b and 6.10b). Liquid cells with NCM85 or NCM622 cathodes and an LP57 liquid
electrolyte were constructed and cycled under the same conditions as the ASSBs for
comparison. The NCM85 ASSB exhibits only minor capacity fade, maintaining 90% capacity
retention over > 600 cycles. In contrast, the NCM85 liquid cell shows fast capacity fade with
80% capacity retention over only 100 cycles (Figure 6.10c, d). Figure 6.9b and 6.10b show

the capacity retention and charge-discharge voltage profile of NCM622 cell cycled up to 4.6
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V vs Li*/Li at a C/5 rate which achieves up to 194 mAh-g™! and sustains > 180 mAh-g™!' over
320 cycles. Conversely, the NCM622 liquid cell fades very quickly, and the cell retains a mere
62 mAh-g! capacity over 150 cycles (Figure 6.10e, f), owing to the combination of interphase

impedance growth on the cathode and Li metal anode, respectively.
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Figure 6.9 Charge-discharge capacity and the coulombic efficiency (CE) as a function of cycle
number for (a) NCM85 ASSB; (b) NCM622 ASSB; (c) long term cycling of the NCM85 ASSB
(performed after rate cycling) at a 3C rate and (d) ultra-high voltage NCM85 ASSB cycled
between 2.8 - 4.8 V vs Li*/Li and corresponding charge-discharge voltage profile (e).
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Figure 6.10 Charge-discharge voltage profile of an NCM85 (a) ASSB cycled at a C/5 rate
between 2.8 - 4.3 V vs Li*/Li; and an NCM622 (b) ASSB cycled at C/5 rate between 2.8 - 4.6
V vs Li*/Li. Charge-discharge capacity and the coulombic efficiency (CE) as a function of
cycle number and corresponding charge-discharge voltage profile for an NCM85 (c, d) liquid
cell cycled at C/5 rate between 2.8 - 4.3 V vs Li*/Li; and an NCM622 liquid cell cycled at C/5
rate between 2.8 - 4.6 V vs Li*/Li. This demonstrates the superior stable cycling of the ASSB
compared to the conventional liquid cell.

NCMS85 ASSBs also exhibit stable cycling and very slow capacity fading at high
voltage, even at 4.8 V vs Li"/Li over > 110 cycles as shown in Figure 6.9d, e. The slow
capacity fading is not due to SE decomposition (see next section), but is likely related to the
known structural transformation of high-Ni NCM at high voltage (H2-H3 transition) and O2
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release. The cell maintains 95% capacity retention over 110 cycles, which is better than
recently reported LiNio.sCo0o.1Mno.102 liquid cell performance (up to 4.7 V, 88.1% capacity
retention over 100 cycles) in a highly engineered sulfonamide-based electrolyte. '3

Since a typical commercial LIB contains more than 90 wt% CAM, for comparison we
also fabricated a NMC85 ASSB with 10 wt% chloride SE and 90 wt% CAM (Figure 6.11).
The cell exhibits very good cycling behavior, but slightly lower discharge capacity (180
mAh.gt) compared to the ASSB with 80 wt% NMC85 (Figure 6.9a). We ascribe this to poorer
ionic conduction percolation within the cathode composite due to the lower content of solid
electrolyte, which would likely be improved by further nanostructuring the catholyte and
optimizing cathode crystallize size and morphology.’?174

In order to demonstrate the long-term cycle life of the ASSBs, after the rate cycling
studies in Figure 6.8d were conducted, cycling of the NMC85 ASSB weas continued at a
super-high rate corresponding to charge-discharge in 20 minutes (i.e., 3C). Over more than

1000 cycles (Figure 6.9c and 6.12) the NMC85 ASSB exhibits virtually no fading and

maintains a capacity > 86 mAh.g*. Moreover, the cell sustains >80% capacity over 3000 cycles.
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Figure 6.11 Charge—discharge capacity and the coulombic efficiency as a function of cycle

number for (a) NMC85 ASSB with a cathode composite weight ratio of NMC85 and

Li2lno.333Sco.333Cl4 solid electrolyte of 90:10, (b) corresponding charge-discharge curves.
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A second cell was also constructed and exhibited the same excellent long term cycling stability
(see Figure 6.13). At a 2C rate, the cell maintains a high discharge capacity ~ 155 mAh-g"!

and sustains > 94% capacity over 1000 cycles (see Figure 6.14). The overall performance is

amongst the best compared to that reported for all-ceramic ASSBs,80: 82 83,137, 182,189, 190

Voltage vs Li*/Li (V)

2.8 L B ) [ B e E E— —
0 20 40 60 80 100 120
Capacity (mAh-g™)
Figure 6.12 Charge-discharge curves of long-term cycling of the NMC85 ASSB (after rate
cycling) at 3C, demonstrating excellent cycling stability over more than 3000 cycles.
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Figure 6.13 (a) Charge-discharge capacity and coulombic efficiency as a function of cycle
number and (b) Charge-discharge voltage profiles for NCM85 ASSB cycled at 3C rate between
2.8 - 4.3 V vs Li*/Li, with initial 10 cycles cycled at C/5.
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6.5 Electrochemical performance of high-loading ASSBs

While the above-mentioned ASSBs exhibit superior electrochemical performance (vis
a vis previously reported results) at typical cathode loadings of 6 - 8 mg.cm, it is desirable to
increase the loading to provide comparable areal capacities to commercial LIBs (typically > 3
mAh.cm2).15 We note the paucity of data on such cells in the literature.**> 18 191 Figures
6.15a and 6.16a show the results for high loading ASSBs (27 mg.cm™ LCO; corresponding to
a theoretical value of 3.7 mAh.cm) cycled at a high current density of 1.24 mA.cm™ (C/3 rate)
at room temperature. They deliver stable capacity retention and high specific capacity (> 3
mAh.cmand > 110 mAh.g* over 180 cycles), albeit with moderately high overpotential under
these aggressive conditions. LCO ASSBs with similar CAM-loading cycled at 50 °C, at an
even higher current density of 1.79 mA.cm (C/2) deliver excellent reversible capacity and
high specific capacity with much lower overpotential (Figure 6.15b and 6.16b). Furthermore,
owing to the high electronic conductivity of LCO, ultra-high loading LCO ASSBs (52.46

mg.cm?, a theoretical value of 7.2 mAh.cm) deliver stable areal capacity of 3 mAh.cm2 at
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room temperature and 4.5 mAh.cm2 at 50 °C at a high current density of 1.20 mA.cm with

no capacity fade for over 500 cycles (Figure 6.15c and 6.16c¢).
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Figure 6.15 High loading ASSB electrochemical performance. Charge-discharge capacity and
the coulombic efficiency (CE) as a function of cycle number for LCO ASSBs with areal
capacity > 3.5 mAh.cm™ cycled at (a) room temperature between 2.8 - 4.3 V vs Li*/Li at C/3
(1.24 mA.cm™) and (b) at 50 °C between 3.0 - 4.3 V vs Li*/Li at C/2 (1.79 mA.cm™?); (c) ultra-
high loading LCO ASSB with 52.46 mg.cm loading, cycled at room temperature between 2.6
- 4.4V vs Li*/Li and at 50 °C between 2.6 - 4.3 V vs Li*/Li at C/6 (1.20 mA.cm) and (d) high
loading NMC85 ASSB with 21.59 mg.cm loading cycled at room temperature between 2.8 -
4.3V vs Li*/Li at C/8 (0.49 mA.cm) and the corresponding charge-discharge curves.
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Figure 6.16 Charge-discharge curves of high-loading long-term cycling of LCO ASSBs at (a)
room temperature, cycled at C/3 between 2.8 V - 4.3 V vs Li*/Li and (b) 50 °C, cycled at C/2
between 3.0 V - 4.3 V vs Li*/Li and of (c) ultra high-loading LCO ASSB cycled at a C/6 rate
and room temperature between 2.6 V - 4.4 V vs Li*/Li and 50 °C between 2.6 V - 4.3 V vs
Li*/Li. At high cathode active material loadings, the kinetics of Li ion/electron diffusion within
the thick cathode composite are more limited than at low loadings. At high current densities,
that results in a high overpotential. The ionic conductivity of the solid electrolyte and both
ionic/electronic conductivity of cathode active materials increases with increasing temperature,
thus giving better Li ion/electron diffusion kinetics and lower overpotentials. In short, a wider
cut-off potential window was used for high-loading ASSB cycled at RT.



As the battery market is focused on high-Ni NMC type CAMs,” we also benchmarked
high loading NMC85 ASSB (21.59 mg.cm™?). Cells cycled at room temperature between 2.8 -
4.3V vs Li*/Li at a current density of 0.49 mA.cm™ (Figure 6.15d, e) deliver an areal capacity
of 4.14 mAh.cm (specific capacity of 192 mAh.g!; very close to the typical value of 200
mAh.g* observed in liquid LIBs), representing one of the best high-loading ASSBs reported
to date. The high loading NMC85 ASSBs were repeated twice (22.31 and 22.00 mg.cm™
loading, respectively, Figure 6.17), essentially providing the same results and demonstrating
reproducibility. Since using a In/InLi anode will significantly lower the cell energy density,

pre-lithiated Si can be used as an alternative negative electrode due to its high electronic
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Figure 6.17 High loading NMC85 ASSBs with 22.31 and 22.00 mg/cm? CAM-loading cycled
at room temperature between 2.8 - 4.3 V vs Li*/Li at a C/8 rate and the corresponding charge-
discharge curves. The data, which are essentially the same as shown in Figure 6.15d,e,
demonstrate the reproducibility of the electrochemical performance.
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conductivity and good mechanical properties. Li12Si7 was synthesized by gently mixing ball-
milled Silicon powder (99%, Sigma-Aldrich, 325 mesh, 400 rpm for 10 hours) with
stoichiometric amounts of Li powder (FMC) and then grounding in an agate mortar until a
homogeneous black colored powder was obtained. The NCM85 ASSB was fabricated using
the same procedure as for the cell with In/InLi, using 21.6 mg cathode composite loading and
3.5 mg Li12Si7 powder as the anode. Figure 6.18 illustrates the fabrication of such an NCM85

cell that exhibits stable cycling and high discharge capacity.

6.6 Origin of superior electrochemical performance

The underlying origin of the exceptional electrochemical performance of
Li2lnsScisCla lies in the intrinsically high oxidation stability of lithium metal chlorides and
their high ductility.® We previously showed that such chlorides are thermodynamically stable
up to 4.3 V vs Li*/Li with a kinetically driven higher oxidation limit up to 4.6 V vs Li*/Li. 182
All lithium metal chlorides should exhibit similar thermodynamic oxidation potentials in the
range of 4.21 - 4.25 V vs Li*/Li based on theory;'% and in principle, ASSBs utilizing chloride
SEs with similar ionic conductivity should also exhibit comparable electrochemical properties.
However, previously reported ASSBs with chloride SEs® 8283187 exhibit poorer performance
than we described above, suggesting that other factors including the active material/solid
electrolyte ratio, catholyte fabrication, and cell pressure play a factor.

Figure 6.19a shows the electrochemical impedance spectra (EIS) that monitor the
internal resistance evolution of an NCM622 ASSB cycled between 2.8 - 4.6 V during the 1%
cycle. The points on the voltage profile where the spectra were collected are indicated. The

semicircles in the Nyquist plot represent the overlapping charge transfer contributions from
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the SE-cathode (and anode) interfaces. On charging (Figure 6.19a, top), the cell resistance

decreases slightly to reach a minimum at 50% SOC (point 4) and then maximizes at 100%
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Figure 6.18(a) XRD pattern of a Li-Si alloy synthesized by mixing Li and Si powder; the main
reflections are assigned to Lii2Si7 and residual Si and Li2Si are indicated. (b-d) SEM images
of the as-synthesized Li-Si alloy showing micron-sized particles. (e) Charge-discharge
capacity and the coulombic efficiency as a function of cycle number and (f) Charge-discharge
voltage profiles for NCM85 ASSB with the Li-Si alloy anode cycled at a C/5 rate between 2.0
-4.3V.
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SOC (point 7). While the changes are small, they can be ascribed to changes in the electronic!®?

and ionic conductivity'*

of Li1xNi0.6C002Mno202 during de-lithiation. On discharge (Figure
6.19a, bottom), the process reverses (points 7-11). The much higher impedance at the lowest

frequency (100 mHz) for the fully discharged cell (point 12) and in point 1 (Figure 6.20) is
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Figure 6.19 (a) Impedance evolution during the first cycle of an NMC622 ASSB cycled
between 2.8 - 4.6 V vs Li*/Li. The corresponding voltage profile (left) and impedance spectra
(right) collected during charging (top) and discharging (bottom) are shown. The numbers on
the voltage profile correspond to the points where the EIS spectra were collected at every hour
after a 30 min rest (before and after). Nyquist plots of (b) an NMC622 ASSB cycled between
2.8 - 4.6 V vs Li*/Li for 10 cycles at full discharge, cells were equilibrated for 1 h before and
after (c) an NMCB85 ASSB cycled between 2.8 - 4.3 V vs Li*/Li for 90 cycles and equilibrated
at full discharge for 1 h. All studies were conducted at a C/5 rate.

144



300

250 +

200+

150

-lm Z (ohm

100

50 4

0 T T T T T T T T T T T
0 50 100 150 200 250 300

Re Z (ohm)

Figure 6.20 Initial Nyquist plot of the NMC622 ASSB and the corresponding impedance
evolution during the first cycle that is shown in Figure 6.19a.

attributed to diffusion limitation in the bulk NCM particles in their reduced state.!** The same
processes were observed for NCM8S5 and LCO, as shown in Figure 6.20,21. Overall, the total
cell resistance is very low during cycling (< 80 Q). Nyquist plots for NCM622 (Figure 6.19b;
2.8 -4.6 V vs Li"/Li) and LCO (Figure 6.23; 2.8 - 4.3 V vs Li"/Li) ASSBs collected at the
fully discharged state for cells cycled at C/5 or C/2 show negligible internal resistance increase
over 10 cycles. Long term EIS measurements were conducted for NCM85 ASSBs upon charge
to 4.3 V and the corresponding Nyquist plots in Figure 6.19¢ show no internal resistance
increase over 160 cycles. Such remarkably stable impedance confirms the high oxidation

stability of chloride SE (up to 4.6 V vs Li‘/Li) that allows the use of bare CAMs.
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Figure 6.21 Impedance evolution during the first cycle of an NMC85 ASSB cycled between
2.8 - 4.3 V vs Li*/Li. The corresponding voltage profile (left) and impedance spectra (right)
collected on the first cycle (top); during charging (middle) and discharging (bottom) are shown.
The numbers on the voltage profile correspond to the points where the EIS spectra were
collected at every hour after a 30 min rest (before and after). All studies were conducted at a
C/5 rate.
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Figure 6.22 Impedance evolution during the first cycle of an LCO ASSB cycled between 3.0
- 4.3 V vs Li*/Li. The corresponding voltage profile (left) and impedance spectra (right)
collected on the first cycle (top); during charging (middle) and discharging (bottom) are shown.
The numbers on the voltage profile correspond to the points where the EIS spectra were
collected at every hour after a 30 min rest (before and after). All studies were conducted at a
C/5 rate.

V vs LiYILi (V)

147



100

Initial
_ 15t
SR 3[01
o 75+ g
E L "
o
N 50
£
25 —
0 T | T | T | T
0] 25 50 75 100

Re Z (ohm)

Figure 6.23 Nyquist plots of fully discharged LCO ASSB cycled at a C/2 rate between 2.8 -
4.3 V vs Li*/Li, shown over the first 10 cycles.

To evaluate interphase growth between NCMS85 and the SE at a higher potential of 4.8
V vs Li*/Li, the impedance was also monitored at numerous points during the first charge-
discharge cycle, and showed excellent reversibility (Figure 6.24) as observed for NCM622
(see above). An accelerated degradation test was conducted by charging the cell to 4.8 V vs
Li"/Li and holding for an extended period. The 4.8 V aging-test leakage current (Figure 6.252a)
quickly decreased to reach a minimum value of < 1 pA at the end of a 30 h hold, which suggests
the presence of a stable interphase is formed between NCMS85 and Li2Ini3Sci3Clsa. The EIS
data (Figure 6.26a) shows a continuous increase of cell impedance during this process and a
final charge transfer resistance of 31 kQ (Figure 6.26b), caused by the very large drop in Li-

194 and electronic conductivity in highly de-lithiated NCM85 (estimated here to be

ion mobility
Li0.07N10.85C00.1Mno.0s02). We note that if this impedance originated from the decomposition

of chloride SE at high voltage, the cell would show significantly increased overpotential and
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decreased capacity in the following cycles. That is not observed, however. Stable cycling
(Figure 6.25b) after aging and low impedance (Figure 6.25¢) after final discharge confirms
the existence of a stable interface between NCM85 and Li2Ini3Sc13Cls even at 4.8 V vs Li/Li.

A similar stable interface was observed for cells aged at 4.3 V and 4.6 V vs Li"/Li (see Figure

6.27,28).
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Figure 6.24 Impedance evolution during the first cycle of an NCM85 ASSB cycled between
2.8 - 4.8 VV vs Li*/Li. The corresponding voltage profile (left) and impedance spectra (right)
collected in the first cycle; during charging (middle top), discharging (middle bottom), and
initial (right) are shown. The numbers on the voltage profile correspond to the points where
the EIS spectra were collected at every hour after a 30 min rest (before and after). All studies
were conducted at a C/5 rate.
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Figure 6.25 (a) Leakage current during a hold of NCM85 ASSB at a constant voltage of 4.8
V vs Li*/Li after 1st charge (aging test). (b) Charge-discharge voltage profile of NCM85
ASSB. After the initial charge, the cell was aged at 4.8 V vs Li*/Li for 30 hours, followed by
continuous cycling after aging. (c) Nyquist plots of NCM85 ASSB at the initial state, after 51"
discharge, and after cell discharge held at 2.8 V vs Li*/Li for 10h. ToF-SIMS surface analysis
results of (d) CI, (e) CIO", and (f) ScO" fragments of bare SE, uncycled cathode composite and
cycled composites with cut-off potential of 4.3 V (160 cycles), 4.6 V (20 cycles), and 4.8 V
(10 cycles) vs Li*/Li, at a discharged state. The box plots were obtained based on the
corresponding normalized signal tensities of 12 spectra on each sample. Box plot center line
represents the median (of median F1-scores); lower and upper box limits represent the 25%
and 75% quantiles, respectively; whisker extend to box limit + 1.5 x IQR; outlying points
plotted individually.

Interphase stability is further confirmed by time-of-flight secondary-ion mass spectrometry
(ToF-SIMS) surface analysis (Figure 6.25d-f and Figure 6.29). ToF-SIMS is highly sensitive
even to small fractions of components, and it has recently been shown that SE degradation at
the SE/CAM and thin coatings can be well analyzed.”* !> Cathode composites cycled to
different cut-off potentials (4.3 V, 4.6 V, and 4.8 V vs Li"/Li) were compared to an uncycled
cathode composite and the pristine SE. The C10™ and ScO™ fragments could be the sign of the
decomposition of Li2Ini13Sc13Cls and reaction with lattice oxygen from the NCM at high
voltage. However, both signals in Figure 6.25e,f exhibit no significant increase after cycling
compared to the uncycled composite (indicated as OCV), which indicates the minimal reaction
of chloride SE occurs with NCM even up to 4.8 V vs Li'/Li as a result of a kinetic overpotential
due to the extremely low electronic conductivity of the SE. The presence of C1O™ and ScO"
signals in the pristine SE and the uncycled composite may well originate from impurities in
the synthesis of chloride SE, as residual H2O could be present in the precursors and quartz
tube. The slightly increased signal in the uncycled composite compared to pristine SE could

originate either from the residual H2O or Li2CO3 contamination on the surface of NCM85
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particles as well as from a slightly higher formation rate of secondary ions in presence of
electronically conducting NCM. We point to the much higher and also unchanged signal of CI°
ions, which also supports the stability of the SE at the interface with NCM.

Sulfide SEs, on the other hand, require a CAM coating layer with low electronic and
high ionic conductivity to prevent electrolyte oxidation. LiNbOs3 is the most commonly used
material.*®® It is electronically insulating (10"** S.cm™) but exhibits low Li* conductivity (~ 10°
®S.cm™).1% While thin coatings inhibit detrimental side reactions for the most part, the niobate
also significantly limits Li ion and electron transport. Electronic conduction between cathode
particles is hindered since no continuous electronic conduction pathway exists; furthermore,
the low ionic conductivity limits Li ions transfer at the CAM - SE interface (Figure 6.30a).
Not only it is difficult for the thin coating to homogeneously cover the CAM particles, but the

layer can rupture during the fabrication of the catholyte composite. Partial electronic
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Figure 6.26 (a) Impedance evolution at high-voltage, where the EIS spectra were collected
every 20 min of “aging” at a constant applied potential of 4.8 V vs Li*/Li. (b) Equivalent circuit
fit of the final Nyquist plot of NCM85 ASSB after 30 h aging at 4.8 V vs Li*/Li, which shows
increased charge transfer resistance between NCM85 and LizIn13Sc3Cls due to significantly
decreased Li-ion mobility and electronic conductivity in highly de-lithiated NCM85.
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Figure 6.27 (a) Charge voltage profile of NCM85 ASSB. After charging to 4.3 V vs Li*/Li,
the cell was held at that constant potential for 30 h; (b) the corresponding leakage current
during the 4.3 V vs Li*/Li constant voltage hold (“aging”). (¢) Impedance evolution during the
voltage hold at constant applied potential of 4.3 V vs Li*/Li, where EIS spectra were collected
every 20 min. The lack of significant change in the spectra indicates the formation of a stable
interface between NCMS85 and the chloride SE at this potential. (d) Equivalent circuit fit of
the final Nyquist plot of NCM85 ASSB after 30 h “aging” at 4.3 V vs Li*/Li, which shows
very low charge transfer resistance.
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Figure 6.28 (a) Charge-discharge voltage profile of NCM85 ASSB, initial and after two
subsequent cycles. After the initial charge to 4.6 V vs Li*/Li, the cell was held at that potential
for 30 h. (b) the corresponding leakage current during the 4.6 V constant hold (“aging”) period.
(c) Impedance evolution during the voltage hold at 4.6 V vs Li*/Li, where the EIS spectra were
collected every 20 min. (d) Nyquist plots of NCM85 ASSB at initial state, and at 3™ discharge.
Upon re-lithiation on discharge, the cell impedance returns to its low value suggesting the
formation of a stable interface between NCM85 and the chloride SE. (e) Equivalent circuit fit
of the final Nyquist plot of NCM85 ASSB at 4.6 V vs Li*/Li after the 30 h hold at that potential,
showing low charge transfer resistance.
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Figure 6.29 ToF-SIMS surface analysis results of (a) LiCI", (b) InCI*, (c) ScCI? and (d) ScCI*
fragments of bare SE, uncycled cathode composite and cycled composite with cut-of potential
of 4.3 V (160 cycles), 4.6 V (20 cycles) and 4.8 V (10 cycles) vs Li*/Li. These fragments'
signals originate from the chloride SE and show no clear change after cycling, which
demonstrate the stable interface at high voltage up to 4.8 V vs Li*/Li.

conduction through cathode particles can thus occur, and trigger SE oxidation.% 157197 The
high potential limit of chloride SEs means that bare CAMs can be used, which takes advantage
of their inherently high electronic and ionic conductivity.'®® Catholytes with a high-volume
ratio of CAM/SE provide direct electronic and Li ion percolation pathways between CAM

particles (Figure 6.30a). Due to the high deformability of the chloride SE, simply grinding it
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Al LisIng 3335¢€4 233Cl, coated NCM85

Figure 6.30 (a) Schematic illustration of ionic and electronic conduction percolation within a
cathode composite of LiNbOs-coated NMC with a sulfide solid electrolyte, and bare NMC
with a chloride solid electrolyte. With the poorly conductive (e”/Li*) LiNbOs coating, both
electronic and ionic conductivity between NMC particles is significantly blocked. However,
for uncoated-NMC and the chloride solid electrolyte, direct contact between NMC particles
provides sufficient electronic percolation; combined with Li ion diffusion through the solid
electrolyte and within NMC particles, conduction within cathode composite is significantly
enhanced. Red arrows show e~ conduction between NMC particles and black crosses indicate
blockage of conduction. Blue arrows show Li* conduction between NMC particles and
between NMC particle and SE and within SE (thinner line arrow indicates suppressed Li*
conduction by the low ionic conductivity coating). SEM images of (b) bare NMC85 and (c)
Li2ln13Sc13Cls - coated NMC85 after grinding. (d) Expanded SEM image of LizlnisScisCls-
coated NMC85 with EDX mapping of Cl demonstrates the presence of the chloride solid
electrolyte on the surface of NMC85 particles.

with the CAM results in a thin coating on the cathode surface as revealed by SEM images
(Figure 6.30b, ¢), and EDX maps (Figure 6.30d) of Lizlni3Sc1/3Cls-coated NMC85. The same
highly effective coating approach is shown in Figure 6.31-32 for other cathode active materials
(LCO and NMC622). By controlling the volume ratio between CAM and chloride SE, a semi-

uniform thin coating on the CAM is obtained and the residual bare surface provides an
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electronic conduit between particles. Together with the SE in the catholyte, a 3D
interconnected mixed ionic/electronic network is thus realized which is essential for ASSB
performance. Operation of the cell under external pressure is necessary to maintain the network
on cycling (Figure 6.33-34), since volume expansion/contraction of the CAM particles will
otherwise lead to loss of contact of CAM and SE and increasing internal resistance.* However,
high Ni-content CAMs such as NMCS85 still inevitably form cracks and voids on extended
cycling that slowly degrade the contact, although over 80% capacity retention can still be
maintained over 3000+ cycles (Figure 6.9c). While recognizing that a high applied pressure is
not practical in commercial cells, the pressure required partly depends on the nature of the
CAM. Hence future research would benefit from exploration of (new) CAMs that exhibit
minimal volume change during Li extraction/insertion and ideally high ionic and electronic

conductivity.

Figure 6.31 SEM images of (a) bare NMC622 and (b) enlarged image of a bare NMC622
particle. (c) Enlarged SEM image of one Li2lno.333Sco.333Clsa coated NMC622 particle. The
EDX map (ClI, for simplicity) shows the slightly patchy coating of the chloride solid electrolyte

on the surface of the NMC622 particles.
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Figure 6.32 SEM images of (a) bare LCO and (b) enlarged image of a bare LCO particle. (c)
Enlarged SEM image of one Lizlno.333Sco.333Cls coated LCO particle. The EDX map (Cl, for
simplicity) shows the patchy coating of the chloride solid electrolyte on the surface of the LCO
particles.

between 2.8 - 4.3 V vs Li*/Li at the (a) 3" charged state and (b) enlarged cross-sectional SEM
image, showing no clear void formation between NCM85 particles and SE; and (c) 80™
discharged state and (d) enlarged cross-sectional SEM image, showing some crack formation
within the cathode composite, but nonetheless good contact between NCM85 and the SE.
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Figure 6.34 (a) Charge-discharge capacity and the coulombic efficiency as a function of cycle
number and (b) Charge-discharge voltage profiles for NCM85 ASSB cycled at a C/5 rate
between 2.8 - 4.3 V vs Li*/Li with a much lower applied pressure of 30 MPa during cycling,
compared to other cells (cycled at 250 MPa). (c¢) EIS of the cell before cycling with 250 MPa,
0 MPa, and 30 MPa applied pressure, showing the significantly increased cell resistance with
lower applied pressure due to poor contact, which explains the lower discharge capacity. The
fast capacity fading of cell cycled at 30 MPa compared to the stable cycling of cells cycled at
250 MPa (Figure 4a) clearly demonstrates the importance of high applied pressure to maintain
the contact between the CAM and SE to withstand the CAM volume change.

6.7 Conclusions

A new lithium mixed-metal chloride family of SEs, Li2InxSco.c66-xCls, exhibits high

1

ionic conductivity up to 2.0 mS.cm™ over a wide compositional range. Excellent

electrochemical performance is demonstrated for bulk-type ASSBs with Li2Ini/3Sci3Cls in
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combination with bare-LCO, NCM622, and NCM85 functioning as cathode composites at
potentials up to 4.8 V vs Li"/Li. EIS and ToF-SIMS results indicate a stable interface exists
between CAMs and chloride SE, confirming the high oxidation stability and chemical
compatibility of Li2Ini/3Sc1/3Cla in contact with uncoated oxide CAMs. These cells show long
cycle life, maintaining 80% capacity retention at high current densities (3.36 mA.cm™; 3C rate)
over more than 3000 cycles. These promising properties are in part due to the high plasticity
of the chloride SE that allows a semi-uniform thin coating on the CAM to be obtained by gentle
grinding. The residual bare surface facilitates electron transport between cathode particles.
Incorporation of the SE in the cathode composite (between 10 - 20 wt%) thus provides a 3D
interconnected mixed ionic/electronic network. The applied pressure ensures good CAM-SE
contact during long-term cycling, which is essential for ASSB performance. Thus, ASSBs with
high CAM loading (up to 52.5 mg.cm? of LCO) deliver stable capacity retention. NCM85
cells are also realized with high areal capacity (> 4 mAh.cm™), high specific capacity (> 190
mAh.g"), and good cycling behavior, even at a high cut-off of potential 4.8 V vs Li*/Li. Further
developments that will translate the concepts to more earth-abundant and cost-effective lithium
metal chloride SEs - and fluoride SEs for next-generation 5 V cells - are anticipated, along
with advances in cell design and architecture. These can potentially meet the growing demand

for next-generation energy storage systems for applications such as electric mobility.

160



Chapter 7. Summary and Future Perspectives

This thesis presents the investigation on the synthesis, characterization, and
electrochemical performance of novel sulfide and chloride Li fast ion conductors and
developing high energy density, long-lasting all solid-state batteries. That also includes the
understanding of fundamental structure-property relationships in inorganic ionic conductors,

and the critical requirements for the operations of all solid-state batteries.

Two families of sulfide solid electrolytes, Liz+xSixP1-xSs and Lis+xMxSb1-xSsl (M = Si,
Ge, Sn), are developed with high ionic conductivity up to 24 mS.cm™. For Liz+SixP1-xSa,
aliovalent substitution induces structural splitting of the localized Li sites, effectively
stabilizing bulk B-LisPSa4 structure at room temperature and delocalizing Li ion density, which
leads to a frustrated energy landscape for Li ion diffusion and a high ionic conductivity up to
1.22 mS.cm™. For Lis+xMxSb1-xSsl (M = Si, Ge, Sn), aliovalent substitution induces minor S
/I" anion site disorder, but more importantly drives Li* cation site disorder. The additional
delocalized Li ion density, located in new high energy lattice sites, provides intermediate
interstitial positions for Li ion diffusion and activates concerted ion migration, leading to a low
activation energy and excellent room temperature ionic conductivity up to 24 mS.cm™. These
two examples prove aliovalent ‘tuning’ can increase Li site disorder which significantly
enhances Li ion conduction and lowers the activation energy barrier for Li ion diffusion. This

represents an important strategy toward the development of new superionic conductors.

Sulfide solid electrolytes, especially argyrodites, represent one of the most promising

solid electrolytes for all solid-state battery fabrication. To achieve high energy density, ultra-
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high ionic conductivity is needed to allow for thick cathode configurations. Conductivities in
the range of 10 mS.cm™ are necessary. Further exploration is needed to determine the ionic
conductivity limits of these materials, and the ideal substituents, for example reaching 100
mS.cm™. For large-scale manufacturing, it is important to develop more suitable synthesis
approaches and understand the influence on ionic transport. Whereas solution synthesis has
been developed for many argyrodites,” direct coating is still problematic due to the high
crystallization temperatures that are still required. Although solution synthesis is promising
and scalable, the superionic conductors Lis+xMx(P/Sb)1xSsl (M = Si, Ge, Sn) have not yet been
synthesized by this approach. Finding more facile, low-temperature synthesis routes for these
promising argyrodite solid electrolytes remains challenging. Although most argyrodites are
relatively stable with Li metal, they cannot sustain high current density and high areal capacity
Li stripping/plating due to dendrite formation. Exploration other high specific capacity anode
materials like Si, which may form better and more stable interface with sulfide solid
electrolytes, also offers great promise.® In order to reach higher energy density compared to
conventional liquid cells, a thin solid electrolyte separator layer is needed, and large-scale thin
film processing and how such thin film can suppress Li dendrite growth at high current density
and capacity remains challenging and unclear. Finding suitable cathode active material
coatings and a homogeneous coating method is necessary for utilizing sulfide solid electrolytes
in cathode composite with high voltage cathode active materials, due to their low oxidative
stability. As low electronic conductivity can lead to kinetically-driven higher oxidation
stability limit, future research should also focus on lowering the defect concentration of these

highly conductive sulfide solid electrolytes to lower their electronic conductivity to make it
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kinetically compatible with high voltage cathode materials. The intrinsic instability of sulfide
materials towards moisture which generates toxic and flammable H2S gas also requires proper
process and storage of sulfide solid electrolytes and a special design of cell packing to prevent
H2S leakage. Thus, improving the moisture stability of sulfide solid electrolytes with oxygen

substitution and so on is needed too.

Two chloride spinel fast ion conductors, Li2Sc23Cls and Liz2lnxSco.ee6-xCla (0 < x <
0.666), are also developed with high ionic conductivity 1.5 - 2.0 mS.cm™. As proven by
neutron diffraction studies, significant Li site disorder in the lattice creates delocalized Li ion
density and provides facile pathways for Li ion diffusion. Most importantly, owing to its high
oxidative stability of the chloride solid electrolytes, all solid-state batteries with these two
chloride solid electrolytes exhibit excellent electrochemical performance in a potential window
up to 4.8 V vs Li*/Li, combined with typical high voltage cathode materials (LCO, NMC622,

NMCS85), with no coatings.

Chloride solid electrolytes which gain more attention in recent years, duo to its intrinsic
high oxidative stability, which is compatible with typical 4 V high voltage cathode active
materials. However, to date, only a limit number of chloride solid electrolytes have been
developed with ionic conductivity > 1 mS.cm™. Furthermore, the use of rare earth metal
significantly increases the cost of chloride solid electrolytes, and the limited resource of those
rare earth elements limits the practical use of these materials for large scale production.
Exploration of other earth-abundant compositions with higher ionic conductivity i.e., 10
mS.cm?, are necessary. Although, chloride solid electrolytes are compatible with typical

cathode material and show promising cell performance. To pair with ultra-high voltage 5 V
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cathode active materials, exploration of fluoride and oxyfluoride solid electrolytes is necessary.
Since fluorides exhibit > 6 V vs Li*/Li thermodynamic stability window, increasing their
electronic conductivity to have mix ionic and electronic conductive fluorides will be beneficial
for Li ion/electron percolation within cathode composites. The mechanical failure due to
volume expansion and construction of active material during Li extraction and insertion
remains as a major challenging facing all solid-state batteries. Although I have shown applying
high pressure during cell cycling can effectively suppress the mechanical failure, which is not
practical for commercialized cells at present. Thus, exploration of possible cathode active
materials with minor volume change during Li extraction/insertion is also future research

directions.

Further exploration of other solid electrolytes which are stable with Li metal and high
voltage stable is final target for the development of solid electrolytes. One promising candidate
is the hydro-borate, hydro-carbaborate systems.?®® As they are yet a underexplored solid
electrolyte class and exhibit attractive properties, including stable with Li/Na metal anode,
good mechanical properties, high thermal and chemical stability, solution processability.
However, limit materials have been developed with high ionic conductivity and a better
understanding its interfacial stability with high voltage cathode active materials is needed. A
much cheaper and safer synthesis and processing method will be essential for

commercialization.

Taken together, the last years in research focusing on the discovery of new solid
electrolytes have provided a tremendous understanding of ionic transport, led to the discovery

of new sulfide superionic conductors with ionic conductivities > 10 mS.cm, and high voltage
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compatible and good ductility chloride solid electrolytes, and on the interface study in all solid-
state battery has helped to get well-performing solid-state batteries. Some companies have
claimed extremely well-performing all solid-state batteries with long term stable cycling,
excellent low temperature and high temperature performance. And they have even claimed
solving the long-lasting Li dendrite issue, with no information given on the battery set-up and
materials used. However, this does highlight the great promise of all solid-state batteries and
promote more research on this topic. The future surely holds more options for optimization of
the exciting solid electrolyte materials and gaining a better understanding of ion transport-
structure relationship to guide future developments of new solid electrolyte materials and
design of all solid-state batteries. Furthermore, an easy and cost-effective solid electrolyte thin
film processing method and a better understanding of interface formation in all solid-state
batteries which can guide the interface design to prevent solid electrolyte oxidation or
reduction and prevent Li dendrite growth are needed, especially for thin-film solid electrolytes.
Future studies on all solid-state batteries should also focus on the compatibility of processing
all solid-state batteries with current state-of-art conventional liquid lithium-ion batteries set-up
to promote the commercialization of all solid-state batteries without requiring other expensive
equipment. In the forthcoming years, the commercialization of ceramic all solid-state batteries
will remain challenging, but other types quasi all solid-state batteries with small amounts of
liquid electrolytes or gel/polymer electrolytes are promising and start to appear on the market,

which act as a middle transition from convention liquid cell to actual all solid-state batteries.
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Appendix A Supporting information for Chapter 3

Table Al Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Li3.15Si0.15P0.85S4 obtained from single crystal X-ray diffraction at 280 K.

S. G.: Pnma, a = 13.0469(18) A, b = 8.0707(12) A, ¢ = 6.1395(9) A

Atom  Wyck. site X y z Occ. Ueq (A?)

Lii  s8d 0.3310(4)  0.0322(5)  0.3899 (9)  0.976(19) 0.0451(19)
Li2 8d 0.0056(8) 0.0477(11)  0.5580(14)  0.492(16) 0.048(4)
Li3 4c -0.081(4) 0.25 -0.220(11)  0.28(5)  0.14(3)

P1 4c 0.08777(6)  0.25 0.15737(11) 0.85 0.01725(18)
sil 4c 0.08777(6)  0.25 0.15737(11)  0.15 0.01725(18)
s1 8d 0.15251(4)  0.03757(7)  0.27752(9) 1 0.02667(16)
) 4c -0.06224(6)  0.25 0.26951(12) 1 0.02230(18)
s3 4c 0.10262(6)  0.25 0.17381(12) 1 0.0265(2)

Table A2 Anisotropic displacement parameters of Liz.15Si0.15P0.85S4 obtained from single crystal X-
ray diffraction at 280 K.

Atom Uy (A Uz (AY Usz (A? Uz (A% Uz (A% Ur, (A%

Lil  0.037@3) 0.041(3) 0.058(3) 0.018(2) -0.007(2)  -0.0006(18)
Li2  0.040(5) 0.062(7) 0.042(7) 0.028(5) 0.007(5) 0.001(5)
Li3  0.10(4) 0.10(4) 0.22(8) 0 -0.03(3) 0

P1 0.0182(4)  00202(3)  001333) 0O 0.0009(3) 0

Si1 0.0182(4)  00202(3)  001333) O 0.0009(3) 0

s1 0.0246(3)  0.0279(3)  00275(3)  0.0060(2)  0.0006(2)  0.0045(2)
s2 00192(3)  00255(3)  0.0222(4) 0 0.0021(3) 0

s3 0.0369(5)  0.0279(4)  00148(3) O 0.0030(3) 0
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Table A3 Anisotropic displacement parameters of Liz.25Sio.25Po.75S4 obtained from single
crystal X-ray diffraction at 280 K.

Atom Uy (A?) Uz (A?) Uss (A?) Uz (A?) Ui (A?) U2 (A?)
LilA  0.0301(15)  0.0363(15)  0.054(2) 0.0166(14)  -0.0037(13)  0.0012(11)
LilB  0.0301(15)  0.0363(15)  0.054(2) 0.0166(14)  -0.0037(13)  0.0012(11)
Li2 0.040(4) 0.056(5) 0.041(4) 0.022(3) 0.001(3) -0.012(3)
Li3A  0.07(2) 0.046(16) 0.10(6) 0 -0.02(2) 0

Li3B  0.046(18) 0.045(16) 0.05(3) 0 -0.010(15) 0

P1 0.0162(2) 0.0159(2) 0.01357(19) 0 0.00137(15) 0

Si1 0.0162(2) 0.0159(2) 0.01357(19) O 0.00137(15) 0

S1 0.02099(17) 0.02320(17) 0.02658(16) 0.00543(11) 0.00036(11) 0.00414(12)
S2 0.0174(2) 0.0201(2) 0.0222(2) 0 0.00197(15) 0

S3 0.0328(3) 0.0224(2) 0.01478(18) 0 0.00339(16) 0
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Table A4 Atomic coordinates, occupation factors and isotropic displacement parameters of
Li3.25Si0.25P0.75S4 obtained from single crystal X-ray diffraction at 180 K (Li3B site was refined
isotropically).

S.G.: Pnma, a = 13.156(7) A, b = 8.016(4) A, ¢ = 6.132(3) A

Atom Wyck. site X y z Occ. Ueq (A9

LilA 8d 0.3300(4) 0.0303(5)  0.3839(9)  0.918(10) 0.0326(13)
LilB 8d 0.338(4) 0.015(7) 0.217(10)  0.082(10) 0.0326(13)
Li2  8d 0.0052(7) 0.0448(11)  0.5544(15) 0.442(17) 0.029(3)

Li3A  4c -0.083(3) 0.25 -0.167(8)  0.20(4)  0.052(18)
Li3B  4c -0.070(3) 0.25 -0.305(9)  0.14(4)  0.025(16)
PL  4c 0.08714(6)  0.25 0.15547(11) 0.75 0.01239(17)
Sil  4c 0.08714(6)  0.25 0.15547(11) 0.25 0.01239(17)
s1 s&d 0.15276(4)  0.03467(6) 0.27540(8) 1 0.01825(15)
S2  4c -0.06200(6)  0.25 0.26907(12) 1 0.01579(17)
S3  4c 0.10062(6)  0.25 -0.17941(11) 1 0.01811(18)

Table A5 Anisotropic displacement parameters of Lis.25Sio.25P0.75S4 obtained from single crystal
X-ray diffraction at 180 K.

Atom Uy (A?) Uz (A?) Uss (A2 Uz (A% Uis (R2) Uz (R?)
LA 0027(2)  00282)  00433)  00172)  -0006(2)  -0.0008(18)
LilB  0027(2)  0028(2)  0.043(3)  0017(2)  -0.006(2)  -0.0008(18)
Li2  0020(5)  00336)  00356)  00154)  0010(4)  -0.004(4)
Li3A  007(3) 0.05(2) 0.04(3) 0 0002 0

PL  00156(4)  00127(3)  00088(3) O 0.0015(3) O

Sil  00156(4)  00127(3)  0.0088(3) O 0.00153) O

S1 00189(3)  00182(3)  00176(2)  0.00329(19) 0.00030(18) 0.0027(2)
S2  00169(4)  00160(3)  001453) O 0.0010(2) O

S3 002734)  00172(3) 000983 O 000263) O
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Table A6 Atomic coordinates, occupation factors and isotropic displacement parameters of
Li3.25Si0.25P0.75S4 obtained from neutron powder diffraction at 300 K.

S. G.: Pnma, a = 13.1259(9) A, b = 8.0439(5) A, ¢ = 6.1290(4) A

Atom Wyck. site x y z Occ. Uiso (A2
LilA 8d 0.3349(7) 0.030(1) 0.387(2) 0.896(8) 0.039(2)
LilB 8d 0.365(4) 0.021(9) 0.225(12)  0.104(8) 0.03(2)
Li2  sd 0.0075(15)  0.036(2) 0.557(3) 0.465(8) 0.048(5)
Li3A  4c -0.067(4) 0.25 -0.191(9)  0.19(2) 0.04(1)
Li3B  4c -0.103(5) 0.25 -0.317(15)  0.17(2) 0.06(2)
PL  4c 0.0866(3) 0.25 0.1540(6)  0.75 0.010(2)
Sil 4 0.0866(3) 0.25 0.1540(6)  0.25 0.010(2)
s1 sd 0.1548(4) 0.0368(5)  0.2749(9) 1 0.027(2)
S2 4c -0.0648(5)  0.25 0.265(2) 1 0.026(2)
s34 0.1044(4) 0.25 0.1747(9) 1 0.010(2)

Table A7 Atomic coordinates, occupation factor and isotropic displacement parameters of
Li3.25Si0.25P0.75S4 obtained from neutron powder diffraction at 180 K.

S. G.: Pnma, a = 13.1444(6) A, b = 8.0238(4) A, ¢ = 6.1273(3) A

Atom Wyck. site x y z Occ. Uiso (A2
LilA 8d 0.3302(6) 0.0329(9)  0.385(1)  0.905(9) 0.027(3)
LilB  8d 0.368(4) 0.002(8) 0.255(12)  0.095(9) 0.033(25)
Li2  8d 0.0055(13)  0.040(2) 0.560(2) 0.453 (9) 0.027(5)
Li3A  4c -0.067(3) 0.25 0.200(7)  0.22(2) 0.01(1)
Li3B  4c -0.113(5) 0.25 -0.354(14)  0.15(2) 0.044(22)
PL  4c 0.0864(3) 0.25 0.1533(5)  0.75 0.010(2)
Sit 4c 0.0864(3) 0.25 0.1533(5)  0.25 0.010(2)
s1 8d 0.1528(3) 0.0345(5)  02737(8) 1 0.023(2)
2 4c .0.0624(4)  0.25 0.272(1) 1 0.013(3)
S3  4c 0.1021(4) 0.25 0.1749(9) 1 0.011(3)
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Table A8 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Lis.33Si0.33P0.67S4 obtained from single crystal X-ray diffraction at 280 K.

S. G.: Pnma, a = 13.2489(4) A, b = 8.0094(2) A, ¢ = 6.1311(2) A

Atom Wyck. site  x y z Occ. Ueq (AY)
LilA 84 0.32949(17)  0.0296(3)  0.3815(5)  0.863(8) 0.0404(7)
LilB 84 0.3338(9) 0.0071(16) 0.208(3)  0.137(8) 0.039(5)
Li2 8d 0.0065(4) 0.0430(7)  0.5551(7)  0.437(8) 0.0465(16)
Li3A  4c -0.0833(13)  0.25 -0.160(5)  0.24(2) 0.060(9)
Li3B  4c -0.0693(12)  0.25 -0.309(4)  0.21(2) 0.044(6)
Pl 4¢ 0.08727(2)  0.25 0.15573(5) 0.67 0.01609(7)
Sil 4¢ 0.08727(2)  0.25 0.15573(5) 0.33 0.01609(7)
S1 8d 0.15328(2)  0.03433(3) 0.27543(4) 1 0.02442(7)
S2 4¢ -0.06159(2)  0.25 0.26835(5) 1 0.02055(7)
S3 4¢ 0.09947(2)  0.25 -0.17975(5) 1 0.02408(8)

Table A9 Anisotropic displacement parameters of Lis.33Si0.33P0.67S4 obtained from single crystal
X-ray diffraction at 280 K.

Atom Un (R?) Uz (R?) Uss (R2) Uz (A2) Uss (A?) Uz (A?)
LilA 00325(10)  0.0378(12) 00511(17)  0.0148(10) -0.003(1)  0.0004(8)
Li1B 0.017(5) 0.018(5) 0.083(14)  0.006(6)  -0.004(6)  0.000(4)
Li2 0.039(2) 0.055(3) 0.046(3) 0.0242)  0.003(2) -0.010(2)
Li3A 0.049(9) 0.044(8) 0.09(2) 0 -0.027(10) 0

Li3B 0.048(9) 0.036(7) 0.048(13) 0 0007(7) 0

P1 0.01696(13) 0.01652(13) 0.01480(13) O 0.00148(9) O

sit 0.01696(13) 0.01652(13) 0.01480(13) O 0.001489) O

s1 0.02191(11) 0.02404(11) 0.02730(11) 0.00523(7)  0.00030(7)  0.00407(7)
s2 0.01844(14) 0.02230(13) 0.02299(13) 0 0.00172(9) O

S3 0.03357(16) 0.02254(14) 0.01614(13) 0 0.00356(10) 0
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Table A10 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Lis.sSio.sPo.sS4 obtained from single crystal X-ray diffraction at 280 K.

S. G.: Pnma, a = 13.4165(19) A, b = 7.9107(11) A, ¢ = 6.1283(8) A

Atom Wyck. site x y z Occ. Ueq (A2
LilA 8d 0.3289(6) 0.0263(11)  0.3740(17)  0.73(2) 0.049(3)
LilB 8d 0.3298(14)  0.005(3) 0.186(3) 0.27(2) 0.032(6)
Li2  8d 0.0099(13)  0.031(3) 0.547(2) 0.38(2) 0.043(6)
Li3A 4c -0.087(2) 0.25 -0.132(5) 0.35(7) 0.039(10)
Li3B 4c -0.068(5) 0.25 -0.282(17)  0.46(9) 0.14(4)

Pl 4c 0.08749(7)  0.25 0.15490(15) 0.5 0.0163(2)
Sil  4c 0.08749(7)  0.25 0.15490(15) 0.5 0.0163(2)
sl sd 0.15498(5)  0.03079(9)  0.27334(11) 1 0.0235(2)
S2 4 -0.06011(7)  0.25 0.26838(15) 1 0.0201(2)
S3 4c 0.09530(8)  0.25 -0.18368(15) 1 0.0241(2)

Table A1l Anisotropic displacement parameters of LissSio.sPosS4 obtained from single crystal
X-ray diffraction at 280 K.

Atom Un (A?) Uz (A Uss (A?) Uzs (A2) Uis (A?) Uz, (A2)
LilA 00405)  0040(5) 0067(7)  0015(4)  -0.006(4)  0.003(4)
LilB 0029(10) 0030(11) 0038(12) 00028)  -0.00808)  0.005(8)
Li2 00339)  0064(15) 0032(11) 0022(9)  -0.0048)  -0.007(8)
Li3A 0.044(17) 0050(17) 0021(16) 0 0.008(10) 0

Li3B 018(5)  0.028(16) 0219 O 0126) 0

P1 00184(5) 0.0146(5) 00160(4) 0 00013(3) O

si1 00184(5) 00146(5) 0.0160(4) O 0.00133) 0

s1 00226(3) 00212(4) 00266(3)  0.0044(3) -0.0005(2)  0.0034(2)
2 00195(4) 0.0181(5) 0.02284) O 0.00153) 0

s3 00336(5) 0.0211(5) 0.0176(4) O 0.00453) 0
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Table A12 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Li3.67S10.67P0.33S4 obtained from single crystal X-ray diffraction at 280 K.

S. G.: Pnma, a = 13.6750(18) A, b = 7.7946(10) A, c = 6.1411(9) A

Atom Wyck. site X y z Occ. Ueq (A?)
LilA 8d 0.3263(8)  0.0210(15) 0.351(3) 044(3)  0.032(5)
LilB 8d 0.3280(9)  0.0024(15) 0.187(2) 046(3)  0.029(4)
Li2 4b 0 0 05 0.85(4)  0.079(7)
Li3A 4c -0.0877(9)  0.25 -0.139(3) 0.64(5)  0.030(5)
Li3B 4c -0.070(4)  0.25 -0.304(11)  0.36(6)  0.08(2)
P1 4c 0.08733(6)  0.25 0.15211(15) 0.3333  0.0129(2)
sil 4c 0.08733(6)  0.25 0.15211(15) 0.6667  0.0129(2)
s1 8d 0.15533(4)  0.02628(8) 0.26971(10) 1 0.0172(2)
) 4c -0.05954(6)  0.25 0.26589(13) 1 0.0140(1)
s3 4c 0.09092(7)  0.25 -0.19126(15) 1 0.0186(2)

Table A13 Anisotropic displacement parameters of Liz.67Sio.67P0.33S4 obtained from single
crystal X-ray diffraction at 280 K.

Atom Un (A?) Uz (A2) Uss (A?) Uzs (A2) Uss (A2) Us, (A2)
Li1A 0015(5)  0021(6)  0059(11)  0016(6)  0003(5)  0.008(4)
LilB 0028(6)  0027(6)  00328)  0012(5)  -0007(5)  0.001(5)
Li2 0065©9)  0077(10)  0095(12)  0060©)  0046()  0.039(7)
Li3A 0.027(7)  0024(6)  0.04(1) 0 00105) 0

Li3B 0.10(4) 0.05(2) 0.09(4) 0 0053 0

P1 00130(4)  00132(4)  00125(4) O 0.0005(3) 0

i1 00130(4)  00132(4)  00125(4) 0 0.00053) 0

s1 0.0144(3)  00149(4)  00221(3)  00028(2)  -0.00102)  0.0030(2)
s2 00119¢4)  00127(4)  001744) 0 0.0015(3) 0

s3 00242(5)  00167(4)  00151(4) 0 000223) O
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Table Al14 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Lis.sSio.sPo.2S4 obtained from single crystal X-ray diffraction at 280 K.

S.G.:P2/m,a=6.112(2) A, b =7.781(3) A, ¢ = 6.880(3) A, B=91.147(9)°

Atom Wyck. site X y z Occ. Ueq (A%
Lil  2e 0.647(2) 0.25 0.3296(15)  0.94(5)  0.038(5)
Li2 2c 0 0 05 0.90(6)  0.060(7)
Li3  4f 0.662(3) -0.0157(19)  0.8512(19)  0.51(4)  0.030(6)
Li4  4f 0.818(4) -0.009(2) 0.846(2) 0.48(4)  0.035(7)
PL 2 0.3557(2) 0.25 0.67385(17) 0.2 0.0120(3)
Sil 2 0.3557(2) 0.25 0.67385(17) 0.8 0.0120(3)
S1 4 0.23904(14)  0.47431(12)  0.80985(12) 1 0.0172(2)
S22 0.23235(19)  0.25 0.38059(16) 1 0.0141(3)
S3 2 0.70126(19)  0.25 0.67884(17) 1 0.0171(3)

Table A15 Anisotropic displacement parameters of LizsSio.sPo.2S4 obtained from single crystal
X-ray diffraction at 280 K.

Atom Uy (R? U (A2) Uss (A2) Uz (A2) Uss (A2) U (A
Lil 0.063(9) 0.028(7) 0.025(6) 0 0.020(5) 0

Li12 0.058(10)  0.068(12)  0.051(10)  0.030(8) -0.036(7)  -0.043(8)
Li3 0.036(13)  0.030(9) 0.024(7) 0.003(6) 0.000(6) 0.010(7)
Lid 0.043(15)  0.041(11)  0.022(8) 0.007(6) 0.008(7) -0.004(8)
P1 0.0126(6)  0.0122(6)  00112(6) 0 -0.0010(4) 0

sil 00126(6)  0.0122(6)  00112(6) 0 -0.00104) 0

s1 0.0213(4)  0.0149(5)  00153(4)  -0.0032(3)  0.0009(3)  0.0013(3)
S2 0.0160(6)  0.0137(6)  0.0125() 0 -0.00204) 0

S3 00131(5)  0.0162(6)  0.02196) 0 -0.0025(4) 0
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Appendix B Supporting information for Chapter 4

Table B1 Atomic coordinates, occupation factors and isotropic displacement parameter of
representative Lis.7Sio.7Sho.3Ssl obtained from powder neutron diffraction at 195 K.

S.G.: F43m, a=10.30464(4) A, 4.06 wt% Li,S, 6.45 wt% Lil

Atom Wyck. Site X y z Occ. Uiso (A%
Lil 48h 0.2895(8)  0.5181(7)  0.7895(9)  0.34(2) 0.035(2)
Li2 249 0.0207(9) 0.5 0.25 0.30(3) 0.020(4)
Li3 48h 0728(3)  0.070(2)  0570(2)  0.062(7) 0.04(1)
Lis 4d 0.75 0.25 0.25 0.02(1) 0.013(38)
si1 4b 0.5 0.5 0.5 0.655 0.0110(3)
Shl 4b 0.5 0.5 0.5 0.345 0.0110(3)
S1 4c 0.25 0.25 0.25 0.983 0.0142(4)
s2 16e 03771(2)  0.3771(2)  0.6229(2) 1 0.0201(3)
s3 4a 0.5 0.5 0 0.026 0.0342(4)
11 4a 05 05 0 0.974 0.0342(4)
12 4c 0.25 0.25 0.25 0.017 0.0142(4)

Table B2 Atomic coordinates, occupation factors and isotropic displacement parameter of
representative LisSbSsl obtained from powder neutron diffraction at 300 K.

S.G.: F43m, a=10.41912(5) A, 0.91 wt% Li,S, 1.65 wt% Lil

Atom Wyck. Site X y z Occ. Uiso (A%
Lil 48h 0.2950(5)  05236(4)  0.7950(5)  0.36(2) 0.033(2)
Li2 24g 0.016(1)  0.25 0.25 0.27(2) 0.035(4)
Sb1 4b 05 0.5 05 1 0.0129(4)
s1 4c 0.25 0.25 0.25 1 0.0172(4)
s2 166 0.37202) 0.3720(2)  0.6280(2) 1 0.0176(2)
11 4a 0.5 0.5 0 1 0.0366(4)
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Table B3 Atomic coordinates, occupation factors and isotropic displacement parameter of
representative Lis.3Sio.3Sho.7SsI obtained from powder neutron diffraction at 300 K.

S. G.: F43m, a=10.38800(4) A, 2.58 wt% Li,S, 2.55 wt% Lil

Atom Wyck. Site X y z Occ. Uiso (A?)
Lil 48h 0.2891(7)  0.5206(6)  0.7891(7)  0.37(2) 0.024(2)
Li2 24g 0.026(1)  0.25 0.25 0.20(3) 0.031(7)
Li3 48h 0.723(4)  0.058(3)  0.5558(3)  0.053(7) 0.05(1)
Li4 4d 0.75 0.25 0.25 0.06(1) 0.021(15)
sil 4b 0.5 0.5 0.5 0.263 0.0119(2)
Shl 4b 0.5 05 0.5 0.737 0.0119(2)
Sl 4c 0.25 0.25 0.25 0.989 0.0168(4)
S2 16e 03731(2)  0.3731(2) 0.6269(2) 1 0.0237(3)
S3 4a 0.5 05 0 0.022 0.0358(4)
11 4a 0.5 0.5 0 0.978 0.0358(4)
12 4c 0.25 0.25 0.25 0.011 0.0168(4)

Table B4 Atomic coordinates, occupation factors and isotropic displacement parameter of
representative LissSiosShosSsI obtained from powder neutron diffraction at 300 K.

S. G.: F43m, a=10.35594(4) A, 2.83 wt% Li,S, 2.96 wt% Lil

Atom Wyck. Site X y z Occ. Uiso (A%
Lil 48h 0.2890(8)  0.5188(7)  0.7890(8)  0.35(2) 0.038(2)
Li2 24g 0.022(1) 025 0.25 0.27(3) 0.032(5)
Li3 48h 0.735(4)  0071(3)  0571(3)  0.081(8)  0.102)
Li4 4d 0.75 0.25 0.25 0.05(1) 0.019(17)
Sil 4b 0.5 0.5 0.5 0.465 0.0114(2)
Shl 4b 0.5 0.5 0.5 0.535 0.0123(3)
S1 4c 0.25 0.25 0.25 0.991 0.0162(4)
) 16e 0.3752(1)  0.3752(1)  0.6248(1) 1 0.0237(3)
11 4da 0.5 0.5 0 1 0.0377(4)
12 4c 0.25 0.25 0.25 0.009 0.0162(4)
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Table B5 Atomic coordinates, occupation factors and isotropic displacement parameters of
Lis.1Si0.1Sbo.eSsl obtained from synchrotron powder diffraction at room temperature.

S.G.: F43m , a = 10.42024(5) A; R, = 7.321; GoF = 2.33; 1.09(6) Wt% Li,S

Atom  Wyck. Site  x y z Occ. Uiso (A%

sbl  4b 05 05 05 0.935(6) 0.0094(3)
sil 4b 05 05 05 0.065(6) 0.0094(3)
s1 4c 0.25 0.25 0.25 0.989(3) 0.0176(9)
) 16e 0.3708(2) 0.3708(2)  0.6292(2) 1 0.0190(6)
s3 4a 05 05 0 0.033(5) 0.0344(4)
11 4a 05 05 0 0.967(5) 0.0344(4)
12 4c 0.25 0.25 0.25 0.011(3) 0.0176(9)

Table B6 Atomic coordinates, occupation factors and isotropic displacement parameters of
Lis.2Sio.2Sho.sSsl obtained from synchrotron powder diffraction at room temperature.

S.G.: F43m, a =10.41101(4) A; R, = 5.110; GoF = 1.65; 3.61(6) Wt% Li,S

Atom  Wyck. Site X y z Occ. Uiso (A2

Sbl  4b 05 05 05 0.830(3) 0.0100(2)
sil 4b 05 05 05 0.170(3) 0.0100(2)
S1 4c 0.25 0.25 0.25 1 0.0191(5)
S2 16e 0.3714 (1) 0.3714(1)  0.6286(1) 1 0.0211(4)
s3 4a 0.5 0.5 0 0.026(3) 0.0363(3)
11 4a 0.5 0.5 0 0.974(3) 0.0363(3)
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Table B7 Atomic coordinates, occupation factors and isotropic displacement parameters of
Lis.3Si0.3Sbo.7Ssl obtained from synchrotron powder diffraction at room temperature.

S.G.: F43m, a=10.3972(2) A; Ry = 6.118; GOF = 2.03; 3.2(1) wt% Li,S

Atom  Wyck. Site  x y z Occ. Uiso (A2

Sbl  4b 0.5 0.5 0.5 0.737(4) 0.0104(3)
Sit  4b 05 0.5 05 0.263(4) 0.0104(3)
s1 4c 0.25 0.25 0.25 0.989(3) 0.0203(9)
) 16e 0.3722(1)  03722(1)  0.6278(1) 1 0.0212(5)
s3 4a 0.5 0.5 0 0.022(4) 0.0367(4)
11 4a 0.5 0.5 0 0.978(4) 0.0367(4)
12 4c 0.25 0.25 0.25 0.011(3) 0.0203(9)

Table B8 Atomic coordinates, occupation factors and isotropic displacement parameters of
Lis.4Si0.4Sho.6Ssl obtained from synchrotron powder diffraction at room temperature.

S. G.: F43m, a = 10.38134(3) A; Ry, = 4.162; GoF = 1.39; 0.111(9) wt% Lil, 2.61(4) wt% Li,S

Atom  Wyck. Site X y z Occ. Uiso (A%

Sbl  4b 05 05 05 0.643(2) 0.0109(2)
Sil 4b 05 05 05 0.357(2) 0.0109(2)
s1 4c 0.25 0.25 0.25 0.997(2) 0.0191(6)
) 16e 0.37341(8)  0.37341(8)  0.62659(8) 1 0.0225(3)
s3 4a 05 05 0 0.015(3) 0.0387(2)
11 4a 05 05 0 0.985(3) 0.0387(2)
12 4c 0.25 0.25 0.25 0.003(2) 0.0203(9)
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Table B9 Atomic coordinates, occupation factors and isotropic displacement parameters of
Lis5Sio.5Sbo.sSsI obtained from synchrotron powder diffraction at room temperature.

S.G.: F43m, a=10.36445(4) A; Rw = 4.06; GoF = 1.36; 2.36(2) wt% Lil, 2.93(4) wt% Li,S

Atom  Wyck. Site X y z Occ. Uiso (A2

Sbl  4b 0.5 05 0.5 0.535(2) 0.0117(3)
si1 4b 0.5 05 0.5 0.465(2) 0.0117(3)
s1 4c 0.25 0.25 0.25 0.991(2) 0.0185(6)
s2 16e 0.37492(8)  0.37492(8)  0.62508(8) 1 0.0231(3)
11 4a 0.5 0.5 0 1 0.0390(3)
12 4c 0.25 0.25 0.25 0.009(2) 0.0185(6)

Table B10 Atomic coordinates, occupation factors and isotropic displacement parameters of
Lis.6Sio.6Sho.4Ssl obtained from synchrotron powder diffraction at room temperature.

S.G.: F43m, a=10.3472(2) A; R, = 3.18; GoF = 1.23; 2.65(3) wt% Lil, 3.92(7) wit% Li.S

Atom  Wyck. Site  x y z Occ. Uiso (A2

Sbl  4b 0.5 0.5 0.5 0.439(2) 0.0072(4)
Sit  4b 0.5 0.5 0.5 0.561(2) 0.0072(4)
s1 4c 0.25 0.25 0.25 0.976(2) 0.0134(6)
s2 16¢ 0.3762(1) 0.3762(1)  0.6238(1) 1 0.0188(4)
3 4a 0.5 0.5 0 0.014(7) 0.337(4)

11 4a 0.5 0.5 0 0.986(7) 0.0337(4)
12 4c 0.25 0.25 0.25 0.024(2) 0.0134(6)
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Table B11 Atomic coordinates, occupation factors and isotropic displacement parameters of
Lis.7Si0.7Sbo.3Ssl obtained from synchrotron powder diffraction at room temperature.

S.G.: F43m, a=10.32893(5) A; Ry = 4.672; GoF = 1.42; 4.46(2) wt% Lil, 6.24(6) wt% Li,S

Atom  Wyck. Site X y z Occ. Uiso (A%

sbl  4b 0.5 0.5 0.5 0.345(2) 0.0125(5)
Sit 4b 0.5 0.5 0.5 0.655(2) 0.0125(5)
s1 4c 0.25 0.25 0.25 0.983(2) 0.0185(7)
2 16e 0.37776(9)  0.37776(9)  0.62224(9) 1 0.0220(5)
s3 4a 0.5 0.5 0 0.026(6) 0.0389(4)
11 4a 0.5 0.5 0 0.974(6) 0.0389(4)
12 4c 0.25 0.25 0.25 0.017(2) 0.0185(7)

Table B12 Atomic coordinates, occupation factors and isotropic displacement parameters of
LisSbSsl obtained from synchrotron powder diffraction at room temperature.

S.G.: F43m, a=10.4161(2) A; Ry = 6.408; GOF = 1.84; 0.93(3) wt% Lil

Atom  Wyck. Site X y z Occ. Uiso (A9

Sbhl 4b 0.5 0.5 0.5 1 0.0076(2)
S1 4c 0.25 0.25 0.25 1 0.0099(6)
) 16e 0.3708(1) 0.3708(1)  0.6292(1) 1 0.0107(4)
11 4a 0.5 0.5 0 1 0.0307(3)
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Table B13 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Lis.1Sio.1Sbo.oSsl obtained from single crystal X-ray diffraction at 280 K.

S.G.: F43m, a=10.4104(4) A

Atom  Wyck. Site X y z Occ. Ueq (A2
Lil 48h 0.2845(10) 0.5232(11)  0.7845(10) 0.48(2) 0.042(5)
Sbl  4b 0.5 0.5 0.5 0.924(9) 0.013(1)
Sit 4b 0.5 0.5 0.5 0.076(9) 0.013(1)
S1 4c 0.25 0.25 0.25 0.984(6) 0.019(1)
s2 16e 0.3719(1)  0.3719(1)  0.6281(1) 1 0.020(1)
3 4a 0.5 0.5 0 0.009(6) 0.035(1)
11 4a 0.5 0.5 0 0.991(6) 0.035(1)
12 4c 0.25 0.25 0.25 0.016(6) 0.019(1)

Table B14 Anisotropic displacement parameters

crystal X-ray diffraction at 280 K.

of Lie.1Sio.1Sbo.oSsl obtained from single

Atom Uy (A Uz (A2 Uss (A? Uz (A?) Uis (A? Uz (A%
Lil  0.051(6) 0.024(7) 0.051(6) 0.002(3) 0.026(5) 0.002(3)
Sbl  0.013(1) 0.013(1) 0.013(1) 0 0 0
Sit  0.013(1) 0.013(1) 0.013(1) 0 0 0
s1 0.019(1) 0.019(1) 0.019(1) 0 0 0
s2 0.020(1) 0.020(1) 0.020(1) 0.003(1) 0.003(1) -0.003(1)
3 0.035(1) 0.035(1) 0.035(1) 0 0 0
11 0.035(1) 0035(1)  0.035(1) 0 0 0
12 0.019(1) 0.019(1) 0.019(1) 0 0 0
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Table B15 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Lis.4Si0.4Sbo.6Ssl obtained from single crystal X-ray diffraction at 280 K.

S.G.: F43m, a=10.3782(3) A

Atom  Wyck. Site X y z Occ. Ueq (A2
Lil 48h 0.2831(8)  05219(7)  0.7831(8) 0.48(2) 0.059(4)
Sbl  4b 05 05 05 0.658(5) 0.013(1)
Sit 4b 0.5 0.5 0.5 0.342(5) 0.013(1)
s1 4c 0.25 0.25 0.25 1 0.018(1)
s2 16e 0.3744(1)  0.3744(1)  0.6256(1) 1 0.023(1)
S3 4a 0.5 0.5 0 0.012(5) 0.039(1)
11 4a 0.5 0.5 0 0.988(5) 0.039(1)

Table B16 Anisotropic displacement parameters

crystal X-ray diffraction at 280 K.

of Lie.4Sio.4Sho.sSsl obtained from single

Atom Uy (A Uz (A2 Uss (A?) Uz (A? Us (A% Uz (A%
Lil  0.074(5) 0.028(4) 0.074(5) 0.000(3) 0.041(5) 0.000(3)
Sbl  0.013(1) 0.013(1) 0.013(1) 0 0 0
Sit  0.013(1) 0.013(1) 0.013(1) 0 0 0
s1 0.018(1) 0.018(1) 0.018(1) 0 0 0
s2 0.023(1) 0.023(1) 0.023(1) 0.000(1) 0.000(1) 0.000(1)
3 0.039(1) 0.039(1) 0.039(1) 0 0 0
11 0.039(1) 0.039(1) 0.039(1) 0 0 0
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Table B17 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Lis.sSio.sSbosSsl obtained from single crystal X-ray diffraction at 280 K.

S. G.: F43m, a=10.3354(4) A

Atom  Wyck. Site X y z Occ. Ueq (A2
Lil  48h 0.2815(9)  0.5216(10) 0.7815(9) 0.52(2) 0.061(6)
Sbl  4b 0.5 0.5 0.5 0.549(5) 0.013(1)
si1 4b 0.5 0.5 0.5 0.451(5) 0.013(1)
S1 4c 0.25 0.25 0.25 1 0.019(1)
2 16e 0.3754(1)  0.3754(1)  0.6246(1) 1 0.024(1)
3 4a 0.5 0.5 0 0.037(6) 0.040(1)
11 4a 0.5 0.5 0 0.963(6) 0.040(1)

Table B18 Anisotropic displacement parameters

crystal X-ray diffraction at 280 K.

of LissSiosShosSsl obtained from single

Atom Uy (A2) Uz (A2) Uss (A2) Uzs (A2) Uss (A2) Urz (A
Lil 00749  0034(7)  0074©9)  0002(4)  0039@8)  0.002(4)
sbl  0013(1)  0013(1)  0013(1) O 0 0
Sil  0013(1)  0013(1)  0013(1) O 0 0
S1 0019(1)  00191)  0019(1) 0 0 0
S2 0024(1)  0024(1)  0024(1)  0000(1)  0.000(1)  0.000(1)
S3  0040(1)  0040(1)  0040(1) O 0 0
11 0040(1)  0040(1)  0040(1) O 0 0
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Table B19 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Lis.7Sio.7Sbo.3Ssl obtained from single crystal X-ray diffraction at 280 K.

S.G.: F43m, a=10.330(2) A

Atom  Wyck. Site  x y z Occ. Ueq (A2
Lil  48h 0.276(3)  0519(2)  0776(3)  0.51(4) 0.08(2)

Sbl  4b 0.5 0.5 0.5 0.378(8) 0.014(1)
sil 4b 0.5 0.5 0.5 0.622(8) 0.014(1)
Sl 4c 0.25 0.25 0.25 1 0.019(2)
s2 16e 0.3771(1)  0.3771(1)  0.6229(1) 1 0.025(1)
s3 4a 0.5 0.5 0 0.073(11)  0.040(1)
11 4a 0.5 0.5 0 0.927(11) 0.040(1)

Table B20 Anisotropic displacement parameters of Lis.7Sio.7Sho.3Ssl obtained from single
crystal X-ray diffraction at 280 K.

Atom Uy (A?) Uz (R?) Uss (A2) Uss (A?) Uss (A9 Ur (A?)
Lil  011(3) 0026(7)  0.11(3) 00118)  -0.07(3) -0.011(8)
Sbl  0014(1)  0014(1)  0014(1) 0 0 0
Sil 0014(1)  0014(1)  0014(1) 0 0 0
S 0019(1)  0019(1)  0019(1) 0 0 0
S2 0025(1)  0025(1)  0025(1)  0000(1)  0.000(1)  0.000(1)
S3 0040(1)  0040(1)  0040(1) O 0 0
11 0.040(1)  0040(1)  0040(1) O 0 0
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Table B21 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Lis.2Geo.2Sho.sSsl obtained from single crystal X-ray diffraction at 280 K.

S.G.: F43m,a=10.413 (2) A

Atom  Wyck. Site X y z Occ. Ueq (A%
Lil 48h 0.2843(11)  05220(11) 0.7843(11) 0.50(3) 0.050(5)
Sbl  4b 0.5 0.5 0.5 0.78(2) 0.013(1)
Gel  4b 0.5 0.5 0.5 0.22(2) 0.013(1)
s1 4c 0.25 0.25 0.25 0.988(7) 0.019(1)
s2 16e 0.3725(1) 0.3725(1)  0.6275(1) 1 0.020(1)
s3 4a 0.5 0.5 0 0.024(6) 0.039(1)
11 4a 0.5 0.5 0 0.976(8) 0.039(1)
12 4c¢ 0.25 0.25 0.25 0.012(7) 0.019(1)

Table B22 Anisotropic displacement parameters of Lis.2Geo.2Sbo.sSsl obtained from single
crystal X-ray diffraction at 280 K.

Atom Uy (A Uz (A2 Uss (A? Uz (A? Us (A% U (A%

Lil  0.059(6) 0.032(5) 0.059(6) 0.000(3) 0.030(6) 0.000(3)

Sbl  0.013(1) 0.013(1) 0.013(1) 0 0 0

Gel  0.013(1) 0.013(1) 0.013(1) 0 0 0

s1 0.019(1) 0.019(1) 0.019(1) 0 0 0

s2 0.020(1) 0.020(1) 0.020(1) 0.002(1) 0.002(1) -0.002(1)
s3 0.039(1)  0.039(1) 0.039(1) 0 0 0

11 0.039(1) 0.039(1) 0.030(1) 0 0 0

12 0.019(1) 0.019(1) 0.019(1) 0 0 0
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Table B23 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Lis.4«Geo.4Sho.6Ssl obtained from single crystal X-ray diffraction at 280 K.

S.G.: F43m, a=10.406(2) A

Atom  Wyck. Site X y z Occ. Ueq (A2
Lil 48h 0.2827(8) 0.5220(8)  0.7827(8)  0.52(2) 0.059(5)
Sbl  4b 0.5 0.5 05 0.574(14) 0.013(1)
Gel  4b 0.5 0.5 05 0.426(14) 0.013(1)
s1 4c 0.25 0.25 0.25 0.978(5) 0.019(1)
) 16e 0.3738(1) 0.3738(1)  0.6262(1) 1 0.021(1)
s3 4a 0.5 0.5 0 0.026(5) 0.042(1)
11 4a 0.5 0.5 0 0.974(5) 0.042(1)
12 4c 0.25 0.25 0.25 0.022(5) 0.019(1)

Table B24 Anisotropic displacement parameters of Lis.4Geo.4ShosSsl obtained from single
crystal X-ray diffraction at 280 K.

Atom U (A2 Uz (A2 Uss (A?) Uszs (A?) Uss (A?) Ure (A?)

Lil  0072(6) 003155  0072(6)  -0001(3)  0042(6)  -0.001(3)
sbl  0013(1)  0013(1)  0013(1) 0 0 0

Gel  0013(1)  0013(1)  0013(1) 0 0 0

SI 0019(1)  0019(1)  0019(1) 0 0 0

S2 0021(1)  0021(1)  0.021(1)  00021)  00021)  -0.002(1)
S3 0042(1)  0042(1)  0042(1) 0 0 0

11 00421)  00421)  00421) O 0 0

12 0019(1)  00191)  00191) O 0 0
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Table B25 Atomic coordinates, occupation factors and equivalent isotropic displacement
parameters of Lis.2Sno.2Sho.sSs1 obtained from single crystal X-ray diffraction at 280 K.

S. G.: F43m, a=10.4419(6) A

Atom Wyck. Site  x y z Occ. Ueq (A2
Lil  48h 0.292(2)  05238(14) 0792(2)  0.42(5) 0.039(7)
Li2  24g 0.25 0.521(5)  0.75 0.24(10) 0.042(16) (Uico)
Sbhl 4b 0.5 05 05 0.8 0.014(2)
Snl 4b 0.5 05 05 0.2 0.014(2)
Sl 4c 0.25 0.25 0.25 0.957(5) 0.020(1)
s2 16e 0.3715(1)  0.3715(1)  0.6285(1) 1 0.021(1)
3  4a 0.5 0.5 0 0.010(4) 0.039(1)
11 4a 0.5 0.5 0 0.990(4) 0.039(1)
12 4c 0.25 0.25 0.25 0.043(5) 0.020(1)

Table B26 Anisotropic displacement parameters of Lis.2Sno.2Sbo.sSsl obtained from single
crystal X-ray diffraction at 280 K.

Atom Uy (A2) Uz (A2) Uss (A2) Uzs (A2) Uss (A?) Uz (A?)
Lil 00419  0036(7) 00419  -0002(5  00080Q)  -0.002(5)
Sbl  00141)  0014(1)  0014(1) O 0 0
snl  00141)  0014(1)  0014(1) O 0 0
S 0020(1)  0020(1)  0020) 0 0 0
S2 0021(1)  0021(1)  0021(1)  0003(1)  0003(1)  -0.003(1)
S3 00391  0039(1)  0039(1) O 0 0
11 0039(1)  0039(1)  0039(1) 0 0 0
12 0020(1)  0020(1)  0020(1) 0 0 0

200



