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Experimental Section

Material Synthesis. LizxScixZr/HfiCle (x = 0, 0.25, 0.50, 0.625, 0.75, 1.0) were
synthesized by a solid-state reaction using LiCl, ScCls; and ZrCls or HfCls. The raw
materials were sealed in a 100 ml zirconia jar under inert conditions (argon atmosphere)
with zirconia balls (0.d. 3 mm) by applying a sample-to-ball mass ratio of 1:20. The
mixture was milled with planetary ball milling (Retsch) for a duration of 10 h over 400
rpm. The resultant white powder was then pressed into pellets and annealed at 300°C
for 5 hours under argon atmosphere.

XRD and NPD Measurement. The air-sensitive synthesized products were ground
and sealed in a quartz capillary for subsequent powder XRD measurements. The tests
were conducted on a PANalytical Empyrean X-ray diffractometer. Neutron powder
diffraction data were collected at room temperature using the high-resolution powder
diffractometer Echidna25 with neutrons of the wavelength 1.622 A.! The air-sensitive
samples were sealed in vanadium sample holders in Ar glove box. The GSAS II
program was used for Rietveld refinement, with the LisScCle structure in the space
group C2/m used as a starting model. The CI occupancy on the 4i and 4j sites were
fixed at their stoichiometric values. The atomic coordinates and atomic displacement
parameters (Uiso) were restrained to be the same for the shared sites Sc1 and Zrl. The
sum of occupancies was set to one for the shared sites [Occ.(Scl) + Occ.(Zrl) = 1], and
the atomic coordinates were restrained to be the same for Scl and Zrl on the 2a site.
All other parameters were subsequently refined.

NMR measurements. ‘Li NMR spectroscopy and ’Li spin lattice relaxations (SLR)
rates in experimental frame were measured on a Bruker AVANCE I11 500 MHz NMR
spectrometer (11.7 T) with a 7 mm high temperature MASCAT probe at 303 to 418 K
temperature ranges with a spin rate of 4 kHz. The ‘Li SLR measurements were
performed with the saturation recovery pulse program. ‘Li pulsed-field gradient (PFG)
NMR were conducted on a Bruker AVANCE 111 400 MHz NMR spectrometer (9.4 T)
equipped a Diff50 gradient probe with a 5 mm ’Li coil insert from 298 to 313 K. For
'Li PFG NMR measurements, the bipolar-gradient pulse, stimulated-echo sequence
(BPP-STE) were used 2 with § = 1.5 ms and A = 30 ms. The ’Li diffusion coefficient
(Dnmr) Were obtained by fitting the attenuation curves by Stejskal-Tanner equation.®
The Larmor frequencies for ‘Li under the field of 11.7 T and 9.4 T are 194 and 155
MHz respectively. The “Li chemical shifts were referenced to LiCl (1 M a.q.) as 0 ppm.



Impedance Spectroscopy. The impedance spectroscopy (IS) measurements of Lis.
xSC1xZrCls (x = 0, 0.25, 0.50, 0.625, 0.75, 1.0) were performed on a Zahner Im6ex in
a frequency range between 8 MHz and 100 mHz with a 5mV potential amplitude. The
annealed samples were first ground into powder and then loaded into an electrically
insulating cylindrical cell. The powder was then cold-pressed by sandwiching between
two stainless-steel electrodes under 300 MPa for the measurements.

The temperature dependence of the conductivity was measured at several specific
temperatures ranging from 298 K to 333 K. For conductivity studies at each temperature,
the samples were equilibrated for 1 h before the measurements. The temperature was
controlled by placing the cells in a temperature chamber during measurement. The
conductivity value is calculated by the standard formula, ¢ = t/RA, where t is the
thickness of the pellet, A is the area of the pellet, and R is the resistance value obtained
by fitting the impedance plots to the equivalent circuit model using the Zview program.
Linear Sweep Voltammetry measurement. The electrochemical stabilities of
LisScCls and Li2:375SC0.375Mo625Cls (M = Zr, Hf) were evaluated by linear sweep
voltammetry (LSV) measurements. Firstly, 100 mg SE was pressed in a PEEK mold
with a uniaxial pressure of 300 MPa. Subsequently, 20 mg composite cathode (prepared
by mixing SE with carbon additive (VGCF) in a weight ratio of 70:30) was spread on
one side of SE pellet, and pressed with a uniaxial pressure of 300 Mpa. Afterwards, 40
mg LiePSsCl was dispersed on the other side of the SE pellet, and pressed with the same
pressure. Finally, Li-In alloy was attatched on the LisPSsCl layer, and the cell was
sandwiched between two stainless-steel rods and sealed in a home-made cell. The LSV
measurements were conducted by using VMP300 (Biologic) with a scan range from
open-circuit voltage to 5V or 0 V (vs. Li/Li") at a scan rate of 0.1mV s 1,

Fabrication of All-solid-state Batteries. ASSBSs using Liz375SCo.375Zr0.625Cle/LisScClg
solid electrolyte, LiNio.90C00.0sMno.0502 (Ni90)/LiNiosC00.1Mno102 (Ni80) cathode
and Li-In alloy anode were assembled in an argon-filled glovebox. The composite
cathode mixtures were prepared by mixing cathode active material and solid electrolyte
at a weight ratio of 8: 2. The Li-In alloy anode was prepared by pressing In foil onto
the Li foil. ASSBs were assembled by the following procedures: First, ~40 mg LisPSsCl
sulfide electrolyte powder was placed into a PEEK cyclinder and pressed at 3 tons for
1 min (10 mm diameter), after which ~60 Mg Li.3755C0.375Zr0.625Cle/LisScCls electrolyte
powder was uniformly spread onto the surface of LisPSsCl sulfide electrolyte layer and
pressed; Subsequently, ~6.0 mg composite cathode material was uniformly spread onto



the surface of Li,s75Sco.375Zr0625Cls/LisScCls electrolyte layer and pressed at 3 tons for 1
min; Finally, Li-In foil was attached onto the other side of LisPSsCl sulfide electrolyte
layer, and the cell was sandwiched between two stainless-steel rods and sealed in a
home-made cell. Galvanostatic cycling test of the cells was conducted within the same
voltage ranges at varied rates using LANHE (CT2001A, LAND Electronic Co. Ltd)
battery test system. The cycling voltage range was set to 2.8-4.3 V vs. Li/Li* (or 2.2-
3.7V vs. Li-In) for ASSBs.

DFT Calculations. To identify the configurations with the lowest energy, we followed
the procedure established in previous studies, and enumerated all symmetrically distinct
configurations using electrostatic Ewald energy and density functional theory (DFT)
calculations. All calculations throughout this study were performed utilizing the Vienna
ab initio simulation package (VASP)* with the projector augmented-wave (PAW)
method.®> The generalized gradient approximation (GGA) function parameterized by
Perdew-Burke-Ernzerhof (PBE)® was employed to describe the exchange-correlation
potential. The cut-off energy was set to 520 eV. Geometry optimization was performed
using the 2x1x2 supercells. lonic relaxations were performed until the forces were
converged to within 0.01 eV/A and the convergence critetrion for the electronic self-
consistency loop was set to 10 eV. A T'-centered k-point mesh of 2x2x2 were used for
the Brillouin integrations of the LizScCle, Li250SCo.50Zr0.50Cls, Li23755C0.375Zr0.625Cls,
Li250SCo.50Hfo0.50Cls, and Liz.375SC0.375Hf0.625Cls.

The phase stability and electrochemical stability window of LizScCls,
Li2.375SC0.375Zr0.625Cle and Li2.375SCo.375Hf0.625Cle Were screened by constructing the
phase diagram and the grand potential phase diagram based on the data from Materials
Project (MP). The phase stability was evaluated by calculating the energy above the
convex hull (Enun) against the competing stable phases in the MP. All the calculated
reaction energies and voltages neglected the contribution of the PV terms and the
entropy terms as in previous studies.” The phases with a positive Enun values up to 25
meV/atom were considered as metastable phases, as they could be stabilized by entropic

effects. Following previous studies,® the electrochemical stability window was



calculated using the grand potential phase diagram as a function of the chemical
potential of Li

HLi(p) = f1Li0 — €9 1)

where uLio is the chemical potential of the Li metal, e is the elementary charge, and
¢ is the applied potential referenced to a Li metal anode. The Pymatgen code® was used
to generate the grand phase diagram and determine the electrochemical stability
window.
Bond Valence Site Energy (BVSE) Method. The probable Li*-ion diffusion pathway
and the corresponding migration energy barriers were predicted using the BVSE
method as implemented in the SoftBV software.!° Li site energies were calculated for
a dense grid with a resolution of 0.1 A using the Morse type interaction potential. The

Li*-ion migration path was identified based on the isosurface of the Li site energy.

AIMD simulations. Ab initio molecular dynamics (AIMD) simulations were carried
out for the canonical (NVT) ensemble using a Nosé thermostat ! at four elevated
temperatures (650 K, 750 K, 850 K,and 950 K) in order to observe the diffusive
behavior for the Li* ions over the time scale of our simulations. The volume and shape
of the cell were fixed. The samples were heated up to the targeted temperature by
velocity scaling over 5 ps, and then equilibrated at the desired temperature. The AIMD
simulations were carried out for 200 ps at each temperature with a time step of 2 fs. To
reduce the computational cost of the calculation, integration in reciprocal space was

performed at the I"-point only.
Correlation of lon Dynamics. The van Hove correlation function? was calculated
from the AIMD simulations. The van Hove correlation function can be split into the

self-part Gs and the distinct-part Gq as follows:

Go(r,8) = gy (B 60 = 17i(to) = Rt + o)D),
G, 1) = g (087 = Fulto) =7 ¢ + 1))

to

Here, & is the Dirac delta function, and 7 (t) represents the position of the i'" particle
at time t. Ng and r are the number of diffusing alkali ions in the unit cell and radial
distance, respectively. The average number density serves as the normalization factor

in Gq such that G¢ =1 when r > 1. For agiven r and t, Gs(r, t) depicts the probability



that a particle will diffuse away from its initial positions by a distance r after a period
t, whereas Gq(r, t) describes the radial distribution of N-1 particles after a period t with

respect to the initial reference particle.
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Figure S1. XRD patterns of Lis«Sci1xHfCls (x =0, 0.25, 0.50, 0.625, 0.75, 1.0) collected with Ag

Ko radiation.
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Figure S2.The room temperature ionic conductivities and activation energies of LizxSci-

xHfCls (x = 0, 0.25, 0.50, 0.625, 0.75, 1.0).
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Figure S3. The electronic conductivity of Li.375SCo37sZr0625Cls measured by the DC
polorization method at voltage of 100 mV (black curve), 200 mV (red curve) and 400 mV

(blue curve).
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Figure S5. The bond length of Sc-Cl at 950 K in LizScCls.
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Figure S6. The bond Iength of Sc-Cl at 950 K in Li2,3758Co,37szro,625C|e.
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Figure S7. The bond length of Sc-Cl at 950 K in Li2375S¢o.375Hfo.625Cle.
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Figure S12. (a) The rate performance of Ni90/LSC/LPSC/Li-In solid-state battery cycled at
different rates (0.1C, 0.5C, 1C, 2C, and 3C); (b) The cycling performance of
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and 3C); (d) The cycling performance of Ni80/LSC/LPSC/Li-In solid-state battery; The cell
was charged/discharged at 0.1C during the first two cycles and subsequently at 1C for the rest

Table S1. Structural parameters for monaoclinic LisScClg based on the NPD data collected at room
temperature. Space group C2/m (No 12). Cell parameters a = 6.3876(4) A, b = 11.0763(6) A, c =
6.3630(4) A, = 109.394(7)°, volume = 424.64(4) A3,

Atom Wyckoff site X y z Occupancy | Uiso (A2
Lil 49 0 0.844(6) 0 0.6349(4) 0.104(6)
Li2 4h 0.0 0.195(5) 0.5 0.5399(5) 0.104(6)
Li3 2d 0.5 0 0.5 0.6511(8) 0.104(6)
Scl 2a 0 0 0 1 0.0322(6)
ci1 4i 0.7487(10) 0 0.2391(7) 1 0.0259(5)
ClI2 8j 0.2360(6) | 0.83848(30) | 0.2336(4) 1 0.02289(24)

Agreement factors: Rp = 3.61%, Rwp = 4.68%, GoF = 4.836




Table S2. Structural parameters for monoclinic Liz75SCo.75Zr0.25Cls based on the NPD data
collected at room temperature. Space group C2/m (No 12). Cell parameters a = 6.3912(10) A,
b= 11.0891(19) A, ¢ = 6.3544(9) A, p = 109.336(12)°, volume = 424.94(8) A®.

Atom Wyckoff site X y z Occupancy | Uis (A2
Lil 49 0.5 0.834(7) 0 0.659(31) 0.103(9)
Li2 4h 0 0.183(9) 0.5 0.44(4) 0.103(9)
Li3 2d 0.5 0 0.5 0.57(7) 0.103(9)
Scl 2a 0 0 0 0.75 0.0309(12)
Zrl 2a 0 0 0 0.25 0.0309(12)
ci1 4i 0.7512(12) 0 0.2392(9) 1 0.0288(11)
Cl2 8j 0.2364(9) 0.8389(4) 0.2333(5) 1 0.0240(6)

Agreement factors: Ry =2.83%, Ruwp = 3.71%, GoF = 3.203

Table S3. Structural parameters for monoclinic Li2.375SCo.375Zr0.625Cls based on the NPD data
collected at room temperature. Space group C2/m (No 12). Cell parameters a = 6.3993(13) A,
b =11.1048(23) A, ¢ = 6.3323(13) A, = 109.291(14)°, volume = 424.73(15) A3,

Atom | Wyckoff site X y z Occupancy | Uis (A2
Li1 49 0.5 0.856(5) 0 0.589(33) 0.022(7)
Li2 4h 0 0.187(7) 0.5 0.38(5) 0.022(7)
Li3 2d 0.5 0 0.5 0.44(8) 0.022(7)
Scl 2a 0 0 0 0.375 0.0198(25)
Zrl 2a 0 0 0 0.625 0.0198(25)
Cl1 4i 0.7540(18) 0 0.2420(11) 1 0.0288(16)
ClI2 8j 0.2405(14) | 0.8402(6) | 0.2341(7) 1 0.0268(9)

Agreement factors: Rp = 2.91%, Rwp = 3.87%, GoF = 3.825

Table S4. Structural parameters for monoclinic Liz25SCo.25Zr0.75Cls based on the NPD data
collected at room temperature. Space group C2/m (No 12). Cell parameters a = 6.4010(10) A,
b =11.0940(15) A, ¢ = 6.3228(7) A, = 109.490(9)°, volume = 423.28(9) A%,

Atom | Wyckoff site X y z Occupancy | Uiso (A?)
Lil 49 0.5 0.841(7) 0 0.58(4) 0.033(9)
Li2 4h 0 0.204(8) 0.5 0.35(6) 0.033(9)
Li3 2d 0.5 0.0 0.5 0.42(8) 0.033(9)
Scl 2a 0 0.0 0 0.25 0.0207(25)
Zrl 2a 0 0.0 0 0.75 0.0207(25)
Cl1 4i 0.7538(18) 0 0.2411(12) 1 0.0293(17)
ClI2 8j 0.2389(13) | 0.8403(5) 0.2346(7) 1 0.0248(9)

Agreement factors: Rp = 3.58%, Rup = 4.66%, GoF = 4.163




Table S5. Structural parameters for monoclinic LisScCls based on the XRD data collected at
room temperature. Space group C2/m (No 12). Cell parameters a = 6.3752(20) A, b =
11.0527(4) A, ¢ = 6.3711(21) A, p = 109.264(6)°, volume = 423.791(28) A3,

Atom Wyckoff site X y Occupancy | Uis (A2
Lil 49 0.5 0.8412(28) 0 0.68(3) 0.029(4)
Li2 4h 0 0.2022(22) 0.5 0.57(4) 0.029(4)
Li3 2d 0.5 0.0 0.5 0.50(7) 0.029(4)
Scl 2a 0 0.0 0 1 0.0266(10)
cil 4i 0.7471(6) 0 0.2396(4) 1 0.03002(29)
ClI2 8 0.2378(4) | 0.83619(30) | 0.23435(31) 1 0.03002(29)

Table S6. Structural parameters for monoclinic Li275SCo.75Zr025Cls based on the XRD data
collected at room temperature. Space group C2/m (No 12). Cell parameters a = 6.3772(11) A,
b = 11.05825(30) A, ¢ = 6.3676(13) A, 5 = 109.5398(29)°, volume = 423.187(30) As,

Atom | Wyckoff site X y Occupancy | Uis (A2
Lil 4g 05 0.8274(19) 0 0.666(23) | 0.018(4)
Li2 4h 0 0.1976(22) 05 0.353(31) | 0.018(4)
Li3 2d 05 0.0 05 0.71(5) 0.018(4)
Scl 2a 0 0.0 0 0.75 0.0237(7)
Zrl 2a 0 0.0 0 0.25 0.0237(7)
ci 4 0.7503(5) 0 0.2377(4) 1 0.0291(4)
CI2 8j 0.23675(26) | 0.83855(16) | 0.23376(31) 1 0.0291(4)

Table S7. Structural parameters for monoclinic Lizs0SCos0Zros0Cle based on the XRD data
collected at room temperature. Space group C2/m (No 12). Cell parameters a = 6.3808(23) A,
b =11.0749(7) A, ¢ = 6.3297(24) A, p = 109.520(6)°, volume = 421.59(5) A%,

Atom Wyckoff site X y z Occupancy | Uis (A2
Lil 49 0.5 0.842(22) 0 0.58(4) 0.042(6)
Li2 4h 0 0.212(27) 0.5 0.52(15) 0.042(6)
Li3 2d 0.5 0.0 0.5 0.40(26) 0.042(6)
Scl 2a 0 0.0 0 0.5 0.0204(4)
Zrl 2a 0 0.0 0 0.5 0.0204(4)
cil 4i 0.7494(5) 0 0.2401(7) 1 0.03000(29)
ClI2 8j 0.2362(3) | 0.83835(20) | 0.2335(4) 1 0.03000(29)




Table S8. Structural parameters for monoclinic Liz.375SCo.375Zr0.625Cls based on the XRD data
collected at room temperature. Space group C2/m (No 12). Cell parameters a = 6.3814(21) A,
b= 11.0808(6) A, ¢ = 6.3251(23) A, 5 = 109.796(6)°, volume = 420.82(3) AS.

Atom Wyckoff site X y Occupancy | Uis (A2
Lil 49 0.5 0.8622(28) 0 0.585(23) 0.047(5)
Li2 4h 0 0.192(4) 0.5 0.389(27) 0.047(5)
Li3 2d 0.5 0.0 0.5 0.43(5) 0.047(5)
Scl 2a 0 0.0 0 0.375 0.0202(3)
Zrl 2a 0 0.0 0 0.625 0.0202(3)
Cl1 4i 0.75348(27) 0 0.2427(4) 1 0.0289(3)
CI2 8j 0.24034(22) | 0.84037(15) | 0.23348(30) 1 0.0289(3)

Table S9. Structural parameters for monoclinic Liz25SCo25Zr075Cls based on the XRD data
collected at room temperature. Space group C2/m (No 12). Cell parameters a = 6.3819(17) A,
b= 11.0720(5) A, ¢ = 6.3060(17) A, 5 = 109.362(5)°, volume = 420.388(22) A2,

Atom | Wyckoff site X y Occupancy | Uis (A2
Lil 4g 05 0.837(4) 0 0.589(27) | 0.052(7)
Li2 4h 0 0.207(7) 05 0.27(4) 0.052(7)
Li3 2d 05 0.0 05 0.54(7) 0.052(7)
Scl 2a 0 0.0 0 0.25 0.0204(3)
Zrl 2a 0 0.0 0 0.75 0.0204(3)
cl1 4 0.7545(6) 0 0.2410(4) 1 0.03004(29)
CI2 8j 0.2387(3) | 0.84030(15) | 0.23449(31) 1 0.03004(29)

Table S10. Structural parameters for monoclinic Li,ZrClg based on the XRD data collected at
room temperature. Space group C2/m (No 12). Cell parameters a = 6.3870(18) A, b =
11.0574(4) A, ¢ = 6.2934(18) A, 5 = 109.678(5)°, volume = 418.505(29) A%,

Atom Wyckoff site X y z Occupancy Uiso (A2)
Li1 4g 0.5 0.8387(28) 0 0.48(4) 0.073(11)
Li2 4h 0 0.212(15) 0.5 0.13(4) 0.073(11)
Li3 2d 0.5 0.0 0.5 0.78(8) 0.073(11)
Zrl 2a 0 0.0 0 1 0.0207(25)
cil 4i 0.75482(29) 0 0.2419(6) 1 0.0318(4)
ClI2 8j 0.23812(20) | 0.84031(9) | 0.2337(3) 1 0.0318(4)
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