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Section 1. Structure parameters of the tetragonal and cubic LLZO bulk phases

Table S1 Calculated lattice parameters of t-LLZO and c-LLZO bulk phases

a(A) b (&) c(A)
Our work 13.205 13.205 12.675

t-LLZO
Experiment! 13.134 13.134 12.663
Our work 13.03 13.03 13.03

c-LLZO
Experiment? 13.00 13.00 13.00

Section 2. Construction of LLZO/Li interface
Here the low-index surfaces of LLZO are adopted, including (100), (001), (101) and (110)
facets, to construct the interface with Li metal. Firstly, the coincident superlattice for LLZO

and Li metal is needed to be identified to avoid the large internal stress induced by the lattice

mismatch, which decrease the interface stability. The 4X4 supercell of (100) surface of bce-

type Li crystal is used to match the (100) and (001) surfaces of LLZO, and the 4X4 supercell
of (110) surface of Li crystal is used to match the (110) and (101) surfaces of LLZO. The lattice
mismatch values have been calculated using the lattice matching module in CALYPSO
software®, and shown in Table S2. The small mismatch values indicate that the superlattices
between LLZO and Li is considerably matched, thus we can use them to construct the interface

models.

Table S2 The lattice-matched superlattices for LLZO and Li metal. u and v represent the
lengths of vectors of created superlattice. y is the angle between two surface vectors. € refers

to the average value of lattice-mismatch strain’.

u(A) v (A) y £ (%)

LLZO(100) 13.205 12.675 90
2.868

4X4 Li(100) 13.728 13.728 90
LLZO(001) 13.205 13.205 90 1.903
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4X4 Li(100) 13.728 13.728 90

LLZO(101) 11.285 11.285 71.617

2.835
4X4 Li(110) 11.889 11.889 70.529
LLZO(110) 11.285 11.285 68.332

3.781
4X4 Li(110) 11.889 11.889 70.529

The simulated model for LLZO/Li interface can be built based on the searched coincident
superlattice, as shown in Fig. S1(a). In a unit cell, there are two equivalent interfaces which
can effectively prevent the dipole effect induced by the interfacial polarization. In order to
sufficiently cover the search space in the search of the energetically stable configuration, the
rigid-body displacement between LLZO and Li [illustrated in Fig.S1(a)] have been involved.
Especially for lateral displacements (du and dy), a 4X4 grid which includes 16 different
structures is adopted. The test [Fig. S1(b)] shows that the use of this grid can effectively cover
on the energetically favorable and unfavorable region. For the vertical displacement (dw), two
tests have been performed on the different interfaces. Both test results [Fig.S1(c) and (d)] show
that interface structure with initial vertical displacement of 2 A is energetically stable.

Therefore, the initial vertical displacement is set to 2 A the search of stable interface structure.
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Figure S1. (a) Schematic structure model adopted in our simulation of LLZO/Li interface. The
grey, green, orange, blue and red spheres represent Li in Li metal, Li in LLZO, La, Zr and O
atoms, respectively. (b) The calculated energy distributions as a function of rigid-body
displacement along lateral directions in LLZO(100)/Li(100) interface. The color bar represents
the energy deviation with respect to the stable configuration. (c), (d) The energetic variation as

a function of rigid-body displacement along vertical direction in two LLZO(100)/Li(100)

interfaces.




Table S3 Selected chemical potentials (eV) of Li, La, Zr and O in LLZO under reducing
environment. The Li metal, LaxO; and Zr metal phases are taken as the reference phases. The

similar reducing conditions have been used in previous calculations.*?

Apy; Apira Apizy Auo
Reducing 0 -0.408 0 -6.21

Table S4 Surface energies (ysuf) under reducing environment calculated in current and previous

works of reported LLZO surface terminations.

Ysurf (J / m2)

(100) Li-terminated 0.872

0.87+0.02 [Ref. 4]

(001) Li-terminated 1.084
1.08 [Ref. 5]
(110) La,Li-
terminated 1.067
1.04 [Ref. 5]
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Table S5 Considered surface compositions in

the search of energetically stable surface

terminations of LLZO.
(100) (001) (101) (110)
Stoichiometric Stoichiometric Stoichiometric Stoichiometric
LisLaO4 Li;LaOs Li,O Li,O
LiLaO» LisLaO4 Li;LaOs LiLaO»
Li;LaOs LisLaOs LisLay0s Li;LaOs
Li;LayZr,0s LaxZr 07 LisLazOy Li2Z1,0s5
LicLasZr013 Li;LaZr,0s LisLaZr09 LisLay0s
LisLaxZr09 LisLa2Zr2010 LisLa3O7
LisLasZr012 LisLaZr09
LijoLaZr 012 LicLasZr013
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Figure S2. Calculated phase diagrams of (100) (a, ), (001) (b, ), (101) (¢, g) and (110) (d, h)
surfaces of LLZO under selected O-rich (App=-1.5 eV) and O-poor (App= -5 eV) chemical
potentials. Ay;; and Ay, represent the chemical potentials with respect to the Li and La metals,
respectively. The color of each stable termination represents the proportion of 5-coordinated
Zr on the surface. The cyan, yellow, pink, magenta and red represent 100%, 75%, 50%, 25%,

0% of 5-coordinated Zr on the surface termination, respectively.
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Figure S3. The distributions of Zr and Li, La layer along [100] (a) and [110] (b) directions in
LLZO bulk structure. The green, orange and blue balls represent the Li, La and Zr atoms,

respectively. The O atoms are not shown in the figure.

Topmost
layer

(a) Zr-rich LLZO(100)/Li(100) (b) Zr-poor LLZO(101)/Li(110)

Figure S4. The illustrations of topmost and subsurface layers of LLZO for Zr-rich
LLZO(100)/Li(100) (a) and Zr-poor LLZO(101)/Li(110) (b) interfaces used in the layer-
decomposed DOS calculation. The green, orange, red, spheres represent Li, La, O atoms,
respectively. The light blue and dark blue spheres indicate the Zrs. and Zrec atoms, respectively.
The light and dark blue polyhedrons refer to the ZrOs and ZrOg units, respectively. Note that
in Zr-rich LLZO(100)/Li(100) interface, the subsurface layer contains the O atoms in the
topmost ZrOs layer.
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(a) Zr-poor LLZO(100)/Li(100) (b) Zr-rich LLZ0O(101)/Li(110)

Figure S5. Calculated layer-decomposed PDOSs of the interfaces of Zr-poor
LLZO(100)/Li(100) (a) and Zr-rich LLZO(101)/Li(110) (b). The dashed line indicates the
Fermi level. The topmost and subsurface layers represent the layers centralized in the topmost

and subsurface Zr, respectively.
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Figure S6. Calculated PDOSs of LLZO bulk (a), and layer-decomposed PDOSs of Zr-poor and

Zr-rich (100) and (101) surfaces (b — e). The dashed line in each figure indicates the Fermi

level. In (b) — (e), the surface and subsurface Zr

surface and subsurface Zr sites, respectively.
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Figure S7. (a) The metastable interface structure composed of LLZO(001)-(Zr termination)
and Li(100) surfaces. The color scheme for the atoms and polyhedrons are same with Fig.S4.
Notably, there are ZrOs; and ZrOs4 units at interface. (b) The calculated layer-decomposed
PDOS of LLZO(001)-(Zr termination)/Li(100) interface. The topmost and subsurface layers

represent the layers centralized in the topmost and subsurface Zr, respectively.
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(c) Al-doped (d) Ga-doped

Figure S8. The structures of Zr-rich LLZO(100)/Li(100) interface doped with Nb (a), Ta (b),
Al (c) and Ga (d). The color scheme for Li, La, Zr and O atoms are same with Fig.S4. The dark
and light brown, magenta and purple spheres represent the Nb, Ta, Al and Ga dopants,

respectively.
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