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Supplementary Methods

To understand the Li* diffusion at GB, the diffusion coefficient (D) was calculated based

on the time average mean squared displacement (MSD) of Li* over a time ¢
N
([t + t) -7, (&])
) (S1)

where N and d refer to the total number of Li* and the dimensionality in the system,

~ 2Ndt.
i=1

respectively. #, is the initial time, and r;(?) represents the displacement of the i-th Li" at time ¢.

Here the activation energy (E,) is evaluated using the Arrhenius formula

Ea

D(T) = DO Xe ) (Sz)
where Dy is the pre-exponential factor, and kg is the Boltzmann constant.
The Li* conductivity at specific temperature [0(T)] is calculated using Nernst-Einstein

equation,

2

oM = p(m)

where C is the Li" number concentration.
For the Li—Li space-time correlation, the distinct part of the van Hove space-time correlation
function! was calculated using
G (rt) = %EZ(a(r - |ri@® -7,00)))
i j#i (S4)
where N is the number of Li* ions, 6(*) is the three- dimensional Dirac delta function, and ¥y

and r; are displacements of particles j and i, respectively, at time ¢.
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Figure S1 Energy evolutions and corresponding energies averaged over 2000 steps in the MD
simulations of (a) undoped, (b) Al-doped and (c) Nb-doped £3(112) GB models at 700 K, 1000
K and 1200 K.
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Figure S2 Local configurations of (a) Li(24d,) and (b) Li(96h) sites in c-LLZO bulk. The
number is the nearest distance between Li and Zr ions in each figure.
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Figure S3 Calculated Li vacancy formation energies [E{V;)] for the selected sites in bulk and
23(112) GB, and corresponding segregation energies of Nb dopant located at the Zrs.and Zre()
at the £3(112) GB.



Bulk
DOS (states/eV)
o

$3(112) GB

DOS (states/eV)
n

=)

S

S

o

-3

Undoped b Al-doped c Ga-doped d Nb-doped e Ta-doped
- 40 - 40 - 40 - 40 -
L0 — L0 — 0 — [} o —
L — _ LoL— _ LoLh— _ LoLi— _ L—
zr S 30 7 S 30 Loz S 30 Loz S 30 zr
La > | La > | La = | La 2 La
3 LA —— 3 | Ga 3 © Nb —— 3 Ta
: 20 : 520 : S 20 : 820
@ @ a 38
: 810 : 810 : g 10 : | g 10
/ . . : M: I
W\M\‘ 0 - 0 - 0 - 0 -
3 2 4 0 1 2 3 4 5 3 2 4 0 1 2 4 3 2 41 0 1 2 3 4 3 2 1 0 1 2 3 4 5 3 2 4 0 1 2 3 4 5
Energy(eV) Energy(eV) Energy(eV) . Energy(eV) Energy(eV)
I
40 40 40 40
o — o — o — 0 — o —
L — _ L — _ Li— _ Li— _ Li—
zr =30 zr =30 zr =30 zr =30 7r
La 2 La 2 La 2 La 2 La
8 A — 8 Ga 8 Nb —— K Ta
820 20 20 S 20
2 2 2 2
2 2} [} o«
Q10 Q10 810 Q10
I
0 - 0 - 0 - 0 -
2 1 0 1 2 5 3 2 1 0 1 2 3 4 5 3 2 1 0 1 2 3 4 5 3 2 1 0 1 2 3 4 5 3 2 1 0 1 2 3 4 5
Energy(eV) Energy(eV) Energy(eV) Energy(eV) Energy(eV)

Figure S4 Partial densities of states of (a) undoped and (b-¢) doped LLZO bulks, and (f)
pristine and doped (g-j) £3(112) GB models. Here the dashed lines indicate the Fermi levels.
Here the energetically most stable structures are selected for doped bulks and GB models.

700 K b 1000 K c 1200 K
undoped 14| undoped —— 30 undoped ——
Al-doped —— Al-doped —— 25| Al-doped ——
Nb-doped —— P 12 Nb-doped —— = Nb-doped ——
<€ 10 <L 20t
® 8 @ 15
=68 =10
4
P 5
510 15 20 25 0 fo_ 15 530 O 5 —15 25 3C
Time (ps) Time (ps) Time (ps)

Figure S5 Time average MSD profiles of Li for undoped, and Al and Nb-doped X3(112) GB
models at temperatures of (a) 700, (b) 1000 and (c) 1200 K.
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Figure S6 Distinct part G4(t,r) of van Hove correlation function for the Li diffusion in the range
of 20-55 ps in (a) undoped, (b) Al-doped and (c) Nb-doped X3(112) GB models. Arrows
indicate the direction of change with respect to time.
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Figure S7 (upper panel) PDOSs and (lower panel) partial charge density associated with the
states in the energy range from —0.1 to 0.1 eV of X3(112) GB model with a Li; in the GB
region.? In the PDOSs, the dashed lines indicate the Fermi levels. The upper right panel refers
to the enlarged PDOS around the Fermi level. For the partial charge density, the isosurface is
set to 0.005 e bohr ™. The Li; site is highlighted using the black circle. The grey area indicates
the GB region.



Table S1 The reactions with relatively higher E, for doped LLZO decomposing into the pristine
LLZO and corresponding ternary oxides. For comprehensive, the datas in Table 2 in the main
text are also included.

E, (eV)

Al-doped

Lis;AlLay,Zr; 4096+ 4L1,0 ™ LisglLaysZr;Ogs + LisAlO, -1.12
Lis;AlLay,Zr4096 + 2L1,0 ™ LisglaysZr; 096+ LiA1O, -0.86
Lis;AlLay4Zr 6096+ 1.5L1,0 + La,O3; = LisgLasyZr 096+ 0.5LasAl,09 -0.69
LissAlLasyZr;6096+ 1.5Li,0 + 0.5La,03; = LisgLayyZr;¢O09s + LaAlO; -0.54
LissAlLayyZr;409s+ 1.6L1,0 ™ LisgLaysZr;s0gs + 0.2L1A1504 -0.38
Ga-doped

LiszsGalayuZr6O096+ 4Li,0 = Lis¢lLasuZr409¢+ LisGaOy, -1.21
LissGalayuZr;4096 + 2L1,0 ™ LisgLasyZr4096 + LiGaO, -0.93
Lis;GalayyZr; 409+ 1.5L1,0 + La,03 — LisgLayyZr; 409 + 0.5La,Ga, 0y -0.66
Lis;GalayyZr;409s+ 1.6L1,0 ™ LisglayyZr;Ogs + 0.2LiGasOg -0.48
Lis;GalayyZr;409s+ 1.5L1,0 + 0.3La,05 ~ LisglLaysZr;40¢s + 0.2La3;GasO;, -0.47
Nb-doped

LissLasyZr sNbOgg + 2.5Li,0 + ZrO, = LisglayZri0gs + 0.5LigNb,Oq -1.08
LissLassZr;sNbOggt 2Li1,0+ZrO, = LisclassZr;s09s + LisNbOy -0.92
LissLaysZr;sNbOgs+0.5L1,0+ZrO,+1.5La,05 = LisgLaysZrs09s + LazNbO- -0.39
LissLaysZr;sNbOgs+0.5L1,0+ZrO,+0.5La,05; = LisglLaysZrs096 + LaNbOy, -0.13
Ta-doped

LissLassZr;sTaOgst 3L1,0+ZrO, — LisglasyZr;O09s+ LisTaOs -1.05
LissLassZr;sTaOgst 2L1,0+ZrO, — LisglasyZr;¢O0q¢ + LizTaO, -0.81
LissLayyZr;sTaOgs+0.5L1,0+ZrO,+1.5La,05 = LisglayZr;O¢ + LazTaO, -0.34
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