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Fig. 1. (a) LTP crystal structure, TOq octahedron and PO, tetrahedron are connected together to form a three dimensional skelet-
on, the blue octahedron is [Ti/Al]Og, and the gray tetrahedron is POy; (b) the interstitial sites of Li in the LTP crystal structure:
the green sphere is the Lig, site, the purple-red sphere is the Lig, site, and the orange sphere is the Lisg site.

B2 AR E T LS B LATP 4544
Fig. 2. Relaxed LATP structures at different concentrations: (a) LATP-0.16; (b) LATP-0.33; (c) LATP-0.50.
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# 1  LTP KRR Al BI9RET LATP 45K Wi S5, Sk 56

Table 1.  Lattice constants, volume of hexagonal unit cell, Al defect formation energies of LTP and LATP structures with

different Al-doping concentration.

(L3 a/A b/A c/A V/A3 BIRRE eV

LTP 8.615 8.615 21.097 1355.97 —
Theory!! 8.63 8.63 21.13 — —
Experiment/*! 8.511 8.511 20.843 1307.53 —

LATP-0.16 8.619 8.620 21.021 1352.33 —4.14

LATP-0.33 8.614 8.614 20.924 1343.79 -3.97
Experiment /] 8.50 8.50 20.82 — —

LATP-0.50 8.607 8.603 20.876 1337.75 —4.01
Experiment!*] 8.4897 8.4897 20.7635 1296.03 —
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Table 2.  Average bond lengths and the octahedral

volume in relaxed LTP and LATP structures.

g | Li—O/A Vo, /A% Ti—O/A Vi, /A3

LTP 2.276 13.656 1.960 9.936
LATP-0.16 2.284 13.681 1.960 9.935
LATP-0.33 2.272 13.521 1.958 9.912
LATP-0.50 2.279 13.492 1.959 9.840
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Fig. 3. Li—O bond length and octahedral volume of the migrating ion and the nearest ion at the highest barrier during migration in
LTP and LATP: (a) Length of Li—O and the volume of LiOg octahedral; (b) length of Ti—O and the volume of TiOg octahedral.
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(a) LATP-0.16; (b) LATP-0.33; (c) LATP-0.50. # {5 [X 45

Fig. 4. Charge density differences of LATP (z = 0.16, 0.33, 0.50) with respect to LTP and Al: (a) LATP-0.16; (b) LATP-0.33;
(¢) LATP-0.50. The yellow region represents charge accumulation, the isosurface value is 1x1073 e/A3,
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Fig. 5. Calculated total and partial density of states for the
LTP and LATP (z = 0.16, 0.33, 0.50) structures, the Fermi
energy is at zero, the illustration is partially enlarged near

the Fermi level.
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T LitEMGES T IEE M1 (6b {7 55)-M2 (18e fif
M) BRIERS, BT 6b A NI e 8BS
MBI LitiE#. ATHIH CI-NEB HikiH5HE T
LTP 5 LATP (LATP-0.16, LATP-0.33 F1 LATP-
0.50) fiAH Lit¥f Lig-Lijs.- Lig, M7 B4R 1 2%
MR R BR L, K 6(a), (b) 4514 LTP,
LATP it Lit¥fy 6b {37 f Z [0] (Ligy,-Lijge-Lig,) MIE
R PR A2 e/ NRE S 4041, 8] 6(c) 4 LTP 5 LATP
iR Lt (BB AR BE. K 6(a) 8w,
LitfE LTP g A il i 25 32 % 7 =X i % 34
2135 0.482 eV, 5 He 25100 {25 8L 0.49 eV AR
B, 5SS B ~0.4 e VI K H A F e T
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() Th s, AR R B aH T, SRBARN
LTP H B 3 22 A1 LU, WAt/ NSl (U 55,
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EFMA IR, —& LSRN KN
Al Ba4)5 Li—O PR B VM, hk 200
U, AHHE A B 24 LTP, Al #8445 LATP-0.16 [
Li—O FE i K AR b e K HAe ok (2.284 A), 13
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W T A& — A SMNE PR Lijg, 9 LTP 4545, Jf:
FIH CI-NEB 7733145 LTP, LATP-0.16, LATP-
0.33 I LATP-0.50 7E[H] B A3 &5 Lijge-Liyge 2Z H 1Y
TR, RIIEB SIS NS B AL ALY
7 (K 7(c)). HBEIRE Al B2k T 45T R
WA 7(a), (b) FI/R.
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) — RSB B Liyge, S50 HY Li e BEREZ I,
fHEfRAE LTP H iy RPN TR #2420 0.397 eV, Ik
SR AT LTP iz fLF B34 (0.482 V).
MkE Al AR E MK, LATP f[a]—[E B A7
TR AT A2 I I RS i LATP-
0.16 1Y 0.388 eV [& K & LATP-0.50 1) 0.342 eV,
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Fig. 6. (a), (b) Migration barrier of Li* transported by vacancy migration in LTP and LATP; (¢) the migration path of Lit.
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Fig. 7. (a), (b) Migration barrier of Li* transported by interstitial migration in LTP and LATP; (c) the migration path of Li*.
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Fig. 8. (a), (b) Migration barrier of Lit transported by cooperative migration in LTP and LATP; (c¢) the migration path of Lit.
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}0.453 eV 1 0.487 eV. HJF K A, 78 LTP fbik
ik Lit AR AR R Oy P8, % 7€ LTP o
TIN— AN B Liyg,, B LTP kg f
A5 LATP-0.16 HAH R £ & /% Lit, i LTP H
Jo AlOg 3 A By f s X LitAgWe 51 /E RS, AT Lit
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ALVBB 2R FE IR, iR 34 2 S B S/ N 4
KL, BBIRWEE « = 0.33 B RIEREH L
HAH 0.470 V. B 3 853 R, hFER T
() Li—O K K F H AT 7 20T 19 AH A,
HL BB 2 18 K Li—O # Bl /N g 1k
G, (AR AR, MBI © = 0.33
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TR T AEAH Y, A LiOg NIRRT AR5/,
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AL AN F T Lit i3 % 1),
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LR L RTIR, IRERLI AR, AL BARIE o« =
0.50 i, BI LATP-0.50 ff 4K H Lit i i 55 3 22
i, P LATP-0.50 #A S BA B 1985 1L &
Rk AN R — 32537, Zhang 55 BT IR
Al BIHTE ¢ = 0.50 B LitiE 8 7 X el %,
XCEASCEER (RIBER) AN, R R SR [37)
KHT Al BRI HURRL, A0 JEATHY
fp D B IR SR AR S, TS T LitiE R
WA BRI, MIA SR AL B2 00 S A X 4
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1, M4 Al 38, W Lit @y 30 B fn]
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Abstract

NASICON-type materials are specific skeleton structures in which ions move in three dimensions.
Li,, Al Ti, ,(POy)s (LATP) is a promising NASICON-type solid-state electrolyte for Li-ion batteries, due to its
relatively high Lit conductivity, chemical stability to air and moisture, and mechanical strength. Motivated by
this, we study the doping and electronic properties of Li;, Al Ti, ,(POy); (z = 0.00, 0.16, 0.33, 0.50) and the
transport properties of Lit in them by using first-principles calculations based on density functional theory as
implemented in Vienna ab initio Simulation Package (VASP). The results indicate that Al can substitute Ti to
form a stable structure. When the Al doping concentration is z = 0.16, the average bond length of Li—O bond
is longest and the bonding strength is weakest, this may lead to the expansion of channels for Li* migration,
which facilitates the diffusion of Li*. With the increase of Al doping concentration, the strength of Ti—O bond
remains almost unchanged. The electronic structure calculations exhibit that with the increase of Al doping
concentration, the bandgap of LATP does not change much, and LATP shows semiconductor characteristic.
The differential charge results indicate that more electrons are localized on O-atoms surrounding the Al-dopant,
causing the AlOg groups to form polarization centers. The study on the migration properties of Li* indicates
that Lit exhibits different migration characteristics in three different migration modes (vacancy migration,
interstitial migration, and cooperative migration). With the increase of Al doping concentration, the migration
barrier of Li* increases via vacancies involving only lattice site migration, and the migration barrier for LATP-
0.16 is lowest (0.369 eV). While in interstitial migration involving only interstitial sites, the migration barrier of
Li* decreases accordingly. When the Al doping concentration is z = 0.50, the migration barrier is lowest
(0.342 eV). In terms of cooperative migration, this migration mode involves both vacancy and interstitial sites,
so the migration barrier first decreases and then increases with the increase of Al doping concentration. Thus,
our study suggests that by varying the concentration of Al doping, the interstitial Li™ content, migration
channel structure, and the migration performance of Li* can be changed favorably. Our results provide a
theoretical basis for improving the ion conductivity of Li in LATP by varying the Al doping concentration in

experiment.

Keywords: solid-state electrolyte, Al doped, Li, Al Tiy (POy)s, Li* migration
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