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T R ; (001) &b TR0 i 1 Li 4 0E FIF Ti

1O S [FH 2k, 7l 444 O-LTP(101),
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TEANSE W W 1. LTP ¥ (012), (100), (101) 1
(001) i T A i 1K 2 1A RE 7391 24 0.85, 1.71, 1.70
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FKIAHEFT.
#£ 1 AFSEHEEN LTP LML (1)
Table 1.  Surface energy (+) of LTP surfaces with differ-

ent crystal face.

Facets Termination ~/(Jm?)
(012) Li— 0.85
(100) o— 171

00— 1.70

(101)
Ti— 1.88
Li— 2.31

(001)
Ti/O— 2.41

T #E Li-LTP(012) F i 1Y A& B2 8,
Li-LTP(012) i fAEA™ Ti J7 72K KE A
12— 4)2 (LE 2(a)), /0 BI3HE T 44 Ti bR
T2 B EE (projected density of states,
PDOS), Jf- 5k MEE g Ti i 8 8% A
Fods. BT AEE Ti BT 2R A Ti 5
TIPS SEEIE 2(b1)—(b5) FiR, SAMSE

or
@o

C

Lo

B 1 AREEE LTP Fi45ME (a) Li-LTP (012); (b) O-LTP (100); (c) O-LTP (101); (d) Ti-LTP (101); (e) Li-LTP (001);

(f) Ti/O-LTP (001)

Fig. 1. LTP surfaces with different crystal face: (a) Li-LTP (012); (b) O-LTP (100); (c) O-LTP (101); (d) Ti-LTP (101); (e) Li-LTP

(001); (f) Ti/O-LTP (001).
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1E LTP(012) 2 M 1Y A] B 45 24 o 55 (WL Ab 7241
Il S2(a)(online)), 15T AL 7E LTP(012) KIHHY
ARB IO S RE R, ABkt (WA FE MR S2(b)
(online)) 73HTR B, Al 455 BUUERRZ /Y Ti Jit
¥, LA LATP(012) SREFCE T, 735 2/4/6
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Fi LATP(012) /nAly(n = 2, 4, 6) KFERAR Al &
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FRURAE Li-LTP(012) ALl EH] 2 4> Al 53
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50 LOOD) 1)2 ‘ //\/\ — Ti
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7 i
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L A
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Energy/eV

K2 (a) &4 42 TiJEFZE M Li-LTP(012) 1 AR 454 ; (b1)—(b5) Li-LTP(012) F 1fi # &4 Ti J& 12 M LTP &A1+ Ti iy

Bg AR, B 0 AL B PR RS

Fig. 2. (a) The atomic structure of the Li-LTP(012) surface with 4 Ti atomic layers; (b1)—(b5) the partial density of states (PDOS)
corresponding to each Ti atomic layer on the Li-LTP(012) surface and the Ti layers in the LTP bulk, the energy level at 0 is set as

the Fermi level.

(al) LATP (012)/2Alx;

(b1) LATP (012)/4Alx;

(c1) LATP (012)/6Al;

K3 (al)—(cl) tRALHIASE Al & & 69 LATP(012) RIEH AL (a2)—(c2) Pifb)5 A TH Al & & F (19 LATP(012) 3 ik
Fig. 3. LATP(012) surface with different Al contents before optimization (al)—(cl) and after optimization (a2)—(c2).
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WL 2. M3+ LATP(012) /nAly R R B
T, I AL R B, 98 IAE o7 502 1) 8]
B Li(ASIN7E Ligg). X HCHPRALHTIS ) LATP K ifi
g5k (& 3) AT LRI, 7€ LATP(012)/nAly 2% [fi
ALIE st h, {URANZ B RIBR Li 7 EAFTER
/NAEAR, B LATP(012)/nAly; 2 2 A X 58
). #E—2L 530 Al &R LATP(012) FRififese i
MISEIR. 3R 2 25 R TR] AL NSRRI fES
P rl g, FEE Al SRR, LATP(012)/nAly
FTAEAR A 0.68, 0.60 F1 0.43 J/m2. LAl b,
LATP (012) [ 2w REkf AL 7 & (14 R 28 8
FEAR, BERITERRAT S B AR U I Z N, AL
IR EA R THTF LATP R ke E .

* 2 AR AlF&E LATP(012) R IFEHAE () Fl

{23 (SFs)

Table 2. Surface energy () and structural formulas
(SFs) of the LATP(012) surface with different Al content.

Surface SFs v/(Jm?)
LATP(012)/2Al;  LiyyAlyTiyPycO 0.68
LATP(012)/4Aly;,  LijgAlTisPscOas 0.60
LATP(012)/6Aly;  LijsAlyTi;sPsO1s 0.43

3.2 Al =% LATP RERBFLEMHZN

B2 TR AL B4 LATP(012) 1 LT
SERIHREIR, RIS LTP(012) i i 1451
PP, [/ 4 450 T LTP FIRE Al &85 LATP
(012) & 11 /Y B2 %5 B (total density of states,
TDOS) FIHZ A% (projected density of states,
PDOS), EIH LARE R s AE N SRR, Q1A 4(a)
Jii7s, 2B F LTP 440 B, LTP(012) FHEA77E
B, RECNESIRMER. /8 LTP % -, Li, Ti,
P 1 O BN +1, +4, +3 F1-2, 24 LTP &
AP IERMN S Z R A 0, FHE R 240
HL I F S, BT LTP 2610 s 2 Sk
. AEE AR BRAE (0.65 eV) 5 LTP M 4544 Y
W BRE (1.95 eV) PO A Hb B B FEAIK, Ui LTP £
T 5 R HH I L TS5 M AF e —E 22 5. LTP(012) &
I B H O JEoTmk, iy Wi Ti JiF
DK 7 AV B Z 5, Wl 10 S RO R 8, 1
SRR T M 3N, S8 LATP (3R R 451
PRI & Jm b (LI 4(b)). B Al &A%
K (WK 4(c), (d)), LATP s a4 JLF-
WHBH, KR FE &R, Bk, X P4 a1

FCH A7 R T LATP(012) 2 141 BE 7 19 5 0
K, X 5 ISR NS AR & 9.

— TDOS — O Li —Ti Al — P
FE, =0.645 eV
. L
I VA [y
\ | vy i | AT W AAA
AW A L2 A a—_—a Al 2 WASMIIA
‘> 150 (b) ; LATP(012)/2Aly;
L 100
wn
% 50
2 0 L e e e o e A e
B 150 f(c) i LATP(012)/4Aly;
2 100}
j )
A 0
150 (d) I LATP(012)/6Aly;
100 | |
o LAY
(U e e e T B e e e e e i
—10 -8 —6 —4 -2 o1 2 3 4 5

Energy/eV

¥ 4 LTP F1 LATP K EBAIF) B8 % B (TDOS) Fifk %
BEE (PDOS)
Fig. 4. TDOS and PDOS of LTP and LATP surfaces.

3.3 AlEEX LATP XE LinTB R

=4
3.3.1 Al 5= Litit #2658

TR AL & A LATP Ry 20 S
PR, B0 LATP 2 8B 5 2E K0 5 ok 38
TR Lt T S, bk, A%
JEVE AR AL & 8 XF LATP 0 LitHiis 4 5 iy
MR, AR SCH Se R CINEB ) ¥E#FSE T LitfE
LATP(012) £ A 4iiz i 2, JF 5 LTP(012) &
T FEAT X . 5 LTP il LATP B4R A 45 F9 2510,
XF TR Lt B ERE I oE, ASCE KT
23 (LR RS LA R[] B B PR AR [] () 3 B = 32991,
2L IE S SEH8 G RAE Lig, f7 08 LMY & Lig,-
Liyge-Ligy, 4838 2 25 07 19 7 s A% 5 1 (] B 437 1
R E FH IS INAE Ligg, MRIBRAZ A5 Y LitiE#8 2 4RI
B Liyge B BRAL 55 A SCRIBF5E T LitHE LATP
M LTP fR 2049 8T A Lit IR ER)Z ek
JERTBATR. S ALBAN O 4 F1 6 B, TEREE
T Lig, 2507 1 LATP(012) /4Aly; 1 LATP(012)/
6Aly R ML AL MALSE, JEARBINAE Lig, 7
M) Lt o) 8] Lig, 2507, X 2[R B Lig, IIFFFE
fdi FERM I e B AR Lig, 25 2. B, X T Lit7e
LATP s R 125 7 iE % Higfit 7 LATP(012)/
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2ALy MERE SR (WL 5(a)). B 5(b) R T Lit
#£ LTP 1 3 flt Al & 59 LATP(012) A [EIBR
PER R A2 FPEA IR AL, R, T
FERE N IEIRIE R Lig, 2507, X T Lit Ak E 12
] fe R Z TR, A% & T R B AL R, B
TR RS BEAS FIAH R IR RS 22 N 1E] 5(c) Fim.
HRAEE 5(al), (b1) FTH, 7825 A0 iE #8 15 B
T, Litfe LATP(012)/2Aly; & FE)2MITH AL N
1.69 eV; X} T E BRI ER, Liti TR #H4
HPAE LATP(012) /6 Al 281, AH W T # 3 £2
4 0.87 eV. LSz M E B S RIB i 55, Lit
e LATP R F #3825 5 T HAE AR AR
R ER R & (S AT, LitTE Lip 6Aly 16T s
(PO,); HHLTRHEH 0.37 eV; [RIBRALTRENT, Lit
15 Li, sAly 5 Ti, 5(PO,)s FIITFREHA N 0.34 eV,
XV M M B LitrE LATP 28 M 099 8o T
W Sl TR, T RS LATP &1 HeARH 3 %45 %)
TRV, X — 510 SRR AAT. 75—,
B LTP(012) RIAM 5, 4 Lit7E R IZ AT 1L
B, e B RS O B 22 eIk (1.16 V),
UL Lit g ) TREURI B AT I =X, anf&l 5(al),
(b1) iR, 454K 5(al), (bl) kA&, Lit{E LTP £
LATP R 2B, 0BT LitiE s #H
2L X T E B AR, g Al & iy
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Fig. 5. Migration barriers and corresponding migration path for Li* migration on the LTP and LATP surfaces: (al), (a2) Vacancy

and (bl), (b2) interstitial migration on the outermost layer, (cl), (c2) interstitial migration from the subsurface layer to the outer-

most layer.
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PR RE A RZ IR, JE T MSD &5, F— AT
AR EF LTP(012) Al LATP(012) Ff4i#
Lit P9 BER BNV 24 i S %, BAREUE S e
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n
= 15}
10 |
5
0
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10 |
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10° S/cm, b LATP(012)/2A1y; 2R 1A A 6.59%
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Thim i, BA fem 9 R BOF i 5 38 1) LATP
Fm & A AR BRI, 7E 1100 K #1300 K

£ 3 FEEEEHR 900, 1100 F1 1300 K B, LTP #1
LATP(012) R H Lit 5 #ER BRI 2R

Table 3.  Average Li* diffusion coefficient and con-
ductivity on the LTP and LATP (012) surfaces at
900, 1100 and 1300 K.

S VHRE, mex/
=N ot
/K it (cm?S1) (S-em?)
LTP(012) 7.56x10%  6.80x10°
900 LATP(012)/2Al;  6.59x106  7.30x10°
LATP(012)/4Aly;  3.24x10°  4.04x107°
LATP(012)/6Alr;  4.50x10°  6.21x10°
LTP(012) 4.81x10°%  3.56x10°
1100 LATP(012)/2Al;  2.42x10°  2.18x10°
LATP(012)/4Alr;  3.88x10°  3.95x10°
LATP(012)/6Alr;  2.56x10°  2.89x10°5
LTP(012) 2.26x10°  1.42x10°
1300 LATP(012)/2Al;  5.50x10°  4.21x10°
LATP(012)/4Aly;  2.36x10°  2.03x10°
LATP(012)/6Alr;  3.11x10°  2.97x10°5
60
(b) LATP(012)/2Alq;
sl Li-total (900 K)
Li-total (1100 K)
—— Li-total (1300 K)
40
=
~
A 30F
n
=
20
10 +
0 . .
0 5 10
Time/ps
50 | (d) LATP(012)/6Alr
Li-total (900 K)
Li-total (1100 K)
40 | —— Li-total (1300 K)
=
~
[m)
n
=

0 5 10 15
Time/ps

B 6 FEIEE R 900, 1100 A1 1300 K B, Lit#E LTP(a) 1 LATP (012) (b)—(d) i (1) MSD B Asf [ (14 28 1k il £& 14
Fig. 6. The time dependence of MSDs for Li ions at 900, 1100 and 1300 K: (a) LTP(012) surface; (b)—(d) LATP(012) surfaces with

different Al content.
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Fig. 7. Li diffusion at different positions on three LATP(012) surface: (al)—(a3) MSD diagrams of Li* on different atomic layers;
(b1)—(b3) MSD diagrams of Li* at Lig, and Lig, positions on the outermost layer.
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Effects of Al content on stability, electronic structure, and
Li-ion diffusion properties of Li;, ;Al,Ti, ,(PO,); surface”
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(Laboratory of Computational Materials Physics, College of Physics and Communication Electronics,
Jiangzi Normal University, Nanchang 330022, China)
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Abstract

NASICON-type Li;,,Al,Ti, ,(PO,); (LATP), as a promising solid-state electrolyte for lithium-ion batteries,
has received significant attention due to its simple preparation, low material cost, and good stability in water
and air, but the formation of lithium dendrite greatly limits the applications. To elucidate the source of
formation of lithium dendrite, in this study, the effects of Al content on the stability, electronic and Li"
mobility properties of the LATP surface with three Al doping concentrations (2Aly, 4Alp, 6Aly) are
investigated by combining first-principles calculations and molecular dynamics simulations. The LiTiy,(POy)s
(LTP) surface is also considered for comparison. The results indicate that the (012) surface terminated with Li
atoms is the most stable facet. Further, the surface energy of LATP(012) decreases from 0.68 J/m? to 0.43 J/m?
with the increase of Al content, suggesting that Al doping can effectively improve the stability of the
LATP(012) surface. Electronic structure analysis reveals that the surface of LTP(012) retains the semiconductor
properties consistent with the bulk phase, whereas the LATP(012) surface exhibits metallicity, which provides
an electron pathway for forming the metallic Li . Consequently, the metallic characteristic of the LATP(012)
surface is a reason for its lithium dendrite growth. For the Lit transport properties, two different migration
modes: vacancy migration and interstitial migration, are included. When Li* migrates within the outermost
surface, the migration barrier via vacancy is 1.67/1.69 eV for the LTP/LATP (012) surface, while the migration
barrier via interstitial is 1.16 eV for LTP(012) and decreases from 1.31 to 0.87 eV with the increase of Al
content for LATP(012). Obviously, within the outermost surface, Al doping can reduce the migration barrier of
Lit. When Al doping concentration is 6Aly;, the migration barrier is lowest (0.87 eV). Nevertheless, the lowest

migration barrier (0.87 eV) for Li* on the LATP surface is significantly higher than its bulk minimum value of

° More and more stable e Metallicity
>
LATP (012)/2Aln; ) ) LATP (012)/4Aln; ‘ LATP (012)/6Aln;

: : : . " © Ligp
© Ti
oPr

g + Q + 9 - @ o
Qj’s%%‘ © Lisse
Q Al
>

e Lit diffusion barrier via interstitial site: 1.31 — 1.18 — 0.87 eV
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0.34 eV. When Li" migrates from the subsurface layer to the outermost surface, the migration barrier is 2.76 eV
for LTP(012) and 2.05 eV, 3.20 eV, and 3.06 eV for LATP(012) with 2Aly;, 4Aly, and 6Aly content,
respectively. All these migration barriers are greater than 2.00 eV, which prevents Li* from migrating from the
subsurface layer to the outermost surface for both LTP and LATP surfaces. Hence, the slow Li" migration
represents another important factor contributing to lithium dendrite growth on the LATP surface. Fortunately,
increasing the Al doping concentration can reduce the migration barrier of Li* and thus enhance its diffusion
performance on the LATP surface. Molecular dynamics simulations further reveal that the diffusion behavior of
Lit on the LATP surface is influenced by a combination of factors, including Al content, Li* occupancy, and
ambient temperature. In particular, LATP(012)/6Aly;, LATP(012)/4Aly;, and LATP(012)/2Aly; possess their
highest Li* diffusion coefficients at 900 K, 1100 K, and 1300 K, respectively. Besides, Lit near the Al doping
site is easier to diffuse on the LATP(012) surface. Thus, our study indicates that by changing Al content, Li*
occupation positions, and the temperature, the Li* diffusion performance of LATP(012) can be effectively

modified, thereby suppressing the formation of lithium dendrites on the LATP(012) surface.
Keywords: lithium-ion batteries, solid-state electrolyte, LATP surface, first-principles calculations, Al content
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