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PAW) J5 ¥ If] VASP 8 fF A AT 1 5 2122 2 46
K BE K Perdew-Burke-Ernzerhof(PBE) 32 8% 2%,
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ISR HE N 1.0 x 107° eV, fEHERAEF L
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K Li, 46K O (a) Pathway A, B, C L& Lit
B =R BT RS, (b) NaT B FB 4008

Fig. 1. (color online) Schematic crystal of LiaMnSiOy4.
The [MnOy] tetrahedral are shown by dark purple, and
the [SiO4] tetrahedral by dark blue. The Li atoms are
shown by green, connecting the four nearest O atoms
which are shown by red: (a) Pathway A, B and C rep-
resent three migration paths; (b) the crystal of Na®
doped in LiosMnSiOy.
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Table 1. Lattice parameters, volumes and energies per formula unit for Lio_;Na;MnSiO4 (z = 0, 0.125,

0.25, 0.5) compared with available experimental and theoretical results.

| a/A b/A c/A Vv /A3 E/eV
LioMnSiO4 6.3654 5.4247 5.0325 173.78 —54.9976 AEER
6.468 5.429 5.039 176.96 — #ig 27
6.3077 5.3884 4.9753 169.10 — e [17]
6.311 5.380 4.966 168.62 — ey (10]
Li; g75Nag,125MnSiOyg 6.3732 5.4664 5.0579 176.21 —54.8116 A4 R
Li1.750Nag.250 MnSiOy4 6.3814 5.5031 5.0799 178.39 —54.6439 ES
Li1.5Nag.5MnSiO4 6.3906 5.5915 5.1190 182.92 —54.2921 AREER
Li1.oNag.1 MnSiOy4 6.3132 5.3858 4.9749 169.15 — e [17)
Liy.sNag.2MnSiO4 6.3171 5.3796 4.9835 169.36 — e (7]

3.2 SEEMSBEMSH

9T R R R TR R R AR R 2R A
RE, % ZLORUE B 3 1 A H T 78 IE SO R g AR
B, MR EAFRENETFHESAETHES. K270
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S AR I Mn-3d IS EE oA, K2 () H
LioMnSiOy 25 14 B 25 % B B, 3 22 H Mn-3d
O-2p 4k, AT 5G4 1 Natf LhiL, Bl F4
T Li-s A1 Li-p 0. M 2 He] LUE A RLER
I R R R A T, AR R R M B2 24
A, HAr T8 s sE 252 )2 3d° 1R 1,
b TR B ERS, H e B ELE B Mn-3d5 45350 5 4,

HAAfE —5.1—0 eV 18], BJiEm F HuE 48R
Zar, EESAGIES.1—6.5 eV 28], 11513 %] Mn
) Bl 459 0 4660, L Ath 1 B 445 SR 4,700 9,
4.28up ) FAR—F. O-2p Fl Li-s, p &M E 2 L5
B POKBEH LA N H 5y, THEAS 2415 1) LisMnSiOy
R 2R 55 B2 N 3.28 eV, AH Al ¥ 0 1 5 45

3.40 eV I 28], &2 (b), (c) M (d) 7> I E B 2%
J& Lis_,Na,MnSiOy4 (z = 0.125, 0.25, 0.5) &% %
B, IF B45 T 45 7% J5 1 Na 25 % B2 40 A1 15 L.
B F Li fl Na J& TR — E e &, AT
SR, B2 () L B RIS A AE 2 (b),
(c) & (d) 1 Na© B F [ B SR A—5L,
5 98 A TOKBE G BT i TR AL B, B4 Nat
g, S KM R AR T M R A, PHEHE
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2805 98 AT PR, R IWIFE LipMnSiO, H15 2% Nat
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1
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WA A 909 3.23, 3.19 F13.086V. B4 H 5 Mn
(IR N 4.66up, VB Mn [BRRETE FRANEE, 4
B 7454 Mn-3d°.

0.08
0.04
0
—0.04

T —0.08 E
> .
> 1oof ! —Total
2 sof M ‘~w A: -3
U
b A i
o | Wbt
=507
—100

DOS/eV-!

E2 (MAEMS)BEITEHASEERE  (a) LioMnSiO4; (b) Lir.srsNag.125MnSiOu; (c) Lit.750Nag.250MnSiOy;

(d) Liy.5Nag.sMnSiOy4

Fig. 2. (color online) Density of states: (a) LioMnSiOg; (b) Lii.g75Nag.125MnSiOu4; (c) Lii.750Nag.250 MnSiOu;

(d) Li1.5Nag.s MnSiOy4.

3.3 Li,_;Na,MnSiO, (x = 0, 0.125,
0.25, 0.5) F Lit BT8R

16 BB 4 25 7 FI CI-NEB J7 55 B 4048 55 1
TR, KT KB40 LioMnSiOy 458, FAN 5
MOALFE 31 AN Lit B A1 1A Lit 2347, A 1 (a)
H Pathway A, Pathway B, Pathway C =251
AR B3 T =MAEK A B LT B
THEREULRKITHR2E, AT HESE RN
B 1, LipMnSiOg4 i & o Lit & 77 N g2 -
HEAT P IRERIE.  7E Pathway A J7 [ L (RPEL 3 (a)
AE 3 (b)), Lit & 7 (1% BKIE FE 25 4 51 4 3.57 Al
3.52 A, XFRLERIE S22 4 0.61 F10.64 V. 15 fib fild
b-c B BT b, 775 W 2% 1] Re () 642 7E Path-

way B[] L (B 3 () M 3 (d)), Lit & F[EK
IEREES > N 4.20 F14.12 A, xR BRI 3 22 N
0.57 #10.59 eV; 7E Pathway C 75 7] L (R 3 (e) #1
B3 (f)), Lit &7 BGE B 25507 5.55 F15.83 A,
X B IR R AT 34 2208 1.40 AT 1.38 eV. ] LAE HIE#
B CHA, B FEMKITH 2 K—F L, Hit
A DL B T AEBRE A FE e R B 12 A FI B 2
AT AT (7, R At SRR (16200 ek Bl &5 44 5 B ) 3
B ie—8Um. Kk Ae LA M RMEEN
A LT B FEE 2, BITE LioMnSiOy 2544
Lit & 7 {F Pathway A fil Pathway B J7 [f] [ KT
P20 5N0.64F10.59 eV. 25 H T B 4&AT 5
Liy_,Na,MnSiO4 (z=0,0.125,0.25,0.5) & R 1t
A ARALAR R Lit 25 FERIE #2248, 78 LioMnSiOy
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F2 AFERS LIt B FRERHL2
Table 2. The activation barriers of Lia—;Na,MnSiO4 (z = 0, 0.125, 0.25, 0.5) compared with other theoretical results.

g5 i lf 2 BRI 2 JeV Tri Ref.

LioMnSiOy4 Pmn21 0.644/0.59B VASP/CI-NEB et
Li1.g75Nag.125MnSiOy Pmn21 0.484/0.63B VASP/CI-NEB Areh gt
Li1.750Nag.250MnSiO4 Pmn21 0.554/0.68B VASP/CI-NEB AL LR
Liz.5Nag.5MnSiOy Pmn21 0.524/0.64B VASP/CI-NEB R
LizCoSiO4 Pmn21 0.74% /0.72B VASP/NEB SCik [16]2
Li1.5Nag 5CoSi04 Pmn21 0.66/0.795 VASP/NEB SCHR [16]2
LiaMnSiOy4 Pn 1.06/0.54,/0.81/0.79 VASP/NEB SCik [19]2
LiasMnSiOy4 Pn 1.72/0.65/1.02/1.00 GULP IR [20]P
LiaMnSiOy4 Pmn21 1.134/1.03B GULP SRR [20]P

o a bR RIT RS R S — MEAL, b ARERRRSE WA, A, B K Pathway A fl Pathway B.

T (b Ex=064eV  Ey=061eV
0.6 A
\—.—PathwayA
0.5
% o {0\ Foy
5 [\ [\
5 o /T W
b/ \k// \
0
0 2 4 6 8
Distance/A
0.6 F(d Ex=0.57 eV Ei=0.59 eV
S Y W A
> 04 / \. / b
< [ .\
[\ )
4 02 / \ / \
0.1 ° Y *
) \/ \,
0 2 4 6 8
Distance/A
AN A
/N "7\
: f ]
[ /
O B R N
b ] ) \
0.2 /-
. \V, N\

0 2 4 6 8 10 12
Distance/A

3 (MTIEM) LiaMnSiO4 £ IREARIEAN Lit E7FERURLKERS2  (a), (b) #H#E Pathway A J7
) IR I B K BRI H22; (c), (d) W Pathway B J7 M BER S M R ERIESH22; (o), (f) IH4 Pathway C J7 1
Fig. 3. (color online) LiT ion migration pathways and activation barriers: (a), (b) Along Pathway A; (c),
(d) along pathway B; (e), (f) along pathway C.
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SR LiT B TR H 42 (0.64 €V, 0.59 eV) /T
LizCoSiOq fh 5 1 { ERIEH 22 (0.74 eV, 0.72 V).
SCHR [20] H 45 HE LioMnSiO4 45 #4 H Lit 25 7 8K 1T
F2N113M1.03 eV, SEATTHH LS RANZEECK,
J R 9 SR [20) 3 BB 5C LipMnSiOy 5 1 0 e I
e, SR T R AR AN 2 (L R RS R Lt 5
IR, AR SR (2 S AN L VAT B AR

R, LioMnSiOy fi P 25 #4 Fa e Mk LU s, A
Gy RAETEAR D28 Lit By R 5 R AT R, B
BT O RN, BRIT H A2 BTG O, TR AE
S b O —RAEFR R, Bl 4 0 i A 4
I, ARG, Lit B IR % 2 EE K, #
IO BRIT SN IR M. PR A 7e F AR P B o R
EIZHTH R, B R I B T

#3 ARERPTHAERLI—O #iK
Table 3. Bond lengths of Li—O for the migration location.

%E{t/A LioMnSiOy4 Li1.g75Nag.125MnSiOy4 Liy 75Nag.25MnSiOy4 Li1 . 5Nag.5MnSiOy4
IS 1.986 2.00 1.997 2.29
Pathway A
FS 1.986 1.997 2.001 2.31
IS 1.986 1.984 1.977 1.968
Pathway B
FS 1.986 1.997 2.010 2.030

B4 Nat B 15, BT Nat BT E N LT
BRI LAfE, BB 24 )5 LioMnSiOy AR
AR, B4t T HBR)E LT 8T RERIT
2, BEBIORE RIS, kR EE
WG N, Lit B RIE R B B IR WG K. B4 (a)
& ¥ % Pathway A J7 A [FE# B, ANFEKE T
Lis_,Na,MnSiOy (z = 0.125, 0.25, 0.5) {1 EKE %
235108 0.48, 0.55, 0.52 eV, LLARB I 1 0.64 eV
A TR BEAS, S48 2% )5 Pathway A J7 A1)
Lit @ iR @R . B R Nat 57 LUUE,
g Li—O B KAk, Li—O Z A M EAE Bk
TR, R 3HIHEIZS (IS) MR (FS) i A B At
1 Li—O 4, ATLUE H =FiB 2K E T, 7E Path-
way A J7 A b Li—O S I3 N, 481 1y #uE
EARTE, B A AR S, Lit S THEAES K
AEERAE. H R B A R FE 3G 0, SRS A7 AU [LiO4]
VY T A4 R AR e, AR MR ES, (515 2 = 0.25 B
IERIE S 2 2 = 0.125 1 TF& 1 0.07 eV, fEB 2%
W x = 0.50F, PRFIIGINT 5.25%, 758K 38 n L
K VUTHA AR SL R RPE R T, 5 RT3 24T
x = 0.125 F10.25 2 [1].

HLit B T 4 (b) () Pathway B J7 [1iL &
I, BRIT 32240 524 0.63, 0.68 F10.64 eV, £ Path-
way B J7 A LiT & 7 18 F8 o 2 I K 15 242 7t
NIEX — 42 ERIYIASAL B AL, BEABE Nat 51,
Na—O [ F 4Ky 2.185 A, $ A Li,MnSiOy BL
J&, 145 J A0 553 A0 AL 1) Li—O #H B F s,

SREACAR A, AT 7541 8 1 BRIE FH 70 e, 32 7% 3
AR K. WRFER LR Pathway A FA22E1L.

0.6
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0.1 N
0 \ \-
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M A dE T U, X T A — 4 B4R Lit 48
BB AN, PR R IS BRI AS AR R, Li 3 5
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BN Li 5 B O WA BRI AH R, 2860 0 B %) &5
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4 % #
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ik, H13.28 eV A5 4 3.23, 3.19 f113.08 eV, 1 5 24
Na BRI T KRBT HSRNEA, HBRKER
K, MR R EEAT 58 R 2. [F 2 ] CI-NEB 177
%, i AN AL T7 A WA T Lit B L
R, 45 R L WILE LioMnSiO A R P Lit 5 7 A
HW &AM B %1E, Pathway A {7 T [100] &
i) - f3E#%, Pathway BE (1 0 0) & 1 - T
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2257 78 0.64F10.59 eV, 54 Nat &1 LLJ5, 18
T HIE AT Li—O Z M A BEAEH, Li—O %
KA 5, {45 1F Pathway B 77 8] (13T #% %5 22 48 .
Pathway A #1% F Li—O [A]fEAS K, iEFEHiE AR 75
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Abstract

With the developments of electric vehicles, the portable electronics and the large-scale storage systems, the research
of the Li-ion rechargeable battery has focused on its high gravimetric and volumetric capacity. As a potential cathode, the
Li2MnSiOy4 structure has been intensively studied, in which two lithium ions of per formula unit (f.u.) can be extracted,
and it exhibits a high theoretical capacity of about 330 mAh/g. However the low intrinsic electron conductivity and
the slow lithium diffusion prevent its further development. In this paper, we build three structures with different Na™
doping concentrations in Pmn21 symmetric LioMnSiO4, the electronic properties and Li* ion diffusion behavior are
studied by using the first principle and considering the transition barrier of the Mn-3d. Within the GGA+U scheme, the
pure LioMnSiOy4 structure is semiconducting with a large band gap (3.28 €V), which is primarily derived from Mn-3d
and O-2p states. Because lithium and sodium ions in the same main group have similar chemical properties, all the
doped Liz—;Na;MnSiO4 (z= 0.125, 0.25, 0.5) are still semiconducting with the analogous densities of state (DOSs) to
the pure Li;MnSiO4, however the band gaps reduce to 3.23 eV, 3.19 eV and 3.08 eV, respectively. Thus Na™ substitution
can improve the electron conductivity. In LiaMnSiO4, the Li™ ions have two major diffusion channels predicted by the
climbing image-nudged elastic band (CI-NEB) method. Channel A is along the a-direction [100], and channel B is in the
bc plane with a zigzag trajectory. In the migration process, each of all the structures has only one migration pathway
of Li ions. In the doped structures, the volumes of the crystal structures are increased by 1.40%, 2.65% and 5.25% for
Liz—;Na,MnSiO4 (z= 0.125, 0.25, 0.5), and thus enlarge the hopping distances. Along channel A, the longer Li—O
bond makes the ionic diffusion channel wider, therefore Liz—;Na,MnSiOs (z= 0.125, 0.25, 0.5) have lower activation
barriers of 0.48, 0.52 and 0.55 €V than the pure LizMnSiO4 (0.64 ¢V). However, in channel B, the strong Li—O bonds
increase the activation barriers of Li ion migration. When the doping concentration is = 0.125, the Li™ ion migration
effect is strongest. For the Li* ion migration pathways, it is easier for Li ion to hop into the site near Na ion. It means
that the crystal structures are stabler at the short Li—O bond site. Therefore, doping Na™ ions would be a feasible

method to improve the electron conductivity and Li* ion migration rate in LizMnSiO4 of Pmn21 phase.

Keywords: Li-ion battery, Na® doped, electronic structure, Li* ion diffuse, migration barrier
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