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Table 1. Lattice parameters, volumes and energies per formula unit for LioMnSiO4 and LiaMng. 5 My 55104

(M = Al, Fe, Mg).

45K a/nm b/nm ¢/nm V/nm3 E/eV
ALEER 0.63706 0.54208 0.50268 0.17360 —54.99834
ey (301 0.6311 0.5380 0.4966 0.1686 —
LipMnSiOy4 )
sgag (31 0.6308 0.5385 0.4999 — —
i 32 0.6468 0.5429 0.5039 0.17696 —
A 0.64209 0.54124 0.49583 0.17231 —53.26173
LiQMn0'5A10_5 SiO4
B 0.64201 0.54123 0.49585 0.17230 —53.26169
A 0.63527 0.54036 0.50080 0.17192 —54.06242
B 0.63540 0.54054 0.50098 0.17207 —54.06257
LisMng 5Feq.5 SiOy4 .
I (201 0.62581 0.53747 0.50060 — —
Sy (331 0.6284 0.5391 0.5015 0.16992 —
A 0.62791 0.54303 0.50015 0.17054 —53.26721
LizMng .5 Mgo.5 SiO4
B 0.62792 0.54310 0.50010 0.17055 —53.26722

®2 BHEMaILE RESET &R

Table 2. Lattice parameters, volumes and energies per formula unit for delithiation structures of

LizMng.5 Mo.5Si04 (M = Al, Fe, Mg).

a5t a/nm b/nm ¢/nm V/nm3 E/eV
I 0.62731 0.54336 0.51632 0.17599 —48.89516
LiMnSiOg4 II 0.62809 0.538625 0.50847 0.16970 —48.89731
111 0.62995 0.540963 0.19953 0.17023 —48.73332
I 0.60670 0.55104 0.50431 0.16858 —49.35889
LiMno.5Alo.55i04 II 0.60861 0.54723 0.50151 0.16508 —49.29712
111 0.60674 0.54610 0.50294 0.16647 —49.15914
I 0.61912 0.55036 0.50980 0.17367 —48.39858
LiMng 5Feq.55104 II 0.62247 0.54590 0.50397 0.16941 —48.35419
II1 0.62167 0.55139 0.49412 0.16935 —48.18667
I 0.62172 0.55390 0.51808 0.17837 —46.87200
LiMng.5 Mgo.55i04 II 0.62191 0.55398 0.51722 0.17816 —46.87133
II1 0.62726 0.54243 0.50136 0.17055 —46.65658
MnSiOy4 0.62006 0.56449 0.48296 0.16904 —42.45010
Mng.5Alp.55104 0.60104 0.55919 0.52378 0.17602 —42.74403
Mng.5Feq.55i04 0.61518 0.57242 0.51344 0.18080 —41.80204
Mng.5Mgp.55i04 0.61599 0.55289 0.51703 0.17685 —39.98879

— VR FE 5 b, LiMnSiO, #4878 11 g & 5 5
%

X, LA T 0.002 eV, EEAZE TIT{K 0.16 eV, IS
Wk [6, 7] FERLEER — B0 — IR AR B A g5
LiMng 5 My 58104 (M = Al, Fe, Mg) 1A & K4
RPN, F RS IR AR SE, 73l LA Y T 0.20,

0.21 10.22 eV, FISCHR [6, 7] H LiFe/Co/NiSiOy4 K A LA — VR B AR 45 M I R g 57340
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AN 5.1%, ALB I — Ik Bt A 45 A 4R B AR Ak i
N (2.15%). R R K Mn—O, M—O f1Si—O # £
AL FN S S g AE WL SR AGR AT FNE AL, 18
Jid i A FE  Si- O R AR, REm
[SiO.4] VY T A4 75 14 BL 9 36 5 72 b ke 35 F2 e 45 4
(15 F (01 7 A 4 AR 45 4 o B K AR A0 P
Inn—0 > Lye 0 > Lng0 > Lap o fEEE
FIZER 1, LiMnSiO,4 ) Mn—O 8K 75 Bl AR AL ik
J90.014 nm, ~ £ H90° 48 24 99.43°, [MnO,] VU T
R A TEAR, I 22 1 Lil, Li2 48 15 45 K 0 Br ok 2k
W, [MnOy] WY TH 44 & 4E Jahn-Teller W 28 2 8. fifi
FHHLE TR, KB RMB KR P Mn—O M
M—O B IEW AR 5, H A0 Z W] g
e, VEIE AR RE A, Mn—O il M—O Z [8] 1)
AHELAE o, 45 2% b 2 v g K R A4 R AR 4L 15 B
A5 2% T8 A R T 52 s R AR ik B L AE 72
JHCHL T R A AP R

am> AN N

—~

3.2 FHERERIERE

55—V SR 3 5 VA R 0 R AT M 7 B b T A
BT R L, AR Aydinol &5 1P6) #1075 3148
B I B iR FLE 5 LigMnSiOy fi AR v Li 551 (1) |
B REI K RN 0T

V = — {E[Li;,MnSiO,] — E[Li;, MnSiO4]
— (22 — 21) B[Li]} X (xg — 1), (3)

Hh, ERFARRIIGERAE, L) QK S8R
MRER, 20 = 2, 21 = LIV NE— AN B 7 i fik
R (M2 /M3*), 29 = 1, 21 = OBV g3 =AM
B W E . M3 M R A 4 ) A
(R RE, T AT B0 R MR R (B 2).
KB J B LioMnSiOy 58— 28 AN ES 7 I ik
HL R 20 ) 4.20 VAT 4.55 V, 55286 [15:28:38] i i
W (4.1 VAIA.7 V) FIEES 5048 7 (4.12 VAN
4.50 V) HA —F. LipMnSiOy 55— AN B 1 it ik
HUR s, A Mn &7 Mn?t — Mn3+ i f2 i,
3d° R AT S, R — AN TR A 3dY
THER K, R — DT R Mt fT &R E
/I, TR ER AN 0 MO AR PR AN B — AN
WL IR AR 2288, 241°8°0.35 V, 72 S8 BT Sl 5E
SR BRERETE, BT AP RES K
F—ANE TR RRE R AP, AP A E R 5 %
FHLF, RS ALE 58— AN 7 Bk H R PRI
2.7V, A TBR B E S E4.7 V. [R]EE
% Fe fh ZAE A A, Fe-3d0 & 5 KB — LT
T RFa e 4210 52 2 30 450, BB — AN T T
FRERACK, KI5 4% Fe 55— AN BT 1 i ik L T B
IKH 3.7 V, 85 AN B itk B R U = 210 4.6V,
AN Al B8 S (3.85 VAI4.85 V) B 355k, sz
5y 120,531 e 45 M35 2 45 # 78 R AR i E R A 20 )
A4 VFIA6 V, IXEFRATWHEIEHE 3.7—4.6 V
W. B2 Mg 54 & FRIBR BRI R B2,
Al FlFe BB A BAR T 35— AN 7 i ik i, (H
el B AN R B R AE S T 0.15

5.0 P
e _.—~
4.5 St *
=
< 40 < :
'.ﬁ 7
= \ J
A A 7T A VR T
= % 4 —de MBI
& 30 A —o— k(18]
N 4 —eo— HR[38]
2.5 ), £ —o— ik[34]
\ —f— I@ 20]
i SCHR[33]
2.0 i
Mn Mng 5Alo5 MngsFeqs  MngsMgos

B2 (MR 87 ik d E
Fig. 2. (color online) Average delithiated voltages of

Li ion.
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0.05 V. Mg 145 2% 5 4 25 7 0 Jid #o 21 L TR 25 7 v
Mg RS2 FAR )35 24

3.3 DEEMFHEM

A B 7 BRI SR AE AR RHE T i R 22,
HEFBERA SRR TN, BB TR%ES
AT LA AT S e e i) A8 Ak, 345 H T A HLAH
& T AL S AN S NPTl
NEMALE). MLipMnSiOy (K3 (a)) T LAFE H,
FoH A5 B B Min-3d (B 52356 40) A1 O-2p 4
F, AHEAH Mot B 7R BT R R E 2R
J73d5, T AT B A, Hrb Mn-3d B g L
BT A A, S ALE —5—0 eV ZIH], B
THIBUE RN, LS. 1—6.4 eV Z[H], it
A3 Mn FIRER N 4.66 up, FIEEAE D up FIFF.
AR 98 N 3.31 eV, FISCHR [5, 6] 1 3.44, 3.40 eV
PEIE, KB B 4004 LioMnSiO, 5 #5522,

DR eV

Fe-3d

Kl 3 (P TR ) 4 4 AH & % R
(c) Li2Mng.5Feq.55i04 &% ; (d) LiaMno.5Mgo.55104 &% &

Fig. 3. (color online) Density of states: (a) LioMnSiOy; (b) LioMng.5Alp.55i04; (c) LiaMng.5Feq.55i04;
(d) LioMng 5 Mgo.55104.

SEE eV

SEE eVt

AlBZ (K3 (b)) BT EBR, B4 &S
LT — AN REC I H BT, B0 T A &R R
WTHEH, HOKRES &R 3w 7 13 7
4.12 eV, B LA R ) LA % R Y o ol 2
KAe, HETRB ARG T Al-3s 71 3p 4L T K RE
DAL FALTE U TTRR, (6 A R 2B BRI, A
Pem AR S MR, Fe Bk (K3 (c)) JA, Fe?t
75 M2t AL, 3dS BB B T B BE R g
A LAAh, B — AN H AT B e R T A, 9K
REZAN T TPt B 7 — > B B 1) T AR, 4 &%
(R B8 FE R /N A 1.42 eV, B R B Tk R 1
SHMERE. Fets 2414 R LioMng sFeq 5Si04 H Fe?t
A M2+ [ RERE 5 38 3.76 A1 4.66 pp. K3 (d) 2
Mg &8 % R, 3 o 7 A B AR AR,
WA B B BRI R R A AR Ak, THEAS BT BREE KN
3.41 eV.

(a) LiaMnSiOq4 ] fg; (b) LiaMng.5Alg.5Si04 &% }E;
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Fe LSRR B A IE AR R B E s
PRV T SR N A7, B 2 i B e . gt 4 5
P e A5 R G R 25 B R LB s A (BT A2), #EES 1
(1) 0%, AR FH Min? 551 400 AT 48t ot 8L F i
R M P B — AN T, Mot gAML
TR M3t Hp3d5 7Bz ZRk—1
BT IE R 3d4, B JiE ) b I — 2342, LiMnSiOy
SIS R, RN 0.12 eV, THEAS 2
Mn FIRER N 411 pg. 55 =N 1 S, Mn3+
BEATE B Mot 3d & T H e BB I A =
A, MnSiO4 A% FE B v 5 g m) b () F 2 %5 B2 7
K RE, B T A B OKBE R
A A AE A B, IR MnSiO4 3 & @ M4 1, 1t
i Mn BIREAE N 3.73 pup. 524 LU — IR B 8 45 4
LiMng 5 My 58104 (M = Al, Fe, Mg) ¥ 28 ¥ &
B, 5 AR 24 1 LiMnSiOL AH HL 4x &8 M Re 39 .
TR 45 R Ming s Mo 5Si0,4 175 %5 J B A5 24
BT MnSiOy 75 PK BE g Bt S AR — 2, ¥ R P4
JEFFIE.

A5 10 5 AR BB T JS 25 2% B 1 AR 4k T A
R BRI R, R RIS JE PR IR Y 5,
A5 248 LioMnSiOy HT H e ) b 25 % B2 Al )
TAEEYF S TKGER, RO ERFE, M H 3
MR E G, fEm TR FHEE. Fe Bk
AT BRI/, S HMERETS B E. Mg B4 K
TR, AFT S BRI, M
iR, B sl — Ik A M R R, IR
it £ 45 95 % 1 S S R BN 2 4 SR A vk

4 % B

A SCEENT T RERR AR AR DL R AN A & B T AL
Fe, Mg #7575 Mn {01 45 ¥, 18 | GGA+U 977
%, 16 B AR AS F 43 36 Lip Moy, M; ., SiOy4
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Table Al. Average bond lengths (Mn—O, M—O and
Si—0).

/10710 m
r=2 xz=1 =0
Mn—O 2.095 1.936 1.845
Si—O 1.657 1.649 1.645
Mn—O 2.092 1.918 1.816
LizMng.5Alp.5Si04 Al—O 1.887 1.800 1.773
Si—O 1.659 1.652 1.641
Mn—O 2.090 1.926 1.833
LizMng.5Feq 55104 Fe—O 2.054 1.909 1.855
Si—O 1.657 1.652 1.643
Mn—O 2.083 1.915 1.854
Mg—O 2.000 1.979 1.945
Si—O 1.656 1.648 1.635
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Fig. Al. (color online) Average bond lengths changes
(x=2,1,0).
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Abstract

Li2MnSiOy is one of the potential cathode materials for lithium batteries due to its high capacities, but the poor
conductivity hinders its further development. The cycling performance and electrochemical property of LiaMnSiO4
cathode material can be improved by doping metal cation. Twelve structures LizMny M1-,SiO4 (x =2, 1, 0; y = 0.5, 1;
M = Al, Fe, Mg) by doping Al, Fe and Mg are constructed in this paper, and their structures, electronic properties and
delithiation process are studied by using the density functional theory of first principles within the GGA+U scheme. The
best doping site and delithiated structure are found by comparing their energies. The results show that Al-doping is the
best way to improve the conductivity and cyclability of the cathode material LiaMnSiO4. The pure LioMnSiO4 has a low
conductivity because of its large band gap (3.41 €V), while Al-doping LioMnSiOy4 crystal has metallic characteristics due
to its electron densities of state with up-spin and down-spin cross through the Fermi level. The band gap is also reduced
when it is Fe-doped, which improves the conductivity of LioMnSiO4. Among the delithiated structures Li,MnSiO4
(x = 1, 0), Al-doping enhances the structural stability because of the lowest formation energy and its cyclability is
improved by reducing the volume change. Within the lithium ion extraction from the LioMnSiO4 and LiaMng 5 Mo.55104
(M = Al, Fe, Mg), the Mn—O and M—O bonding have much more ionic features, while the covalent bonding feature
between Si and O is almost unchanged. And the fully delithiated MnSiO4 and Mng.5 Mo 55104 show semic-metallic
properties depending on the density of states of configuration. The delithiated voltages for the first Li extraction process
decrease when Al and Fe are doped. Therefore the Al-doping in the LioMnSiO4 is expected to be an effective way to

improve the cycling performance and electrochemical property for Li-ion battery cathode material.

Keywords: first-principles, doped, conductivity, deintercalation voltages
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