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Fig. 1. Crystal cell structure of (a) site exchange LiMn;
Geg 55104 55 5, (b) site exchange LiMng 5Ge, 55105 5F) 5, (¢) site
exchange LiFe 5Ge, 55103 55 5, (d) site exchange LiFe, 5Geg 5
Si035F 5.
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# 1 LiyMy5Ge);Si055Ry5 (M = Mn, Fe; R = S, F)
PR RO M R RHIE(E FTE IRE (A Ey)

Table 1. The eigenvalues of the elastic constant matrix
and formation energy (AE;) of Li;Mj5Geg5SiO35R05 (M =
Mn, Fe; R =S, F).

Mn-S Mn-F Fe-S FeF
PR 12.00 23.56 16.17 13.52
19.08 28.85 20.12 22.87

29.87 37.69 20.76 36.42

37.22 53.05 39.82 53.41

62.41 73.17 53.52 68.55

207.87  209.12 22290  225.26

AFE; JeV -17.39 1788 -17.02  -17.30
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Table 2. Calculated bulk modulus B, shear modulus G,
modulus ratio B/ G, Poisson’s ratio v, Young’s modulus E
and Debye temperature 0 of LiyM;;Gey551035Ry5 (M =
Mn, Fe; R =S, F).

B/GPa G/GPa B/G v E/GPa 0p/K

LiyMng 5Gey 55103555  56.06  21.52 2.60 0.33 57.24 387
LiyMn 5Ge) 55105 5Fg 5  67.03  30.37 2.21 0.30 79.15 462
LiyFey 5Gey 551035505  63.91  21.15 3.02 0.35 57.15 383

LiyFe) 5Gey 55103 5F,5  68.85  25.65 2.68 0.33 68.45 426
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Fig. 2. (a) The unit cell volume of initial Li, M, 5Gey 55105 5Ry5 (M = Mn, Fe; R =S, F; z = 0, 1, 2); (b) the unit cell volume of site

exchange Li, M, 5Ge5Si035Ry5 (M = Mn, Fe; R=S,F;2=0, 1, 2).
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Fig. 3. Lattice parameters of initial and site exchange Li M, ;Ge)5Si055Ry5 (M = Mn, Fe; R =S, F; 2= 0, 1, 2).

F 3 (IEIRAY Li,M, 5Ge 58105 5Ry5 (M = Mn, Fe; R = S, F; o= 0, 1) B F8K (307 A)
Table 3. The average bond length (in A) of Li, M, 5Ge55i055Ry5 (M = Mn, Fe; R = S, F; 2 = 0, 1) with the site exchange case.
M—O M—R Ge—O Ge—R Sil—O Sil—R Si2—O0 Si2—R
Mn—S (z=2) 2.220 2.473 2.216 — 1.638 2.156 1.667 —
Mn—S (z = 1:SE) 2.092 — 1.810 2.196 1.633 2.178 1.657 —
Mn—S (z = 0:SE) 1.826 — 1.794 2.200 1.644 2.131 1.639 —
Mn—F (z=2) 2.108 — 2.163 2.892 1.656 — 1.644 1.725
Mn—F (z=1:SE) 2.010 — 1.863 — 1.656 — 1.624 1.658
Mn—F (z = 0:SE) 1.938 — 1.817 — 1.628 — 1.708 1.666
Fe—S (z=2) 2.146 2.450 2.214 — 1.666 — 1.642 2.137
Fe—S (z=1:SE) 1.982 2.350 1.804 — 1.654 — 1.703 2.057
Fe—S (z=0:SE) 1.852 — 1.784 2.239 1.639 — 1.626 2.179
Fe—F (z = 2) 2.058 — 2.180 2.396 1.658 — 1.647 2.646
Fe—F (z = 1:SE) 1.900 — 1.975 2.793 1.651 — 1.626 1.661
Fe—F (z = 0:SE) 1.863 — 1.755 1.983 1.644 — 1.612 1.817
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BRI, Mn—O 8K 2.220 A% 51 /N5
2.092 F11.826 A, H: BVS M 1.42 2358 fm = 1.77
F13.35, [AI} Ge—O £ 2.216 A%35/NE 1.810
F11.794 A, HBVS M 1.23 435I4HNZE 3.60 F1 3.70.
FRCHE AT, A L, Mng 5Geg 55103 58 5 5007 23 3K
25— MBS T, Mn—O BEK A BVS 286 A
K, M Ge—O WK, W FEH Ge 14
HEr g A2, Y58 B S I, Mn—O B
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Fe; R=S,F; x=0,1),Ge fl Si AUS M1 BVS

Table 4. Bond-valence sums (BVS) of M (M = Mn, Fe),

Ge and Si in Li, M, ;Gey5SiOs5R5 (M = Mn, Fe; R = S,
F; =0, 1) with site exchange case.

M Ge Sil  Si2

Mn S (z=2) 142 123 381 3.56
Mn—S (z = 1:SE) 1.77 360 3.81 3.68
Mn—S (z = 0:SE) 335 3.70 3.83 3.85

Mn F (z=2) 1.70 1.01 3.67 3.52
Mn—F (z=1:SE) 228 220 3.70 3.82
Mn—F (z = 0:SE) 250 3.35 3.96 3.21

Fe—S (z=2) 144 118 357 3.83
Fe—S (z = 1:SE) 214 345 372 3.67
Fe—S (z= 0:SE) 312 3.66 3.85 3.85

Fe F (z=2) 1.68 1.08 3.65 2.88
Fe F (z=1:SE) 274 167 3.72 378
Fe F (v=0:SE) 3.02 337 3.82 3.65

3.3 BERFHRE#BE

H T B4R B ZeX) Li, MSiO, (M = Mn, Fe)
TR 3R BRI -F ik LR s ), PRAETTAE T G
PR R A S AW ik B TS 3 STk [15]
AR, TS RANE 4 frs. A 4(a) AT L
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Kl 4 (a) WIERFINAL B 22 e LisMng 5Geg 55103 5Ry 5 B E X BiHLE (R = S, F); (b) WIEAFINAL B 32 e LigFey 5Geg 55103 5 Ry 5 HYF-1

Bt R (R =S, F)

Fig. 4. (a) Average deintercalation voltage of initial and site exchange Li,Mng5Ge,55i055Ry5 (R = S, F); (b) average deintercala-

tion voltage of initial and site exchange LiyFeg 5Gey 55105 5Ry5 (R = S, F).
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B 5 (a) #1Hf Li,Mng5Gey5Si055S05 (z = 0, 1, 2) B TDOS il PDOS; (b) #1 4 Li,Mng5Ge 551055505 (z = 0, 1, 2) H Mn
Ge ) PDOS; (c) i B 38t Li,Mng sGey 55055505 (z = 0, 1, 2) f TDOS #1 PDOS; (d) Mn Ml Ge 7Ef B At Li,Mn, 5Geg 551055505

(z=0,1,2) i PDOS

Fig. 5. (a) TDOS and PDOS of initial Li,Mnj5Geg551055S¢5 (z = 0, 1, 2); (b) PDOS of Mn and Ge in initial Li,Mng ;Ge, 55103 55 5
(z=0,1, 2); (c) TDOS and PDOS of site exchange Li,Mn5Ge( 55103555 (z = 0, 1, 2); (d) PDOS of Mn and Ge in site exchange

Li,Mng 5Ge 551035505 (2 = 0, 1, 2).
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5 WHRANLEZZHAEILT M (M = Mn, Fe)

B TRIBEE (up) PR

Table 5.  Magnetic moment (in up) and oxidation

state of M (M = Mn, Fe) ions in the case of initial

and site exchange.

Sk RS MOBIER)/

M({EE AR

A M(WIR)/
M B A

Mn S (z=2)  4.64/4.64
Mn—S (z=1) 4.61/4.65

Mn—S (z=0)  3.78/3.41
Mn—F (z=2)  4.65/4.65
Mn—F (z=1) 4.64/4.17

Mn—F (z = 0) 3.87/3.98

Fe—S (z = 2) 3.73/3.73
Fe$ (z=1) 3.71/3.68
FeS (z=0) 4.02/4.14
Fe F (z=2) 3.73/3.73
Fe F (z=1) 4.23/4.23
Fe—F (z=0) 4.25/4.26

+2(3d%) /42(3d°)
+2(3d%) /+2(3°)

+(B3+ 5)(3(14 ")/
+B + 7)

+2(3d5 )/+2(3d )

+2(30%)/
(2 + a)(3d6 )

+3(3d*)/+3(3d*)
+2(3d6) /+2(3d°)
+2(3d0)/+2(3d°)
e/
Y)

+(3 + 7)(3d° T)
+(3 + ¢)(3d¢

+2(3d%) /42(3d°)
+3(3d%) /+3(3d%)
+3(3d%) /43(3d%)
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= Li,MnSiO, f) S PE. BE4h, T Ge il S B F
FEAR 2 WA -t mT AR LR 2 H e M, AT
Al LLFEZE Li,MnSiO, # Jahn-Teller 5 A9 H #H,
AT B iR RS TE e M.
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ME 6(a), (c) AT LAF H, LiMng;Gey5Si055F 5
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R IE S AT, Ge B F2+1 4, HIL, M
T EA Ge B+ 4p HUE MW A e m b5 IRaE.
A 5 FIE 6(a), (b) BRI, HERIIR R 50

M) 2

Density of states
| I
[\v] [e=} [\v]
=8
I J;

E/eV
2
() : Mn Ge SE
0 ! N
m |
% -2 1 I 1 : | r=2
L WPt
3 ol A N A
> V|
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B 6 (a) ¥ Li,MngsGeysSi055Fg5 (z = 0, 1, 2) B TDOS il PDOS; (b) #1 4 Li,Mng5Gey55i045F 5 (z = 0, 1, 2) 1 Mn Fl
Ge [ PDOS; (c) 7 # 24 Li,Mng 5Gey551035Fy 5 (z = 0, 1, 2) i TDOS # PDOS; (d) i & & # Li,Mn, ;Ge 55103 5Fo5 (z = 0, 1,

2) H1f§ Mn il Ge ) PDOS

Fig. 6. (a) TDOS and PDOS of initial Li,Mng 5Geq 55103 5F 5 (z = 0, 1, 2); (b) PDOS of Mn and Ge in initial Li,Mng ;Ge, 55103 5F 5
(z=0,1, 2); (¢) TDOS and PDOS of site exchange Li,Mng ;Ge 55105 5F )5 (z = 0, 1, 2); (d) PDOS of Mn and Ge in site exchange

Li,Mn 5Gey 55105 5F o5 (z = 0, 1, 2).
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Fig. 7. (a) TDOS and PDOS of initial Li,Fej5Gey 55105555 (z =0, 1, 2); (b) PDOS of Fe and Ge in initial Li,Fey 5Ge) 55103555 (7 =
0, 1, 2); (c) TDOS and PDOS of site exchange LiFeq;Gey55i03555 (z = 0, 1, 2); (d) PDOS of Fe and Ge in site exchange

Li,Feg 5Ge 551055805 (z= 0, 1, 2).
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Fig. 8. (a) TDOS and PDOS of initial Li,Fej 5Ge 55103 5Fq 5 (z =0, 1, 2); (b) PDOS of Fe and Ge in initial Li Fey ;Ge, 55103 5F 5 (z =
0, 1, 2); (c) TDOS and PDOS of site exchange LiFe);Gey551055Fo5 (z = 0, 1, 2); (d) PDOS of Fe and Ge in site exchange

Li,Feg 5Gey 55105 5505 (2= 0, 1, 2) .
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Theoretical study on effect of Ge-S/F co-doping on crystal
structure and properties of Li,MSiO,(M = Mn, Fe)"
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Abstract

The effects of Ge-S/F co-doping on the structural stability and electrochemical properties of Li,MSiO, (M
= Mn, Fe) crystal are systematically studied by the first-principle calculations based on density functional
theory combined with the generalized gradient approximation (GGA) + U method. The calculation results show
that the Ge-S/F co-doping Li,MSiO, (M = Mn, Fe) system undergoes the site exchange between Li and M in
the delithiation process. Compared with Li,MSiO (M = Mn, Fe), the doped system has good toughness, and
lithium ions migrate easily in the doped system. And the doped system with site exchange is more stable in the
process of delithium, especially the volume change of LisMng 5Gej 55103 55 5 is very small, indicating that it has
good structural cyclic stability. Moreover, the theoretical average deintercalation voltages of Li,MSiO, (M =
Mn, Fe) are reduced by Ge-S/F co-doping. The combination of the density of states with magnetic moment
shows that the Ge-S/F co-doping can improve the conductivity of Li,MnSiO, and delay the appearance of the
Jahn-Teller effect in the Li,MnSiO, system, which is beneficial to the improvement of the structural cycling
stability of Li,MnSiO,. Meanwhile, the Ge-S/F co-doping can not only improve the conductivity of Li,FeSiOy,
but also facilitate the removal of more Li* from Li,FeSiO, system, especially the complete delithium of Ge-F co-

doping system is expected to be achieved.

Keywords: first-principles calculation, Li,MSiO, (M = Mn, Fe), site exchange, electrochemical properties

PACS: 82.45.Fk, 82.75.Fq, 31.15.A—, 82.30.Hk DOI: 10.7498/aps.71.20220473
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