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Motivation

® LiNiy:Mn, 0, spinel

power density: intercalation
energy: 5V material (vs. 4V LiMn,O,)
life time: less Mn3* (vs. LiMn,0,)
costs: absense of Co

® Known shortcomings

Electrolyte unstable above 4.5 V
impurity phase Li,Ni, ,O

Spinel unstable below 3.5V due to
Mn3* formation

® Objective

® Using more than 1 Li per formula
® F-doping: less Mn dissolution

® Fe, Ti-doping :

cycleablitiy
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Synthesis of Fe/F-doped LiNiy:Mn,:0O, ﬂ("‘
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® Sol-gel-process ® Thermogravimetry
4 Li(CH;COOQO)+2H,0 A '
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Mn(CH3COO)2.4 Hzo g |
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Structure of LiNi, - ,Fe,,Mn, ., O, F,
B Xx-ray diffraction: Rietveld analysis

phase ratio

lattice constant

spinel 1 spinel 2 Li,Ni; ,O

% % %

(@) 93.37 259 4.04
(b) 9763 155 0.82
(c) 9578 242 1.8
94.18  3.12 2.71

(e) 9421  4.44 1.35

® neutron diffraction

spinel 1
nm
8.1729
8.1846
8.1792
8.1772
8.1816

and Diff. Profiles

spinel 2
nm
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8.298
8.298
8.298
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Results

® impurity phase Li,Ni, O reduced by Fe-

doping

® second spinel phase

doped spinels: unordered Fd3m (227)

undoped spinel: partially ordered
Fd3m (227) +P4332 (212)
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Morphology of LiNiys.FeqMn; 5,0, F, Q(IT
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Cycleability of LiNi0_5_XFeO_1Mn1_5_yO4_ZFZ
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Cycleability of LiNi0_5_XFeO_1Mn1_5_yO4_ZFZ
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Fd3m (227) - cubic
— [4,/amd (141) - tetragonal
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® Electronic conductivity
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F-doping does not prevent

phase transition

El. conductivity increases with

Mn3+ and Fe content
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Cyclo voltammetry

specific current / mA g’
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Insitu XRD @ Anka: PDIFF beamline [/l [T | ﬂ(IT
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Crystal field theory SKIT
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Jahn-Teller distortion ﬂ(".
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m  Hermann Arthur Jahn, Edward Teller, 1937:

Jahn-Teller theorem

»,any non-linear molecular system in a degenerate electronic state will be unstable
and will undergo distortion to form a system of lower symmetry and lower energy
thereby removing the degeneracy”

X2_y2 z2 M n4+ M n3+ X2_y2 72

Fd3m (cubic) O D,, [41/amd(tetragonal)
+4 Xy +1 +3 +4
Li;NigsMny 504 - LizxNig sMn,Mn, 5,0,
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Change of the crystal structure ﬂ(".

Karlsruher Institut fur Technologie

m The ideal spinel structure Li,, Ni,:Mn, :0, , x,;= 0, rewritten in the tetragonal space group:

Fd3m (227) - cubic  I4,/amd (141) - tetragonal
L,'b [T

schematic!

—- |
3.5V 2V Lio.o6Nip 40F€0 0sMN; 5604 Lig.g5Nig 50F€0,07MN 1 4703 91F0 09
a=b=c=818A Z less volume change
V =547 A3 7=8 \] and less distortion with F-doping!
AVIN b, 100% tetr, = 9% AVIN b, 100% tetr = 4%0
c/a =1.414 cla=1.524 c/a=1.506

undistorted —
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New series: LiNig s FeqTigoMny5,0,,F, ﬂ("’
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® Synthesis ® temperature profile:
4 Li(CH;COO)+2H,0 ) A Spray granulation
Ni(CH,COO0),*4 H,0 T with LTO-Sol T,, 12h
Mn(CH,CO0),4 H,0 Ty, 6h 1K/min
Fe(NO,);*9 H,O
\____ CFCOOH 5K/min
v ) >
[ aqueous solution ] O, 1K/min t
® XRD:
spray drying e R “LiNi, O |
—— 30000 | EA ¢ R _ s -
[ calcination T, ] = |8 2 s ¥ % a3
:E MJ " A J A }l ﬁ A A, N
milling § zowor—F - CN, e, VT, O, F, ¥ T0
LTO-Sol - - - ~
: - a | Lij goNig 52 Tlg0,MN; 500, P, L9
S[EirEY GO b | Liy ooNig 41F€0.11Tig0oMN1 4604 “+,T, :
- - - :—_ET@_ -
[ temperature treatment T ] C | LIy 02Nig 4gF€0.11Tlg.02MN; 4604 -
2 . . . ! -
d | Lig goNig51F€0.11Tig.02MN; 3603 84F0 16 ©
* . . . C. Adelhelm
€ L'1.02N'o.51Feo.11T'0.02Mn1.35Q§.73F0.27 T. Bergfeldt
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Morphology of LiNig s Feq ;1 Tigo,MN; 5.,0,4,F, ﬂ(IT
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M. Offermann,
U. Maciejewski
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WD = 5.7 mm Photo No. = 5937 IAM-WPT /KER | WD = 5.3 mm Photo No. = 5944 IAM-WPT /KER
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Cycleability of LiNiO_S_XFeO_an1_5_yO4_ZFZ

m 23C

specific capacity / mAhg
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capacities

1Li

2Li

1Li

2Li

LNMO

theoretially

146.70

293.41

675

1100

20-50V

LNMO
Fe,Ti- doped

135.14
(C/2, 6. cycle)

294.84
(C/20, 1. cycle)

616.95
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1045.39
(C/20, 1. cycle)
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Cycleability of LiNiO_S_XFeO_an1_5_yO4_ZFZ
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m F doping reduces side reactions at the cathode electrolyt interface

16.05.2013 S. Glatthaar -  EnMat Il

Institute for Applied Materials



18

Comparison: Fe-, F- and Fe-, Ti-, F-doping

W performance test
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B electronic conductivity
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= F-,Fe- and Ti-doped LiNi, sMn; :O, retains almost 100 mAh/g at 10C

16.05.2013 S. Glatthaar

EnMat Il

Institute for Applied Materials



Comparison: Fe-, F- and Fe-, Ti-, F-doping ﬂ(IT
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® Voltage profiles (C/20, cycle 2)

Fe-, F- series Fe-, Ti-, F- series
' 1 ' I v 1 ' 1 ' I ' ) T T T T T T T T T T T T
50F - 501 DA
> r 1 > _ / ]
= -
S 451 - S 45 i
g >
= o
© 40 . o 40 i
S S
35| 4 35 _
30F 4 3.0 _
CI20, 23°C ] /20, 23°C ]
2 4.0 - 5.0 mg/em?
25} éigétfa&ren? o . 25 | Electrolytr::g o i
1M LiPF6, EG/DMG 1:1 | {MLiPF6, EC/DMC 1:1 |
i Anode: Li metal 1 g::;::lcl;kl r::"tal
20k S\:vageloklcell . . , , . , . , . I 1 20l \ | . . , , . , . I I o
0 50 100 150 200 250 300 0 50 100 150 200 250 300

specific capacity / mAh/g” specific capacity / mAh/g”

W Tetragonal phase transformation of Fe-, Ti-, F- doping samples less prohibited than
for Fe-, F-doping
B Determination of the cell parameters of Fe-, Ti-, F- doped phases needed
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C lusion
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m Full 2 Li per formula cycled with Fe- and Ti-doped LiNi, sMn, :O, (294 mAh/g, 2. cycle)

m Energy density up to 1 kWh/kg

= Doping improves the high voltage spinel LiNiy sMn, :O,:
m F doping: better temperature and electrolyte stability,
m Fe doping: Less impurity phase, better electr. conductivity
m Ti doping: higher capacity, better conductivity and performance .
mTogether: improved wide operation voltage capabablity

acity / mAhg”

pecific cap:

m F-,Fe- and Ti-doped LiNiy sMn, ;O, retains almost 100 mAh/g at 10C
m Lithium containing anodes (2V) and a more stable electrolyte (5V) needed

Further experiments necessary:

= insitu x-ray diffraction Thank you for your attention!
of the Ti doped samples

The financial support from the Helmholtz Gesellschaft and the state Baden-Wurttemberg is gratefully acknowledged.
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EXAFS - LiNi, ,Fe, ;Mn, -0, AT
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Raman spectra
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a| LiNigs Mn®, ;Mn**, 5 O,
b| LiNig, Mn®, Mn**, ,Fey,; O,
C | LiNig 4sMn3*y o Mn%, o Feq; O,
d | LiNig s M3y ;Mn**; o Feg 1 O3F 4
e | LiNigs Mn®*g Mn**, , Feq; O3 6F
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Thackeray, M. M.; Johnson, P.; De Piciotto, L.; Bruce, P. G.;
Goodenough, J. B. Mater. Res. Bull. 1984, 19, 179

= Raman spectra do not show significant change of local structure, A,: 625-637 cm!
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