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In-situ X-ray Absorption Spectroscopic Study of
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Li-lon Batteries
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Fig.1. Rietveld refinement results of neutron diffraction data of as-synthesized LiMn4 sNig4Feg.10Oa4. Fig.4. (a) k3-weighted X(k) signals and (b) their Fourier transforms at the Mn K-edge of
LiMn,4 sNig4Feq 104 at various states of charge and/or discharge.
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Fig.2. Electrochemical profile of LiMn4 sNig4Fep.104 during in-situ XAS study.
= Structural changes are reversible between 3.5V -5.0V

— Significant changes in the EXAFS signals below 3.5 V : Tetragonal phase Li,M,0,4' (~30 %)

XANES — Regions around Mn atoms undergo Spinel— Tetragonal transition earlier than regions around
. Ni atoms
| (a) . e .
(= tsp 20- (b) = Spinel—Tetragonal transition irreversible upon subsequent charge to 2.9 V
~ 121 7 ~
. _ )
Z 2\ ;1.6 |
S / > < “1*Ta) ¢ Mn-O1, 4 Ni-O1 *018 1)
9O / o H -7 0 /IWN\N\ T e
8 09= Pristine B 208 - 0.014 -
3 | IR | ——47V § teqh0— R E\ _________________________ A oo S ]
re! 6537 6540 6543 6546 || 50V e 8331 8334 8337 ] Ni2*-0 L % 0.012
D 0.6 ——4.7V* 5 2.04 - A 4 _
o ——35V N 0.8- — ' Ni**-O 0.010-
S —ggx e Pristine  ——2.7V °$2-00‘:::::::::::::é::::2‘{::::::::::::::::::::::::::::::::::::::: 5 :
S 1 . o —4.7V —20V § L A~ < 0.008 -
z 03 1s—3d —2-93V < 0.4- —— 50V —— 29V o , “o _
Mn~" — 4.7 V* —  Ni* l 3.5+ ]
N Mn* ——35V N 1.92 {Mn iO 1 ; } ; 0-006_
0.0 ' ] ' T ' T ' T ' T ' T ' 0.0 . : . — | . | ; , . | . , . RN | |
6520 6530 6540 6550 6560 6570 6580 6590 8310 8320 8330 8340 8350 8360 8370 8380 8390 1.90 -::::::‘%:::::i::::::‘:::::i::::::+::::::l:::::::::::::% S . |
Photon energy (eV) Photon energy (eV) — i A— { _______________________________________ 0.002 -
1.88_Mn4+ O % B
I I I I I I I | 0000 I I I I I I [ I
Pristine4.7V 5.0V 4.7V*35V 27V 20V 29V Pristine4.7V 5.0V 47V* 35V 27V 20V 29V
1.8 —=Complex chemical shifts at the Mn K-edge Charge | Discharge | Charge, Charge Discharge | Charge |
15 = Difficult to judge the valence state of Mn

Fig.6. Variation in the (a) metal-ligand bond lengths and (b) their distribution around Mn and Ni

i} - =Splitting of Mn 3d orbitals due to crystal field of atoms at various states of charge and/or discharge of LiMn, sNip 4Feg 1O4. Solid lines indicate me-
'?21 oxygen ligands tal-ligand bond lengths obtained by fitting the EXAFS data of various reference compounds and
g O e e e i =Mixture of Ni*" and Ni*" in the pristine state dotted lines indicate uncertainities of the fitted values.
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Fig.3. Normalized absorption spectra at (a) Mn K-edge (b) Ni K-edge and (c) Fe K-edge of Reference
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— Deep discharge below 3.5 V gives rise to Spinel—Tetragonal transition with the concurrent reduction of a fraction of Mn**—Mn*®* and that of Fe** —>Fe**
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