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ABSTRACT

We report detailed studies of capacity deterioration mechanism of Li[Ni;/3C01/3Mn1/3]0, (NCM) cathode after several numbers of cycling
with the voltage range of 3.0-4.1V/cell at 85 °C and after storage at charged states (3.7, 4.0 and 4.1V/cell) at 70 °C for 150 days by soft X-
ray absorption spectroscopy (XAS) and X-ray powder diffraction (XRD). Morphological changes were also observed by scanning electron
microscopy (SEM).

Ni, Co, and Mn L-edge XAS analysis revealed that Ni, a part of Co and no Mn were active for charge/discharge in the above-described
voltage range. Only Ni L-edge XAS exhibited significant spectral changes by capacity deterioration. Ni mean valence at discharged state
increased with the capacity deterioration rate of each sample either after storage test or after cycling test, which corresponds to the
increase of the lattice constant ratio c/a, obtained by the XRD analysis. Chemically decomposed species on the NCM particle surfaces
increased with capacity deterioration. Many cracks were observed in the SEM image of the sample after extended cycling. Crack
generation, formation of the cubic spinel phase on the surface and deposition of decomposed species on the particles hamper the Li ion
insertion to the cathode material at discharge, which is responsible for capacity deterioration. The crack generation is enhanced in case of
the cycling test, while the deposition of decomposed species and the formation of the cubic spinel phase on the surface are more
enhanced in case of the storage test.
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Figure 1. Charge/discharge profiles of the cells for (a) cycle test
and for (b) the storage test.



Table 1. Capacity and deterioration rate after cycle and storage
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tests
Capacity Deterioration rate
* Cycle test
0 cycle 153.60mAh/g 0%
250 129.96 15
500 108.20 30
1000 98.58 36
* Storage test
37V 148.86 mAh/g 3%
4.0 140.26 9
4.1 126.41 18

Figure 2. SEM images of the NCM secondary particles. (a) 0
cycle, (b) after storage for 150 days at 4.1 V/cell, and (c) after 1000

cycle test.
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Figure 3. Powder X-ray diffraction pattern (blue dots) and
Rietveld simulation (red line) of the NCM cathode at 1000 cycle.
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Figure 4. Crystal structural parameters of NCM positive electrode
at discharged state (SOC 0 %) plotted against capacity deterioration
rate. Upper and middle plots are a and ¢ axis lengths in A unit, and
bottom plots are the ratio of ¢ to a axis lengths.
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Figure 5. Ni Ls;-edge absorption spectra of NCM positive electrodes after cycle test (a) and storage test (b). Upper spectra are at charged
state (SOC 100 %), middle spectra are at discharged state (SOC 0 %) and bottom spectra are those from references, NiO (blue), LiNiO,
(purple) and NiO; (light blue). The spectra from LiNiO, and NiO, are reproduced from Fig. 6 of ref. 9, where the energy is shifted by

—0.93 eV so as to fit the spectrum of NiO to ours.
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Figure 6. Ni mean valences at charged (SOC 100%) and
discharged (SOC 0 %) states plotted against capacity deterioration
rate. Each valence was obtained by the linear combination fitting of
the spectra in Fig. 5.
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Figure 7. Co L;-edge absorption spectra of NCM positive electrodes after cycle test (a) and storage test (b). Upper spectra are at charged
state (SOC 100 %), middle spectra are at discharged state (SOC 0 %) and bottom spectra are those from LiCoO, and Lij5C00,, reproduced
from Fig. 4 of ref. 12, where the photon energy is shifted by +1.3eV so as to fit the spectrum of LiCoO, to ours.
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Figure 8. O K-edge absorption spectra of NCM positive electrodes at SOC 0 % obtained with the TEY mode (a) and PFY mode (b). Upper
and middle spectra are after storage test and cycle test, respectively. Bottom spectrum is from 0 cycle.
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Figure 9. C K-edge absorption spectra of NCM positive elec-
trodes at SOC 0 %. Upper and middle spectra are after storage test
and cycle test. Bottom spectrum is from 0 cycle.
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Figure 10. Spectral analysis of the F K-edge absorption spectrum
from NCM positive electrode at 0 cycle, SOC 0 %. The spectrum is
well reproduced by linear combination of the spectra from 59 % of
PVDF and 41 % of LiF.
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(c) against capacity deterioration rate.
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WRERT 2 EZMELTED, ZHU k> THRImEK
PR T 2 2 EHLDRATH 5 & LTw34 —7,
LinS 1%, B34 7 VFRikE % L 230k c o 1
WERBIEZE D 6, FRI2mE S DI A E R VEED
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EREZBEILTW33, 202 b, WINFKRERBEICE
WTHTTIIRIMIIKRE ELLEELC Tl L%
AEL T3,

ARETIE, TEBRRE AN FLEET oL
WOBHZHE LD D THY, Ay b A 7EIEE3.0-
41V/eMIZ L2 &6, RNEZHEI DIINIA 4> &
—¥BDCoA F v T THo7. =7 L, HETHHIZ
HEDICHLEREZETZ 06, REFREZ8°C
(A 7 u%1b), 70°C (BRESHL) 1L, 2ol L,
B DR, WREB X DRI DB WERE T To5{Lll
RTH DI EIEEDR\, SHOEEFMIZ B W TIE
ARBBOBMZIHL, LizAHBET I N—T7 L%
fESL L TSOCH#. 2 FEfi L T\ 3 DT, fAMid 5 DLifit
fantlifInsg 2 &idev, 2D X9 %%, Fig 61
L 72 B LD EST ENCEE TS & DBIRD 6 b 305 &
B, WERONPEEMEZ, HESLL YA 7151k
bRICHEmZRL, RESIE L IZIFHAIBERICH 3,
Z 4, Fig. 41278 L ZZXRDIEHTIC & B cilii/alih = bk &
RESZARIZHTIHEAED -FLTWwE, DI Eik
LALpET IcON T, LEWICSELRREIREICE R
DI AR EZE%RT S, 3T, EMmETcR
ASDPOLA A VIBEHENRELL TWwWE EEZLSNS
Ikeda & b RINEIRAGFEL O EBR TRIBEOME R Z BT v
%, S, BL3REHRESLE YA 7 VS o2fEED
FHALFEEZ 1T\, WiFE BFML 2B LORS | E R
L 7243, SEM{R%0, C XASOFERIZME THILD BN A
WMo TWB I EERBL TS,

P A 7NV TIEABESREY)BEINDE Z LIk,
EH ONCMIZ FE B I P> Talif i3 IGHE L, cfift izl L,
SRR IS S SIS S, L L, FBESED
BEND LW TRFICENEL, 77y 7 BHAET S,
Figure 2DSEMIRIT/R L 72 & 9 1210004 4 7 VEEDNCM -
RRKFICHEE 27 7y 7 DREDPR NG, ZDOREHE,
Lif & VB8 S 295~ Wi S 41, A7 L ZNCMKL -3 58 48
TB3IEPTELRENE 2T, MEFICAMD S IEM
LA A VDRED I K o tEZoNn D,

T LT, MEMARTERIRE TN RO
TR DRGSR~ 707 5y 7135 EE
CTWidot, E25, 0,CKXASORENLS, #£
[ A E U, IEMGRIAHEREE DS 4 7 VI AR & D 2f%
MEd s, s oIlEMmEOHECHERE O MH
A A VEEHECHRICE>TwE EELSND,

4. W&

NCMZ%Z 1Ef & U7 fREN 7Y 77 Ao WT, ¥
A 7 Vg RIMFARRGE S LOHR 2 85\ 2 XAS, XRD,

SEM%Z W TRz, ZDOREE, Hv M4 7 EH3.0-4.1
V/ &)L THRBEZHE) DIEINiE —~FHDCoE VT TH D,
NiZZ W icgfbic X 22V R o ns. 4 7141tk
EREDICB VT, HERBICEL T, EE53H
ELHCRICHE L 72 & &, NFEli%, & rEslbc/at
EDHIEARICH b, HESEITRERICREIRE
MWEIDEHLEZZEE2RLTWE ZOHERELT,
NCMBL oA 7a 7 5y 73 REL 2D, KR
WA RIVHEDER U, BRI MR R D3R I HERE
LTWE, VF7LEEAZEZHEL TV I EBHS
o7, R, YA 7T~ A4rar oy 7
DERBEZETH 2 DI L T, HRESTIZEmER
DA E FIOVIHAE R DSHEE I A & 17z,

E

K XAERICH 72T, BELaAaX Y FEEOLER
Rt Kb BRHESBIZIIEH$ 5.
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