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An analysis for elucidating the mechanism
of capacity loss due to calendar aging in high-
power lithium ion rechargeable batteries have been
performed. The degradation of the batteries used in
this research did not follow any particular trend with
storage time, so that it could not be explained by
the general, simple square root law. Electrochemical
measurements revealed two factors that lead to
degradation by a capacity balancing shift among the
electrodes. The two factors are: the loss of active
lithium which flows between anode and cathode, and
cathode capacity fading. In order to identify the above
two factors, we performed some material analyses of
the battery. The results clearly showed that the loss of
active lithium is caused by the formation of a solid
electrolyte interphase due to reduction of solvent in
electrolyte on the anode surface, and cathode capacity
loss due to partial crystalline structure transition
of the active material. A further detailed chemical
composition analysis of the solid electrolyte interphase
showed clearly that as the electrolyte components
undergo electrochemical reductive degradation on the
anode surface, an initial film largely dominated by
organic components is first formed, then change in
chemical composition and structure occurs whereby
those organic components transform into inorganic
components. However, the total amount of lithium
in the film that was measured by material analysis
did not match with the amount of cyclable lithium
lost between the cathode and anode as obtained by
electrochemical measurement techniques. We newly
showed that there is the crucial need to determine the
amount of the active lithium loss using electrochemical
measurement techniques.
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P EFIBT B0 AL v AHLERT3)nMmeNT
W3, ZOXD sREAEAT 2 EMOMHICEEL, A%
IR S M= N & B akBR T — 2 12D W TRl &
B9 710, SRAREREM % E U7z 2 8o aH % 52
ML, &% HIOBRYE~Y v T E2ERT 5. BiMthoh
L v A G UIRIRIE & BEFSE (State of Charge: SOC) I
WAET 208, 2h b & HMARERRIZIE S S R0,
7y TERIZIEEME~ N ) 2 202G 2 RET 2 P Bk
WM TH 5. OB TEEHIRT 372012, 56k,
BROE D HDIRIEIEE B B\ 3 4 2 LD IS
Whlg 2 L REL 2L — MNZ K2 PHIZHWShE Z L
ML o7z O oL — HINE, Bl SR X B
(Solid Electrolyte Interphase: SEI) D& 4 Kz LT
W3, D0, FEMBEFEETIVFY L4 4 Y (DT
Y FoLLiET ) SEIAERO -0 ICHiEEh, EA
R A EETE L KB T LICXDEBMOR RIS LD
IREIZFED T WS, Lh UEMOBIEER D ERK A
MOCHHEAER L B> /R Th b O W08 kim3 &
AT EIITHHL — PHNZABL 2WEHE2RTI LA
5NTnE W W2 kS R ERRAD OB £ FT S
728, BRF R IEAMZ W2 HEBE R X OIEAMO
FIHEFHO T » SR TE 2 Z L MG T h T g -
WZrhs, ZNEDONEEIRDAAZKEE OGO T
HWAOEH B HFFE T 5.
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A 5o LHFEORIRBEREMAL, Z2hoD 2
ZXLTHEDWERRWMD O TR A REEL 2B I h
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Z 2T, AW TIIEMO B ET) A EMEIC PIld 5 7
WIZWETH B, BB A = X LHEHNE L, &
SALZHIE & B MRS E 53 B % ML AG b TR & 5
ML 7z, R TIIEMOFREIMD 2R L Uiz L2
Ko 7GR ETEE L, HHl PO DOV TR
IZCRENC G T 2 PECh 5. 22T, IREDS
LIz K 2 EERD ZHICHL L0 5.

2. EBRAE

21, MRE LA

ATz mRE I Y 77 44 4 V@Bl E H v
7z, BoNFix kB4 100 mm X 80 mm X 16 mm T
H U0, BHIEMIZIZ NMC(Ni, Mn, Co) —JCREINEEL
M, BRIIERERME, 2SL — 2ICidEY L U
ZFUBI, BMRIEICITIRET 2 7OV RIS RS L
T LiPF; 204 7z, SABRICH O 2B by 2 > 7 4

Table 1 Capacity retention during calendar
degradation test

Temperature | SOC Aging time Capacity

(°C) (%) days day'? [oe/:l)antlon
65 80 610 24.7 62.7
65 50 450 21.2 85.7
65 20 450 21.2 915
55 80 450 21.2 84.3
55 50 250 15.8 89.9
55 20 450 21.2 95.8
45 80 190 13.8 83.7
45 50 200 14.1 93.6

Va VI TREPRICERINTED, ZE2BICHEHAT
ZHRETH 7.

EMOAEBREIIHME UMD SOC - 0CV(Open
Circuit Voltage:FARIRTEIT) HifzH 5 P& L 72, HEk
FFREIHHOBME RN T2 HLEOBMEEDOR
L Lz, BB EM 2 T E D SOC IZA®E L
7=k, PrEMRE O MRS IS ERFRE T 52212k D
B o7z Table 112, MREMIZ DUV THTE PREFIREH]
Z e ORMEBERBEERIZIDE SN, HEWND O
ZALDOF % TR

22 BRLFHEE

FRBRIC W 72 B G R R IR L, R, oS — 4
BXOBEREE ZhZhiB L 2. Zh o id#doERIL
S B KO8 2.3, i Mk L 7=,

Rk X M7= B & BT Table 2 123K D 2032 BY
a4 VEMAEFEEL 2 Y s 2O TRKERS &
WE L HRMELE B Z ko7 A BT =R —7 2L
(Cathode half cell) 1% 2.5 VETD, Eifi/y— 7 )L (Anode
half cell) I£ 1.5 V EF CORBHRREARMBER R LTEH
FRHEL 2. 208, EMx 2.5 V IR, 4.2V EROE
JEPH, A% 0.1 V FRR, 1.5 V EROBERHHOR R
AUEL, ThZhomARE Lk, JlEiciddEms z
hEh3WHREL, Zh o OFEE %KM L 72,

Ak, FrmEis X OHE A S Bk A MY 51
¥, BXORINEME 3 4 v BMICHAATEEIETNT
TILITYH AN L =g —T 8Ky 7 ANTEL 7-.
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Table 2 Coin cell configurations for electrochemical

measurements
Cathode Anode half
Full cell
half cell cell
Cathodes Extracted Extracted Extracted
cathode anode cathode
Anodes Li metal Li metal Extracted
anode
Separators New New New
Electrolyte New New New

v 3 VK1) v ¥y (Cross section polisher: CP) TWrifi %
fER L, Carl Zeiss tH#! ULTRAS5 B A 7TIE T P HE
(Scanning Electron Microscope: SEM) & W T#EIZ2 L 7=,
MBI EHO L7 2 27 7 Xy L&, KRR
T SEM BEICEIU 2. B L 2Z1EMA, S0y v 7
LEGID L, HARE 8 JEM-ARM200 BUEATE R
1S (Scanning Transmission Electron Microscope:
STEM) % F\Cllrif 2 8155 U 7=, BUERAHEURHI R A A+
V¥ — 4 (Focused Ton Beam: FIB) 3& & & FI\WCTHERK L 7=,

2.3.2. S FIE I NYT ML

BRRD ) F v LGB ETIRGEZ R T 2 BT, [k
"Li BERG LS (Nuclear Magnetic Resonance: NMR) & #X
I NG E B 2 oz ML 2B O i 5 ' u —
TRy ZANTHAE ZHEEL, ME4 mm O NMR # >~
TOEIZTIAL, B L Ch o llleicfit L7z, FEE NMR
DOMEIZI1E Bruker 13 AVANCE 1T 400 % 7=,

BRI ST o BT ds K OVEURR SET il M8 43 73 B 13 78 K
'"HNMR T# Z 7% > 7z. it 5 ML U 7= BRI 5 % &
AKFL7E b =1 VI (CD,CN)IZVAEMR L, NMR HlE I f
L7z, SEIRSHiiE s a— 7Ky 2 2N THIEE L 72 Bk
B Al & EHK (D,0) THit U, [ & HUD B 7= 4l i
% NMR #lEIZ U 7=, 7 NMR ORIEIZ I3 B AE 1L
B ECA400 % f 7.

2.3.3. /XL -2 DETERIE

RAREM A S L7z SL — 21 ra—T Ry 2 %
NTRIEY A FLEHWCTHRGEFLI2%), sa—T Ry
ZR6ED L, KAFIZEVWTERE 2 HlE L7z, fllE
ISR RT3 — L — X5 v Y A — 4 G-B3C %
Hu7=.

234 SREEFEREE T T ARSI IEICL 20

BIRWEH DY) F 7 LA & IR E &5 E & R
AT 7 X~ FHH K #rid: (Inductively Coupled Plasma
Atomic Emission Spectroscopy: ICP-AES) #HW\W Tk Z
Koz, TEROEMKAZTREL, REME A TNEL,
BIREE MR T)F I LA XV EROERE L. 7B
W & MK CRTEIREICAHRL Th 5 ICP-AES MllE % k5
ko7 BMAHIO ICP-AES #ificknwid, 7 a—

TRy o AR TRIEEL =EAE A TERFEL, ROBE
MATMES 2 Z LI K DRBER S EFML, A X V&S
IR E L 7=, W% K CIrEREISHRL THr 5
ICP-AES Mg % 5 Z 75 » 7z. ICP-AES Z3FriEizid v 4
a—4 v 2V XY itE SPS3000 & L 7-.

235. 44> v0% NI T 7 4 B

AEVESE I T CRIEE U 72 B Al 4 8K THi L,
R 2 LD B - oz 4 A v oua~ 77
7 4 (Ion Chromatography: IC)IZX D o3tiZ& 6 Z &\, fil
oA A+ v &N, BRE L7 EIZIE Dionex fHEL
DX-320 44 voru~v b 777 4 EEEM, #7410
4 mm ¢ X 250 mm [d] TonPac AS4A-SC, AEERIZ TR IE
KKF bV 7 LKIEHEZ 7=

2.3.6. X {RHEFHIAH

sua—7FKy 7 2 THPNL -EaEEHO T v
A7 7 Xy LT XHNHESN (X-ray photoelectron
spectroscopy: XPS)HIEREIEAL, MIEEHI &>
=, BEEIZIZ ULVAC-PHI #1#! PHI Quantera SXM %
FHVY, P X ##95121% monochromatic Al K, i, % (1486.6
eV) ZfiH L7, X #ie — 4813200 pm Th 72, 22T
XPSIZ&k 2 EMHNE, KH» 58 2 nm DRS F TOHK
AWM E FICKML7Z28 DL %5,

2.3.7. B X AR A i

yu—78y s 2R THINL 2B EHHO T v
AT 7Ry -t)b“(%XﬁWﬂl’?ﬂﬂﬂ% &A1 (Soft X-ray
absorption fine structure) 3EIZEAL, W&+ B I k-
2. AREOH A XTiE 1 mm X1 mm TH o7z, X H
WSS PRI R 3 V5 M B — PICIR(F L CRi» 5 2k 5
HEETOEMMBIERLE S NS, 08T IR
(Partial Electron Yield: PEY) 13y 2 nm O X £ T, &%
TUNEEE (Total Electron Yield: TEY) 134 20 nm O X
£ T, W aIUE: (Partial Fluorescence Yield: PFY)
1359 200 nm F TOE S FHIEOLA WML ERLF SN D,

238. =V 1 BEFHREICL DRSS AAEBL

7U—7¥v72¢?@ﬂbt%@%ﬁm®b”
VAT 7Ny L TERNY - D 2 BT
(Scanning Auger electron spectrometer: AES) |28 A L,
HEEB I k-7 RElZiZ ULVAC-PHI tH# SAM670
ZHO, B Y — 41813 100 nm Th - 7. ikt %
ITyF I LAEBLHMELBREDETZLIZKD, HEHN
129 AR E LD 5T & %6 2k - 7-.

3. BBERS L UEE

1. RESHEHBORBR
Hg1_$ﬂ MR EIMOFALREASR (Table 1) D—
il Z 755 . BRI AR AT H OB AR, fifhis 2 R R
2D, BRI 22bE T oy b Lz ZORE
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Table 3 Degradation analysis results

Aging Analysis method Results Reference
phenomena
Capacity loss Electrochemical Observed 1
measurement
Active Liloss | ICP of electrodes Observed 2
and electrochemical
measurement
Cracking Cross section SEM | Not observed 3
observation
Delamination | Cross section SEM | Not observed 4
observation
Li plating Solid state "LINMR | Not observed 5
Loss of NMR, ICP of Not observed 6
electrolyte electrolyte
Clogging of | Gurley densometer | Not observed 7
separator

(Table 3, Reference 1), IRAFaAERIZ & 2 & RIR/ME HAT
L= FHI THbH—DOEMIC BT, HLHEEHX
HA B CO=ZDDREZMERIZIFHANTNDE I LhD
Moz, BAIRANS BV CIE, BERMEEFRE SR H B OF
FRUZIHI L, ZhFHude — FRNSHE - T2 5, fiisk
RICARMiSE L s> Tl ) —DDOHHIL — NI TEH$ 5 Z
LIFTE AN 5Tz,

ZOEHIZ) F U L4 F VEMOFCFINL 5L —
FANZEAED T, AR OIRINZ SET R D A% 5 3
THZEWRBEGTIEENWZ ENHE M 5 7.

3.2. BEXLFBREDFER

Fig. 2 oAU EINER R AR 1 0 BITR§ &4
i3, Fig. 3(a) IR T HEIZE DR 72, §hbb, EMk
TR E R O carnone V&, LA LT 72N — 7 2L O RS

100 o=
< 9 |
e I
s | 0 TO0C%Cmogy---__
£
[9]
s 80 }
=
©
]
Q.
©
S 70}
A : B . C
60 'l 'l 'l L
0 5 10 15 20 25

Aging time (day'’2)

Fig. 1 Capacity retention of Li ion battery during
aging (aging condition: SOC=80% at 65°C)

525 VT, AMIKIKERRE O (30— 7 LD T
BE2S%15 VETHRETSZLICXDZThZThRe
7z, ThE E AW TIEABROAM AR O 31 0, KA
THU L 7.

Qshiﬂ = QR,('at!mde - QR,anodz' ( 1 )

FIHFEH O TN E B L CEmKRER R, HILaioIE
fi ks & OB BTN E L L 72,

% 72, Fig. 3(a) ® =D ORI TRd & 512, FIFHHEH
DT hEE K CERERIRD 525, Bl 72 & feR
ALi S FORIZK 5 TR 5 5. (Table 3, Reference 2)

ALi = Qi + AQ unode (2)

- -

— 5

AQ.uode: IEMRA WA 57

Fig. 3(b) IZIZ ZDOFETRD =) F 7 WA R % ICP-
AES OHIEMER L GHYE TRT.

3.3. Bt OB IIER

3.3.1. SEM & L U STEM

FHALSERmRWTIHO SEM BIEIZH W T, IEEME 8128
ffgDE|, B L OCHEEERD? S OFFENEE TN L
% fifis® L 7z (Table 3, Reference 3, Reference 4). —J5, &
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Fig. 2 Capacity retention of full cells and electrodes
(a) Capacity retention (b) Shift value normalized by
new cathode capacity. (aging condition: SOC=80%
at 65°C) (Triangle: anode capacity retention;
diamond: full cell capacity retention; square: cathode
capacity retention; asterisk: residual anode capacity
normalized by new anode capacity; circle: shift value
normalized by new cathode capacity)
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(a) Schematic drawings about active Li loss,
cathode capacity fade, and capacity shift
between anode and cathode.
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(b) Li amount on the anode surface measured
by ICP-AES (diamond) and active Li loss
measured electrochemically (triangle)

Fig. 3 Active Li loss by SEI growing

U2 B W X EMBEYEEmIC SET O Bg & -
(Fig. 4 HORHIT/RS G S) .

EMmEWEOWmE STEM TBEL MR %
Fig. 51Z/R§. AWFZE TR 72 8 ith o 3 V813 28 1 7R
(Rhombohedral) RO IRELE) 77 4 EREIEER{LY
TdH 5%, STEMARIZIH\\T—DDHEEHRINIZ D DK
DIAET B Z L 2R T 3R A T Y T X b ABIhT.
W§3#543 D STEM %D Fast Fourier Transform (FFT) /8% —
Vb, ZBEIAICIEZ E AOLIK (spinel like) fi & i A3
W5 W00 SRR Oy Y 20 R 2 (LA U T
52 L AL 72

3.3.2. WK EEI~RYT ML

FRA A O LiNMR 2<% bLIZiE, 0 ppm(LiCl
FHE) (DY — 2 DABIE SNz, 0 ppm (HEDOE — 2
Y FYLBRICRBEEI NS, ) F Y LAGBOBEND H 5175'7
A, 268 ppm FHEICE =2 R8N 5. AWFFERRE I
W ZDOE =2 ABMR S h 572729, Z'Kﬁﬁjn

IXFBMEEE L & H - 72 (Table 3, Reference 5).

@W fRER O THNMR 3 OFER A &, A5

CEWTEMK TR OZEZEE T AW Exbhr >
7= (Table 3, Reference 6).

B E AN O THNMR OFER 2 5, MEOAHEK
HELTAMRUHE, T bRV ) aF o T4
F v, BROMBA L vt s, £72, &) bE
e Ul YR, V) VR X FOLEEEHRS M e,
7L 3 F LAY B IRALIE B o O Gy AR, &) v
LB YNTEIRE B 5 NIZIRIMAID 3R Th 5 &5 A
5h 3 1 19 (Taple 3, Reference 2).

3.33. /XL — 2 DB EAE

il KOS MBS SEIRL 222/ 5L — 2 OFEXE
WZKEBENR BN 57T NG, L —2DOHGEE D IZ
A TnknwkEz 5h 5 (Table 3, Reference 7).

3.3.4. ICP-AES #'#f

SEIHDY F9 44 4 v EWWERIAIETZ) F Y
LA KXV ERXBIT S 729, ICP-AES HlE ORiiIC &G0k

Fig. 4 Cross section SEM image of anode (arrows
indicate SEI)
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BERREE L, BREWEIRAET2) Fo Lty
HAEEE L ICP-AES M@ TR 6 h-Bfhoiky) 7
T LKV (Table 4) 705, BERRICHY T2 +
Y LAk VA (Fig. 2(a)) #2515 Zki2kD, SEIEPO)
) F L4 F ViEERD 72, Fig. 3(b) & Table 4122 DJ5
ETRD 7 SETHDY 7 44 ﬁ/ga%mﬁﬂ@$ﬁ
WOREBERT. VFI 243 YORIBIALHSEA TN
%)L— RO D e —F L 7= (Fig. 3(b)) & DD, Fig. 3(a)
ISR FETRD 5N AL L 133 L &5 - 7= (Fig.
3(b)).

FihiD ICP-AES HllE 2>\ Tid Table 4 15k 2 560,
Ni, Co, Mn DERE B I K> 7. SEIIZE N2 EMGE
DEIFVTNEG 0.01 wt% KWiTh D, IRIFIREHINIZ K 25

T e g

i

TEM image

STEM images

1
1
|

\

FFT patterns '~

\

Crystal,structure change \B\efore change
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SHRERE o

B TV At
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&

Rhombohedral
(LiMO,)

Spinel like
(LiM;O,)

Fig. 5 Cross section TEM, STEM images and FFT
patterns of cathode active material

Table 4 ICP-AES results for anodes
Aging time Results (Wt%)

(Day'?) Li Ni Co Mn
0.0 1.42 <0.01 <0.01 <0.01
6.2 1.78 <0.01 <0.01 <0.01
7.7 1.94 <0.01 <0.01 <0.01
18.6 3.01 <0.01 <0.01 <0.01
24.7 4.27 <0.01 <0.01 <0.01

Aging condition: SOC=80% at 65°C

M B X N i 572728, Al B2 B0 TR Z
BEEMHIIEZ CnanZ & 2R L 7.

3.3.5.IC #h

B AR D 1C A OMER» &, 7 v FA F
YV, VavuBBAL Y, BEO) VAL VYRR
INEDA & VIFERIED 5 TR IA O 5 T &
5EEIOND. DB, Ty A X VORBIIHIOE
TIZONTWMUL 72, 7 v R A F Y OAHEIE SET HIC LiF
R DEFEERELTWEEELSNS Y,

3.3.6. X IRHAEFH KA

XPS DGR S, IKFERFD S B, REHH 5003
IRBBT Z TN D 3% 76 7% & DT\ 7zZ &
b o7z, XPS TlE, KRB & RAGRZER ST O XA
DEIZL WY, RBIER OB REITTE AL 720, ¥
2 nm £ TORMIZBNT, KRERFZHILOMEITIZES K
XaZIEE TRV EEEENS.

3.3.7. B X AR AIAE & i D A

Fig. 6 IZEM&R DK FE KRR Z X2 bLERT.
TH P YT FLF—289.0 eV & 290.6 eV DWIE %
NN H IR = NI L RBIEO R IRE S5 ® . %
2568 2 nm DX ETIEH LA FEOPIUZ R T
SRR DI A A - 7= (Fig. 6(a)) DIZX L, Kiii» 5 20
nm O S FTEET 5 & RBIEOIN A K 058 -7z
(Fig. 6(b)). FRIZIRHF A B A 18.6 day'” & 24.7 day'* DE
U2 B TUE, B A 4 v QWA J7 )L A =)L FED IR &
DEREL B o7 LR S 200 nm O X L TORERIC

EIZ M EE SRS 2 IRBR I B AA YV TH - 72
(Fig. 6(c)).

INEDORERM S, SEL ki & i U THlREIZTN
FIRICK DL DRBIENGENDIEELE5N 5. 293.0
eV B L2955 eV OMRNITE 1231 v &FD C-F 1207
FEns @ FEIZHAT, HIEOHETIZON T C-F Ol
IS A L7z, Zhid, BT IO T SET 2E
K%B25ZLIZE38DTHD, TORESEEMITIRE
dDLEZOLNS.
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COOH 3.3.8. 7.'- - :/ T %%/ﬂ\ﬁ%iﬁt: ct % 53& é ﬁﬁﬁiﬁ%*ﬁ
(Caborih - N\ CF Fig. 7 ICEMBERO F, C, Li, P, O O X SIADIAE
wmoMART. SEIRAA Ty F v LENSHIET 5 F
3 | 0dv” WEHWZ2, EfELESOBEIIES T AW, M
s . RIRII L E 2 bh 3. T2 TERBER SO %
2 le2daye /icOs | SEIDEX L&KL T, ZOMIDORS % SETRTE L
z (Carbonate) . N _ = N -
= ' 7z. Fig. 7 1R L 723 E NS ORI 54 6 b % & 95
§ I, EEOERSIERETH 5 7285, SROVFT LS
S GER T 3.2 BIOBKALEME TR L2 &S 1l
P ENAMITH T P A FERIE > T2 (Fig. 2), I
24T day’C of ocier PEAHO ) F % A GRAREEIRE LTk ) F9 4
) ) ) ) ThdrEHEAZLNS. —J, SEIIZBWT, Fig. 7(a) T
Photon energy (eV) FALDOHEITIZE 785 SEI DFRIZEK - T, SROEHETIE
(a) Partial electron yield mode COHEENWPL, RO IZLIioEGHEESEML 7. &
Soon MAID 2% 7 5 & F OBIGIT LI/ & 2 5 72 (Fig.
(Carbonyl) ; C-F 7(b)] .
F
3 | oday» 100 \ —_—
< . S S D
FC_% 6.2 day'’2 (Ciarbt:)nate? 80
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