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Tab. 1 Specifications of the test cells.

Item Specification
Cathode LiNi,Co,Mn.O,
Anode Graphite

Nominal capacity 2.85 Ah (C/3, 25 °C)
Maximum charging current 1C

Charging cut-off voltage 420V

Maximum discharging current 2 C

250V

Charging: 0 ~45 °C
Discharging: -20 ~60 °C

Discharging cut-off voltage

Operating temperature
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Tab. 2 Orthogonal design of experiments: Ly(2x37)

No. Blank 7/°C ¢/C V/V ¢/min i)/C

1 1 0 02 41 O 05 24 0

Vo/V  ty/min

2 1 0 05 42 15 1 25 15
3 1 0 1 43 30 2 3 30
4 1 25 02 41 15 1 3 30
5 1 25 05 42 30 2 24 0
6 1 25 1 43 0 05 25 15
7 1 50 02 42 0 2 25 30
8 1 50 05 43 15 05 3 0
9 1 50 1 41 30 1 24 15
10 0 02 43 30 1 25 0
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Tab. 3 Stress levels in the full factorial design of experiments

Stress Symbol Level 1 Level2 Level3
Ambient
mbien T/°C 0 15 30
temperature
Chargi t
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Charging cut-off
arging cut-o VN 405 415 425
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Fig. 1 The R-Q plots of the cells under different conditions in
the experiments of L;g (2x37). A dashed line is added

to indicate the separation of the two aging modes



<610 -

w,

1

A

2 2016 4

T AR | e AR R R SR H . X
A S AR R 15 K B W R 2 T BT A R R R
DAL L A7 B A 000 2 A A X X3 7 T FL Y
et FE R A AT B o B AR 1 b
e OGP A R p AT B, H AL 22
SEI(Solid Electrolyte Interface) i ) £ K ; i “ & 1k
FE 27 b A B BT R IR TR A A
S N I N O Tl N K R~ i R R = R O
RELSE M 45 /0N, L F, b 7 2 5 M 5. DLk R
“EABEC 1A L, AR 27 Hh i R S A i R
H IR 25 2t 045 100 F I BELBS e /).

B S —2 Ml LA T <
27 AT T B P BHL -2 0050 A X 4 1, < A
1O R A0 Y P BE-25 e T b A A b A
S AR 17 v A LB 322 SET Y
AR AN SRAS TR) T 000 1 R Y A Ak A8 b SET RS
BT AR ARL, VDA [ F 25 5 i 2 X iz AH 3 7 P BEL
B PR ot P BH-25 o e B AR A s i < 2 R 27
W AL AL ER A5 SET Y A= K R0 BT 28
ANTR) TR 3 9 A A LR BT Y B R [
R 43 T PN B -7 i £k
2.2 BAAE fe 3 Hir o ) ik 4 i i 42

Ea iR AR CAP U S A VTR o G ORI
A DA S 25 s 4 e 4 ok A Bk 3R 1T SET fiE
M AE K. SET R AR 3 3 N FE I (L s 2 BT 12 )2
S0y Y U], BDFR Y 2 o Ol A RTR BE O RN

/E 1
o |y
\R)T InA ©)

ke J2 R 2 R e R, A R AR T T,
E, 8 B iR EE (kI -molh), R J& H AR
HALJ K mol ™). Rt 3l i HI W Ink F1O1/T S A5
Shy M G Z R L A ) R b 2 Ak B 5 A
ki SEI A=A, DT — 2 4] W7 v 3tk A 3 2 5 R A=
Br.

Z 3T 122 A G e SR, T L
5 %) H 25 e el R B Ink 5 R B R0 8L 1T
MIOEF Gl 2 Fros. Ha BT, 1, DFERR 4 FV,
BICAS A WK 1 XS T, Se R A =
Pl ml g, X6 07 &1 Hp i = A B S e R R
(T, 1, D2

WAEE 2 PR RA Ink 5 1T B9 5, il E
Hh i B R =k

1) Jo b 1A T30 GFE i 20 T8L(T, 1, 1)

Ink = -

Hp = AR X I 1 R R IR R T AR e
B (T, 1, DX A=A T00F AY AL e
LA R A K AR AT AR TBL(T, 1, D)X R
B R RPRE DR AKX Q)P s L EE E, = 6.55
kJ-mol™, 5 SCHk H 19 45 S AR U2,

HETH TFEERAFARENLRKANE
Z=, ok R B I e PR O R AR, THL(T, 1, 2) (T,
2, 1) PR 25 o o el R AE YR BE 15 °C A1 30 °C T H
BT 46 J& 12 0 o DU 980 B & SR R T 00T, 1, 1) E 4 iR
JE O UG 1Y 25 RA AL RS U i 2 1k
a7 R S G R R 2 A SET B A K X
PUAS T80 H 3t 2 Ak ot A2 v JE AT 4 & AL DR e T
LAA) A5 4 7 I e R 0 i (AR T R = A JE Ry
JE) BRI TOLF st (1 2 Ak J2 th F SEL Y 2k
KR E, Tl SR m T AT

2) A TR TG (SR RS ) R TR,
P AR T 198 5 ek e gl 6 L e T R AT A
L St IR R AFAE BT, T 3 B e D
R Qi T B(T, 1, 2)H H i 75 B 5 s 2R 7E 0 °C [
15 °C TP, W AT LUHE Lt 7E 0 °C R PR £
e Fe A MrAE 2R UAY, T00(T, 2, 3)h B i 75 B
YO FAE 15 °C Fb 30 °C R SR T AT L A v
1 15 °C "N AR 2 B 608 3% 180 A7 A 2L AR 48 0k 7 7%
SR 5 (AR IR A S MAIERJTIE ) AR il Tl LLA
Wi AT R A Y T

3) A S S AR Tl . e AR
RN G R R | AR D N L =T N E R T}
JG 100 W Fi b 3 Al i AR v R S G BT

—e—(T.L,1)
—e—(T,1,2)
-1t —e—(T,1,3)
—&—(T.2.])
——(T,2,2)
21 ——(T,2,3)
—B—(T.3.])
—&—(T3,2)
—&—(T1.3.3)

Ink

39 4
x 10°

36 37 38

1/T(1/K)

-5 L L L
32 33 34 35

B2 a5 9i8 b Ink 5 1T BEHR
Fig. 2 The Ink-1/T plots in the full factorial design of exper-

iments



%7 6 ]

SR G A TR Tl I R A AT S Y BT A +611-

2.3 M BE-B = Hi% F 4E fe 53 Hi o M ik

et g R — B

K3 R4t IR 7 9256 rp O [R] T 00 R B b e %
e B R BE -2 e R Hh E 3A el
T A A AE B, FR T R S 2 e R
BN, FEAR YR S5 v R S 1 2 A 4 A R P BELAE
BN N P25 5 T o R FE 4y kR, TR I
P 3B N AT AT AR T B0 A A AR R A
FH-Z5 G2, S 1 X e n] X e T 00 R
AR T B st 27, B Ak i A v oA i A
5, R R R BT A8 T2 1 30 o DU 3ok AR Py - 25 Lo
BB R &5 R — 8, FE— R LR Tk PR
TR EE L K] 3C R TR JE 2 Hir o D) ik Xk DA H)
W 2 75 A7 6 BT AR A T 00 L A P B2 SR R
B 5 E 1 X R B e TR sk R T

0.6 A i
0.15 —e—L,,(1)
05k —e—L27(10)
—e—Lz7(11)
g —G—L27(13)
g ——L,,(19)
0.4 E 2L 5
% 2040 —a-L,,(20)
2 ~ —=—L,,(22)
S
2 03F
[72]
Q
(-1
003 : : : ‘
- 6 2 28 29 3.0 3.14
0.2 Capacity/Ah
0.1 % 1

1.0 1.5 2.0 2.5 3.0
Capacity/Ah

0.6

AR 27, AT DI e s s T T
WG PR R e S, X A — E R B
Tt B SR FH P BHL- 25 2t B0 300 32 FTBRT 48 2 12 307 o U 2 AH
456 W E T L RE IS A5 B T HER 1Y 4518
2.4 HrEB i 5 R a9 iE
24.1 DVA ZXHBEMRKFKIR

T B UEAT AR A Ok R, AR 1Y
PP 2 AR b i s B — A S T, R
DVA 5 X 43 PN T00 T H b i) 25 2 458 2 SR U, I
AR 1A TN 2 2 R Lig(9),
RS 27 BE R Y T 3% 2 H iy Lig(18). DVA %
S R Rt 4 R R R AT 9 L AR LB Y —
FH B 52 05 vk 0 R, il 2 T e S AT 22 Uik 0
By DVA 4, B> 05 2 7 v b 78/ 550 L I v
FEAS A B DX S, HGE I AR AR I A, Rk

0.6

——L,,(2) ——L,,9
a5 ——L,.(3) ——L,,(12)] ]
—G—LN@) —E—L27(14)
——Ly®) —a—L,(19)] |

c 04r
B —e—Ly(©0) —=-L,,16)
=1
$ sl —+L,,(N —a-L,,a7| |
g —L,,®) —a—1,,18)
0.2
0.1F

1 '.0 115 2'.0 ZI.S 3.0
Capacity/Ah

Resistance/Q
o o =
(5] B~ W

:

S
]
T

e~
=

——L,(17)
——L,,2D
——L,,23)
——L,,24)
—e—L,,29)
—o—L,,26)
——L,(27)

1.0 1.5

2.0 2.5 3.0

Capacity/Ah

B3 D7 S0 A ] 00 T A A P B2 R AL AT B T (RN R RO AR ) s B AT T s C

BT £ J % 4 o DU LK) i 70 A AT 04 T 00

Fig. 3 Comparison in the R-() plots of the cells under different conditions in the full factorial design of experiments. A. without

lithium plating (the insert shows the results at an enlarged scale); B. with lithium plating; C. with lithium plating being not

identified with the Arrhenius method



"612- W, e 2016 4F
0.0 : . : : :
é Qi11Q; g Q3+Qq - 0.0 B
<Ql =|< QZ Q3 =|<Q4=
02 1 02}
< 04f < 04}
< S
S <
s 9
508 X -0.6
=
—200 Cycles I;OE:(;VC 1
— cles
0 o -0.8/f f| —— 400 cgcles
— 800 Cycles
— 950 Cycles T 3(5)8 gycies
BELY ] : : ] : YO . ‘ ;
b 0 1.0 L5 20 25 30 190 o5 1.0 15 20 25 3.0
Capacity/Ah Capacity/Ah

K 4 Lig(9)(A) F1 Lig(18)(B) T4 N DVA il £k Bifi 1 34 vk 5 1) 78 1k

Fig. 4 The DVA curves with cycles of L;3(9)(A) and Ly(18)(B)

DVA 7 BERS [X 23t H i e 2o A% v 8 JL A A A8
DX, 38 2 b A B A A T A B B A 2 A AR AL AT LA
44 R b ) 25 A 2R ke U DX 43 o L S T 461 2K (Loss
of Lithium Inventory, LLI) 17 1 4 i 41 2% (Loss of
Active Material, LAM).

& 4 J Lis(9)F1 Lig(18) W54~ T.4% ' Ha, ¥tb AN []
TEAR R EUG  DVA 4, 1 & 4A AT LIA ) Lig9)
TR T H (4 R A AR A3 R DU AN B BE, X6 R P
AN s R, B AH A 9 BT I 1 I FR 2
i) Q1, Q2 O3, Q.. M 200 TG G ,04
XiF I EL ST 5 Qs A AL 2 HLT 2R T 800
WAEIR G, Q) XF L A L - 5 R Q, BB 4> H AL 7E
BATER S FET, Q, F Qs Z 1A By X 4 — ELAE % 1
b I FRATAT LA AR Q1 +Q, F Q5+Q, TER IR I 72
H R AR AR R 2 BT EL S 1 S AL LB 8] 4B Lig(18)
TO0 R HL It DVA 284 2008 728 Ak A

& 5 i ik DVA M 26 X 53 AN [a] A F- 5 B Bt
XiF L A 25 B AR PR Ok A AR k. Hodr i SA A
5B A TOLT B Q+Qy, Q5+Q, LA L B 75 i 4t
SHE RSSO B SC AE 5D A T F %
AIRHE AR RO, B Q+Q, F1 Q5+Q, 5% H )
W E R AR ML, & SD f LK 43 LAM Al
LLI

B 5C H,Lig(9) T80 T Ha 3t 76 4% A4 9 35 i 72
i, HOLLL A LAM ¥ R0 208 U0 5500 oLl 26 4 ¢
Z, HLOLLI 2 25 i o ek (0 2 25 i mTofg v
b 14 2 A0 AL B Ao Ay 67 A B0RY 96 1T SET AR —
Dy AE R B s T R B B TR e, S —
T T i 3 43 6 A AR S 0 A R

&l 5D Hr, Lig(18) T4 T H i 7 91 ¥F o F2 v 1y
ZACHLBEARRT Lyo(9) T2 00 19 H o 455 0 &2 4%, o] LA
A o b 1) 2 Ak S S AN B B SR — B BE (0 ~ 400
RAEFR) « H b 1 42 AL WL B A Log(9) T 08 Ak 5 AR AR,
AT LK R Ay G WOk 261 A9 SEI AR KL 25—
B B (400 IRPE PR Z Ji5) : BB Y LLI b Lig(9) T F
A FTINE. Lig(18) T4 F ey LBRALA o 4.2V,
1M Lig(9) T80 T A 4.1 'V, BUAE 32 6 LS I Lig(18)
0 H b ) B LA BB OV B A FR L AR
JEE RGN, R b A T R AR v ) BB H A AT T g
KT 0V, AT & G b 2% 1 A7 113 21 4 s, 5 350 LLI
R B AR Lig(18) T 00 F Lyt & AL 55 — By
B SEI R 14 Az 4 3 250 R 58 — By B — 35, W03 18 iy
BB R ok A R4 JE AT, BRI RDRE LLL X
Y AP, 43 50Ch SET BEA: K S B0 LLI, %t
N F B R @© , R 4 JE B S 80 LLL X R T
K@, DVA 7k g Rk, 5« BB 1741
L, “BARB 27 PR B TR TR Y 22 Ak L ——4
SIEMATH, — R LA UE T AR SO A
07 V5 W I
242 Bith itk 5 EDS B8 o 47

AR SR S A I R T E S A A S G b A
1T A FHUSY RS T Ak L (7 R S TN RN A A
(1) CO, L [m/EHT, AT LUK 8% 22 At Y Li A4k
b Li,COs, M 5 7 Stk 1. thF Li mHR R TR
/N JEDS F3 BT 7 JC R R 5 i o R 4 i S TN B
FIH AL, AT B Li 25 DL Li,COs MTE A7
B R FR 1 O ik B BG I, PR e] DA
JH EDS 43 M St i FE T O J6 3 & 2 28 46 0 £ 4l



%7 6 ] SR G A TR Tl I R A AT S Y BT A <613 -
35 T T T L3 35 T o T X
A —8—Q1+Q2 B —=—QI1+Q2
3.0 —E—Q3+Q4 | 3.0 —E—Q3+Q4 |
—8— Total —8—Total
2.5¢ 1 2.5
= @l 1 =,
= 2.0 4 2.0
1) i3}
§ 1.5-\5\5\-5——5 1 § 1.5} 1
O O
0.5 g 0.5+ ]
0.0 L L L L 0.0 L . L L
200 400 600 800 1000 0 200 400 600 800 1000
Cycle number Cycle number
1. . " " T 1.
T im}
A[E LAM
0.8r 0.8
LLI
2 2
20 v{ 2o .
S S LLI
z z Stage 1
£ 04} B 04fe—
2} Q
[ =9
0.2r 0.2+
—8— Q1+Q2 —8—Q1+Q2
—E—Q3+Q4 —8—(Q3+Q4
O'OO 200 400 600 800 1000 0'00 200 400 600 800 1000

Cycle number

Cycle number

5 Lig(9)M Lig(18) 4L T AN [al DVA W X 1o 25 41k BTG P1 R 28 16 : AL Lig(9) , 48 %5 {8 s B. Lig(18), 28 X {H ; C. Lig(9) , A1 X

{i ;D. Lig(18), HFHXHE

Fig. 5 Capacities corresponding to different DVA peaks with cycles of Lig(9) and Lis(18): A. Lg(9), absolute value; B. Lis(18),

absolute value; C. L(9), relative value; D. Lg(18), relative value
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Fig. 6 The SEM/EDS images of anode in fresh cell scanned at the same area: A. SEM image; B. EDS image; C. Oxygen electemtal

image
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Fig. 7 The SEM/EDS images of anode aged under Ly(9) condition and scanned at the same area: A. SEM image; B. EDS image;

C. Oxygen elemental image
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Fig. 8 The SEM/EDS images of anode aged under L; (18) condition and scanned at the same area: A. SEM image; B. EDS im-

age; C. Oxygen elemental image

KRG, 7 A BH -7 B0 P rp kA A R Y R Tt
TEF AR R 22 B 15 B0 T A BHSE I/ b
P 35 B AN TR] A 58 . 2) SET AR s % )
SEI IR AR K A 1 L b 75 kS il o 36 [ 3 58 6 2
BT £ J 5 S0 v ) 7 R A 7 A 2 A8 SET R A= K
— HLBRAE T 9 2 B a3 5 i B2 A BT 2 JE % 3
KA I AP AER) 00T, At /e I A A 4 3
3 R L T R

TR T VA BEL- 25 i 00300 32 AR BT 48 2 12 30 D) 32 )
Wit BB 51 R TR T 00, R = — S8 i A
B T0L, 0 Gy, Vi, T)=(1 C, 4.1V, 25°C) #l (iy, V,,
T)=(0.7C,4.15V, 15 °C). X Fifh T F E1b i F
BN Z5 i B IR 0.04 %G ER. B AE I A4
A7 R R AR T4 AT R, O 35 B A SR AT
ML 4 R W H AT 0.2 mg 2247, BUAT A ) A A b 2
URAIE PR AR A T AT 8 104 k), AR 7 1 mg



%7 6 ]

SR G A TR Tl I R A AT S Y BT A <615

4 b AL - EDS 4 M4
Tab. 4 The EDS results of surface-modified anodes

Cell C(%) O(%)  P(%) F(%)
Fresh cell 87.4 10.2 2.1 0.3
L5(9) condition 83.4 12.1 0.4 4.1
L,«(18) condition 21.7 543 2.1 12.7
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quantitative marking of deposited lithium by chemical

Lithium Plating Identification from Degradation Behaviors of
Lithium-Ion Cells
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(1. State Key Laboratory of Automotive Safety and Energy, Department of Automotive Engineering,
Tsinghua University, Beijing 100084, China; 2. Beijing Co-innovation Center for Electric Vehicles,
Beijing Institute of Technology, Beijing 100081, China)

Abstract: Lithium plating has huge impact on the lifetime and safety of lithium-ion cells. It is, therefore, necessary to identify
lithium plating. In this study, the accelerated stress tests of lithium-ion cells were conducted under different conditions with mul-
ti-stress loads. Based on the different effects of the two major aging mechanisms, namely, SEI (Solid Electrolyte Interface) layer growth
and lithium plating, on the degradation behaviors, two lithium plating identification methods of resistance-capacity plot and Arrhe-
nius plot were employed. The experimental results revealed that the two identification methods are highly consistent with each oth-
er. Furthermore, the origins of capacity loss were distinguished and the degradation mechanisms were investigated with the differen-
tial voltage analysis methods, while the cells were disassembled and the elemental compositions of the anodes were analyzed by en-
ergy dispersive spectroscopy (EDS). The results verified the applicability of the two lithium plating identification methods. The advan-
tages of the methods developed in this study are that the capacities and resistances of the cells at different aging cycles could be
readily measured without dissembling the cell. In addition, these two methods are highly sensitive, as it allows the trace amount of
plated lithium in a single cycle to be accumulated among numbers of cycles. The methods proposed in this study are of great signifi-

cance to the accelerated stress test, durable use and safe operation of lithium-ion cells.

Key words: lithium-ion cells; lithium plating identification; degradation behaviors; resistance-capacity plot; Arrhenius law
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