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Growth Process of SEl Film on Graphite Negative
Electrode for Lithium-ion Secondary Battery
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Abstract

The film containing the solid electrolyte interface (SEI) formed on the graphite negative electrode of a lithium-ion
secondary battery (LIB) has been investigated to demonstrate the theoretical model of the well-known life predic-
tion method for the LIB, so-called “square root law". This theoretical model is based on the assumption that the
thickness of the SEI film is proportional to square root of testing time (SQRT). In order to verify the assumption,
these thicknesses have been observed by using the in-lens scanning electron microscopy. Each of the thickness of
the SEI film at different point of the negative electrode is proportional to SQRT. Then, the amount of Li accumula-
tion in the film has been quantified by using the inductively coupled plasma atomic emission spectroscopy. It is
also proportional to SQRT. Furthermore, the amount of Li in the SEI film volume has been estimated from these re-
sults. It is almost constant and remains unchanged throughout the charge/discharge cycle test. These results indi-

cate the validity of the assumption for “square root law” in the practical LIB.
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Table T Specifications of tested battery.

Items Specifications
Reaction rate: dx / dt = k/ x Nominal capacity / mAh 600
x: Thickness of SEI film Nominal voltage / V 37

t : Testing time
k: Rate constant

Fig. 1 Schematic representation of the SEl film for-
mation on the negative electrode for Li-ion second-
ary battery.

Dimensions / mm W34 X H50 X T5.2
Positive active material  Lithium transition metal oxides
Negative active material Graphite

Separator Microporous polyolefin film

Electrolyte LiPF¢ dissolved in mixture of
carbonate solvents

Additive Without additive
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Fig. 2 Change in discharge capacity of Li-ion sec-
ondary battery upon square root of the number of
cycle under conditions with charge/discharge of 1
CmA at 45 °C.

Charge : 0.05 CmA to 4.1 V followed by constant volt-
age for 1 h in total, 30 times repeat ; Discharge : 0.05
CmA to 2.85 V for 1 h, 25 times repeat ; Temperature :
25 °C.
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Fig. 3 Relation between the amount of Li content in
the SEI film on the negative electrode determined by
ICP analysis and square root of the number of cycle.
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Fig. 4 Change in discharge capacity of Li-ion sec-
ondary battery upon square root of the number of
cycle under conditions with charge/discharge of 1
CmA at 45 °C.

Open (O) and closed symbols (@) show the mea-
sured capacity fading of battery and capacity fading
contributed to Li accumulation by the SEI film growth,
respectively.

Capacity check condition is the same as Fig. 1.

20135£ 128 E10% 28|

2 X Tl O 1/2 FICHAFIL THEMT 2. C
O LigZEXEICEHL, YN 5 O L&z R
Bt s L, TnoFEMOYN S DARIKTEEE
BEl—Hd%. Fig 4 ICEMEROHR (O) L&
MOFEAA B 5 E MmO SEL #Ic & ENS Li %z
BERRICAHML L OZEZ LG WEAROHRE (@)
E DL RT . K800 VA ZIIVICWB KT,
BOEMARIZIFIE T Z. COXI ICEMERK
FOERTIX, B SEI #EH O RAiY 7% Li
EMICXZ2E0THD, TNHIGBRR D 1/2 3
IS %, 753, 800 VA VIV THALND A
HEAREE L, EMOFHEOETICLZEDTH
BT ZMERLTVS.

3.2 in-lens SEM ZR UL = E1ED SEl #EIRDE SR

B SEI DR S BIEICDWTHIAT 5. —fl
ELT1350 YA 27)0 CRID) DEMIcEIT 2 FIB
LA in-lens SEM Wi Ei 5% Fig. 5 17”9 SEI
PR R X OBIELEFTIL BRI D (a) LB, (b) H1E8,
(€ FEBD 3 &L, HEEND DEHNZNZNK
(a) 60, (b) 40, (c) 20 um ONLEE L7z,

YA 7 )V BRI 2 % £ TOEM FEOK
GBI 747 Fig. 6 IIRd. KHEFETIEEWITET
N ENAEMTZEHD S A A S, FHEEmEGRICE
WCTaY b I A NDIHZWVENMFET S, 1,350 1
7 )V DOEERM D in-lens SEM-EDX [Hif§7% Fig. 7 1<
KT, TOAMEBROIHAZNEOHRZ ST 5 &,
C, O, F 72 £ D SEI R T HR D D BN %.
LizMoT, ThHETI 774 MAMEIZRRZY)
HThdT &, DEOSEIHETH S LHEINS.

S55002.0 KV X 1.00 k SE

Fig. 5 Cross-sectional SEM image of the graphite
negative electrode at (a) upper, (b) middle, and (c)
bottom after 1,350 cycles.
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Fig. 6 Backscattering electron images of the SEI film formed on the graphite negative electrode at upper after (a)
initial, (b) 400, (c) 800, and (d) 1,350 cycles.

(a) Spectrum image

L - -
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Fig. 7 Cross-sectional SEM-EDX images of the SEI film formed on the graphite negative electrode at upper after
1,350 cycles. Distribution of (b) carbon, (c) oxygen, (d) fluorine, and (e) layered images of C, O, and F by EDX map-
ping within the surrounding area in (a).
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Table 2 Summary of thicknesses of SEI film at differ-
ent area throughout cycle test.

Area Thickness of SEl film / nm

Initial 400 cycles 800 cycles 1,350 cycles

Upper 4 12 14 24
Middle 4 8 12 16
Bottom 3 6 8 10

Gliaphite :

S5500 2.0 kV X 250 k HA-BSE

Graphite
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200 nm

200 nm

OB CEAGD L 26T % (3) ALY
LT e RERRT. Thbh, Ao SEEREDEE
DVEBICEBRR O 1/2 I 5 2 VW2 5. KTz,
Fig. 3 O#ERIE, SEL#REA D Li RISFERFRM O 1/2
FICHHIL TS 2 EREKT S, LED-T,
ABRUdDEN—ETH S EHEEE, BEMERT
FREREERI D 1/2 |ICHHIL TR T2 £ 9 (4) 2D
BAIdT5EDEEZLND. TDXKIIT)V— MHIDIE
HE R BMmETIVERMANRY FU LA % EiE
FHWTHIET % C LT3 LTz,
3.3 8180 SEl EEOMR A =X s

B SEIHEDKE A/ = X LICDNTHELT
%. B SEI #ERE DT T )V % Fig. 10 1<K,
in-lens SEM & X 1§ 5Nz B BB, i, T

30
o5 O Upper
& Middle
20 A\ Bottom et

—_
o

-
-
-

-
-
-

[&)]

— -
==

Thickness of the SEI film / nm
o

o

Square root of the number of cycle / -

0 5 10 15 20
(Testing time)'?/ days'??

Fig. 9 Relation between thicknesses of the SEI film
on the graphite negative electrode at upper, middle,
and bottom and square root of the number of cycle.
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Fig. 8 Backscattering electron images of the SEI film formed on the graphite negative electrode at (a) upper, (b)

middle, and (c) bottom after 1,350 cycles.
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Fig. 10 lllustration model of the SEI film growth
reaction on graphite negative electrode.
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Fig. 11 Estimated SEI film volume on the graphite
negative electrode at upper, middle, and bottom
throughout the charge/discharge cycle test.
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Fig. 12 Li content in the SEI film on the graphite nega-
tive electrode throughout charge/discharge cycle test.
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