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Abstract

Thermal storage of prismatic Li-ion cell with different types of anodes has been performed at 60 °C for 15 days to 30 days. The results were
compared for two anodes: natural-like graphite (NLG) with styrene-butadiene rubber (SBR, 2.5 wt.%) binder and artificial graphite (AG) with
polyvinylidene fluoride (PVdF, 6 wt.%) as binder. The storage-capacity fading behavior of the commercial Li-ion cell was studied by dissection
the storage cells and analyzing their electrodes and solid electrolyte interphase (SEI), allows lithium-ion transfer but prevents electron migration
using SEM, DSC, FT-IR, XRD and impedance analysis. Side-reaction and transformation of the passivation film on NLG anode contributed the
capacity loss. Self-discharge of NLG cell due to high specific surface area was one of the main factors for capacity fading. Impedance analysis
revealed that the interfacial resistance at NLG anode was larger than that of the AG anode. The increase of lithium alkylcarbonate and lithium
carbonate due to reductive decomposition of electrolyte with storage time decreased the charge and increased the interfacial resistance.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The new generations of mobile electronic devices require
much more capacity and higher power since they will be oper-
ated with such modes as digital camera, multi-functional cell
phone, network games, portable computers, hand-held power
tools, and hybrid electric vehicles [1-5]. The power sources
for mobile applications are requested not to be primary bat-
teries but secondary batteries or fuel cells in view of economy,
environment and materials savings. Among the various existing
rechargeable batteries, lithium-based batteries appear to occupy
a prime position in the energy density. New materials and techni-
cal developments are expected to help realize the goal of higher
capacity to mobile electronic devices [6—11]. It is desirable to
maintain the initial capacity of the battery with storage time.
However, the capacity loss occurs in almost all the commercial
rechargeable batteries. The mechanism of the capacity fading
has not been completely understood, although some factors such
as electrochemical reactions of electrolyte solution, irreversible
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phase and structure transition of active materials, and dissolution
of cathode into the electrolyte concerned have been discussed
[12-17]. Furthermore, capacity retention and storage life of the
Li-ion cells deeply relate to the stability of the passivation layer.
The control of the electrode/electrolyte interfaces is significant
for high capacity and stable storage property of Li-ion recharge-
able batteries in addition to the development of active materials
and electrolytes. Especially, a major problem of the carbona-
ceous anode materials is their capacity loss during the cycle or
the storage [18].

In this study, the high-temperature storage and the capacity
fading of prismatic commercial Li-ion cells are investigated at
various states of charge (SOC) with different anode active mate-
rials and binders. Natural-like graphite with styrene—butadiene
rubber binder and artificial graphite with polyvinylidene fluoride
as binder were used as anode active materials for investigation of
the storage-capacity fading phenomenon on commercial Li-ion
batteries, respectively.

2. Experimental

The prismatic Li-ion batteries were chosen as samples from
commercially available batteries with different anode materi-
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als (NLG and AG) but same cathode material (LiCoQO,). The
nominal capacities were 1130 mAh (NLG) and 780 mAh (AG),
respectively. The electrolytes were based on organic carbon-
ates such as ethylene carbonate (EC), propylene carbonate (PC),
dimethyl carbonate (DMC), and diethyl carbonate (DEC) with
1.15M LiPFg.

All the samples for the analysis were treated in the glove box
under the control of HO < 1 ppm and O3 < 1 ppm by helium. The
samples, which containing the electrolyte, were treated carefully
using purified DMC in the dry glove box. For the observation
of surface morphology of the negative electrode, we used two
different types of scanning electron micrograph (SEM; Philips,
XL-30 and Zeol, JSM6340F). Differential scanning calorimetry
(DSC; TA, 2910) was used to measure the change of the ther-
mal properties for the SEI formed on anode electrode and for
the reaction of oxidation caused by O, generation from cath-
ode material. The heating rate was 10°Cmin~! in the range

from 25 °C to 300 °C. To investigate the component of the SEI
layer, we decided to characterize FT-IR spectrometer (Nicolet,
NEXUS-8700/Continum). To confirm the influence of the self-
discharge through the change of Li content of the graphite anode
material, we selected X-ray diffractometer (XRD, Bruker, D8
discover). Impedance analysis for the internal and interfacial
properties of storage cells was performed at room temperature
using an ac impedance analyzer (IM6, Zhaner) in the frequency
range from 50Hz to 1 MHz.

3. Results and discussion

Figs. 1 and 2 show retention and recovery capacity as a func-
tion of storage time and SOC. Retention curves indicate not only
a voltage drop but also capacity loss with the time. It reveals that
the SOC and the type of anode active materials play an important
role to capacity fading effect in this system. The recovery capac-
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Fig. 1. Capacity profiles before and after 15 day-storage cells with different states of charge: (a) NLG and (b) AG.
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Fig. 2. Retention and recovery loss of storage cells with SOC and storage time.

Table 1

Comparison of the physical properties and the electrochemical performance of
NLG and AG at room temperature

Natural-like Artificial Remarks
graphite (NLG) graphite (AG)
Capacity ~540 mAhcm™3 ~510mAhem™ -
~360mAhg~! ~340mAhg~! -
Efficiency ~93% ~95% -
Capacity ~320mAhg~! ~300mAhg~! 1 C-rate
Cycle life ~85% 85% 1 At 300 cycle
Shape Massive, flaky Spherical, fibril -
Lattice ~3.360 A ~3.365A doo2
coefficient
Specific ~5m?g~! ~2m?g~! -
surface area
Binder SBR/CMC/H,0 PVdF/NMP -
Non-crystalline Crystalline
L. Low adhesive High adhesive
Characteristic -
strength strength
High capacity High fluidity
Environmentally NMP treatment
benign

ity of the storage cells with de-lithiation shows almost same
capacity with the fresh cells. The charge consumption increases
with increasing the storage time for the both cells. However, the
capacity loss of the NLG is larger than that of the AG. As shown
in Table 1, it supposes that the high specific surface area and
the different shapes of NLG could influence the capacity fading
of the battery. It also presents high internal resistance with time
compared to AG system shown in Figs. 3 and 4. To measure
the ratio of Li intercalation in anode with storage time X-ray
diffraction study was done for fresh as well as thermal storage
anode materials. Fig. 5(a) shows the XRD pattern of the 55%
lithiated NLG anode. From the relative peak area, we derived an
experimental equation to calculate the lithiation ratio in anode
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Fig. 3. Variation of cell thickness, OCYV, and IR for NLG cells.
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It is originated from the relative peak area between the
LiCg of lithiation and the LiC;, of 55% lithiation cells. It
provides a reasonable result about the residual Li content in
graphite. As shown in Fig. 5(b), AG cell preserves 95% of
Li content after 30 days but NLG cell shows linear decrease
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Fig. 5. X-ray diffractometer of NLG fresh cell (a) and lithium residual ratio in
anode with storage time (b).

of Li content with storage time. It shows a strong presump-
tion for self-discharge of Li from the NLG electrode and
reveals a good agreement with the capacity trends mentioned in
Figs. I and 2.

Changes in electrode interface with storage time were stud-
ied carefully by inspection of scanning electron micrographs
of the electrode surface in order to obtain additional clues
as to why the NLG cells lose their capacity with storage
time. Figs. 6 and 7 present the surface morphology of dis-
assembled anode electrode. NLG cells show large and harsh
deformed area compared to AG cells. It is presumed that the
higher capacity fade for the NLG storage cells at 60 °C was
due to a repeated film formation over the interface of anode
resulted in increased rate of Li consumption. It is thought that
the deformed part of the NLG surface is caused by the side-
reaction of electrolyte and thermally activated characteristic
of NLG to increase the Li alkylcarbonate and Li carbonate
during the high-temperature storage. FI-IR spectra provide a
good evidence for the assumption in Fig. 8. The spectrum of
a typical anode passivation film composed of Li alkylcarbon-
ate and Li carbonate has been increased with storage time.
We can verify the thickened layer visually using the SEM as
Figs. 9 and 10. The layer is responsible for an irreversible capac-
ity loss. However it protects against co-intercalation of solvent
into the graphite and reduces an exfoliation of the graphite sur-
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Anode Anode stained part

Fig. 6. Scanning electron micrographs of NLG anode after storage: (a) fresh, (b) 15 days, and (c) 30 days.

Anode stained part

Fig. 7. Scanning electron micrographs of AG anode after storage: (a) fresh, (b) 15 days, and (c) 30 days.
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Fig. 8. FT-IR study of anode passivation film with storage time: (a) AG and (b) NLG.
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Fig. 9. Analysis of SEI formed on anode electrode for NLG cells with storage time.
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Fig. 10. Analysis of SEI formed on anode electrode for AG cells with storage time.
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Fig. 11. Scanning electron micrographs of separators after storage.

face. From the figures we can confirm the by-product, which
resulted from the side-reaction between self-discharged Li and
electrolyte. As shown in Fig. 9 the by-product layer increased
with storage time. However AG shows almost same shape and
stable passivation layers (Fig. 10). It shows good coincidence
with the retention capacity in this system. Fig. 11 presents
the congestion of porosity on separator with storage time. It
is considered that the by-product caused by the side-reaction
contaminates the separators and is accumulated on the surface,
which resulted in poor Li transfer and increased internal resis-
tance.

The influence of the storage time on the thermal behavior
has been determined from DSC measurements in Fig. 12. The
onset temperature for thermal breakdown seems to be almost
same of cathode. But the exothermic peaks of NLG anode shift
to the higher temperature area with storage time, which may be
explained by differences in surface structures, porosity, parti-
cle size and transformation of passivation film. It is shown that
an impedance spectroscopy can give specified information about

the state and the phenomenon inside a battery. The Nyquist plots
of prismatic commercial Li-ion batteries were measured at var-
ious states of charge before and after the storage. As shown
in Figs. 13 and 14, the plots show different behaviors with the
anode type and the SOC. The inductive tail attributes to the jel-
Iyroll and porous active materials at high frequency followed
by two loops at lower frequencies. It is assigned that the left
loop at high frequencies in the Nyquist plot to the anode and the
larger loop at low frequencies to the cathode. Furthermore, the
values of Rgg1 with storage time are smaller than those of NLG,
meaning that the stable SEI of AG improves the permeation of
Li-ion in the SEI film. It shows that the film resistance and the
irreversible capacity are decreased in the case of AG-introduced
battery system. The increase of the Rsor, and the Rggp origi-
nates from the by-product due to unwanted side-reaction on the
SElI/graphite interface. It interrupts the intercalation of lithium
into graphite electrode. As experimental results, the capacity
fade is also accompanied by an increase the interfacial resistance
of the battery upon storage.
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Fig. 12. DSC curves of the electrodes with storage time.



—_
[
~

-Z” (Imaginary,mQ)

G. Kwak et al. / Journal of Power Sources 174 (2007) 484-492

491

a) 40 (b) 40
(@ Warburg effect .,f';';:“\
— 20 -, — 20 ]
€ “-.} g
E Ly g
£ o el
g e | 20| £ M f g 100 140 180 220
= =]
E .20 RsoI+RseIRCT E .20 f
=N -+ Fresh :‘N ~#- Fresh
-40 -#-60°C 15day -40 -&- 60°C 15day
—4— 60°C 30day /‘ —&— 60°C 30day
'60 _60
Z (Real, mQ)
(c)
1440
—_ A
a
£
2 940
2
-a //
©
£
= 440 —4— 11wd-fresh
N = 11sdi5day Ryg: solution resistance
i Rggpt SEI resistance .
R¢: charge transfer resistance
4 400 800 1200 1600
Z (Real, mQ)
Fig. 13. Nyquist plots of the NLG cells with storage condition and time: (a) lithiation, (b) 55% lithiation, and (c) de-lithiation.
40 (b) 40
20 — 20
e}
| N‘v
0 2 0
10 6 10 160 210 g 20 100 140 180
k=)
.20 © .20
£
o —+— Fresh ;"' pe -#- Fresh
E -=- 60°C 15day K- -m- 60°C 15day
—&— 60°C 30da o
.60 Y .60 / —&— 60°C 30day
Z (Real, mQ) Z (Real, mQ)
(c) 340
g 240 1\\‘\'
E..
e
o
£ 140
(=] —#—Fresh
@
£ = 60°C 15day
& 40 —&— 60°C 30day
0 200 400 600 800
-60
Z (Real, mQ)

Fig. 14. Nyquist plots of the AG cells with storage condition and time: (a) lithiation, (b) 55% lithiation, and (c) de-lithiation.



492 G. Kwak et al. / Journal of Power Sources 174 (2007) 484-492

4. Conclusions

The main purpose of this study was to investigate the influ-
ence of carbon type and structure on storage-capacity fade for the
commercial prismatic Li-ion battery. An effective capacity fade
analysis was carried out for commercial prismatic-type Li-ion
cells stored at 60 °C. SEM, DSC, FT-IR, XRD and impedance
analysis were carried out. The increased capacity loss for the
cells stored at 60°C can be explained by the side-reaction
of electrolyte and the transformation of the passivation film
over the surface of anode, which resulted in the increased Li-
ion consumption and also in the cell resistance with storage
time.
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