
S

B
o
a

D
H
R

a

A
R
R
A
A

K
L
P
P
N
S
X

1

n
e
c
i
t
l
d
b
t

s
p
t
i
[
t
A
d

0
d

Journal of Power Sources 189 (2009) 676–680

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

ulk and surface structure investigation for the positive electrodes
f degraded lithium-ion cell after storage test using X-ray
bsorption near-edge structure measurement

aisuke Mori, Hironori Kobayashi, Masahiro Shikano ∗, Hiroaki Nitani,
iroyuki Kageyama, Shinji Koike, Hikari Sakaebe, Kuniaki Tatsumi

esearch Institute for Ubiquitous Energy Devices, National Institute of Advanced Industrial Science and Technology (AIST), 1-8-31 Midorigaoka, Ikeda, Osaka 563-8577, Japan

r t i c l e i n f o

rticle history:
eceived 31 July 2008
eceived in revised form 25 August 2008
ccepted 28 August 2008
vailable online 3 September 2008

a b s t r a c t

Cylindrical lithium-ion cells with a lithium–nickel–cobalt–aluminum oxide (LiNi0.8Co0.15Al0.05O2) and
a non-graphitizable carbon (hard carbon) as the positive and negative electrodes, respectively, were
degraded by the storage tests with 50% state-of-charge (SOC). The degraded cells were disassembled
and positive electrodes obtained were examined. The cation distribution of lithium and nickel in the pos-
itive electrode was clarified using neutron and synchrotron X-ray diffraction measurements. The degree
eywords:
ithium–nickel-based oxide
ositive electrode
ower fade of lithium-ion cell

of lithium and nickel disordering varied with the storage condition. X-ray absorption near-edge struc-
ture (XANES) analysis demonstrated that the structural change was mainly located near the surface of
the positive electrode and the valence state of Ni and Co ions did not change with the storage test. The
disordering of the cations near the surface was closely related to the power fade of the cell. The storage
condition is an important factor in the power fade of lithium-ion cells.
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. Introduction

Lithium batteries have attracted much attention as a key tech-
ology for hybrid electric vehicles (HEV), plug-in HEV and pure
lectric vehicles (EV) because of an interest in reducing emission of
arbon dioxide and use of alternative energy sources. These batter-
es require high specific power and long life over 10 years in addition
o conventional demands for portable devices. The achievement of
ong life for the lithium-ion cell is necessary to suppress the degra-
ation due to the cycle and storage. Therefore, much effort has
een devoted to understand the degradation mechanism such as
he capacity and power fade of the lithium-ion cell.

Lithium–nickel–cobalt-based oxide with layered rocksalt type
tructure was investigated as one of the main candidates of the
ositive electrode for HEV and EV systems [1]. The interfacial resis-
ance of the positive electrode was found as the cause of the cell
mpedance rise after accelerated calendar life and cycle life tests

2]. Then, the surface structure of the positive electrode and elec-
rode/electrolyte interface were extensively investigated [3–13].
fter cycle tests the surface structure change of the electrode was
etected by X-ray absorption near-edge structure (XANES) anal-

∗ Corresponding author. Tel.: +81 72 751 7932; fax: +81 72 751 9609.
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sis, high-resolution transmission electron microscopy (HRTEM)
nd electron energy loss spectroscopy (EELS) [3]. The surface struc-
ure change to the NiO-like structure resulted from the loss of
ation ordering between Ni and Li in layered rocksalt structure.
-ray photoemission spectroscopy (XPS) revealed that a mixture
f organic species such as polycarbonate, LiF, LixPFy-type and
ixPFyOz-type compounds were formed on the surface of the pos-
tive electrodes with various test temperatures, durations and
tate-of-charge (SOC) [4].

The variants in the vicinity of positive electrode surface were
onsidered the deterioration factor in the performance of currently
ithium-ion cell. However, it is difficult to say that the degraded

echanism of the lithium-ion cell has been understood suffi-
iently. The electrochemical property of lithium-ion cell varies
ith a cell configuration and the cycle condition. The character-

stic of the positive electrode is also affected by SOC. Furthermore,
he charge–discharge patterns required in plug-in HEV and EV are
ifferent from the conventional charge–discharge condition. Previ-
usly, we have conducted the combination study for the same lot
f samples degraded by pulse cycle test of 50,000 times at various

emperatures to obtain a systematic insight about the deteriora-
ion mechanism of the lithium-ion cell. XANES analysis [5], hard
-ray photoemission spectroscopy (HX-PES) [6], Fourier transform

nfrared spectroscopy (FT-IR) [7] and glow discharge optical emis-
ion spectrometry (GD-OES) [8] were performed to investigate the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shikano.masahiro@aist.go.jp
dx.doi.org/10.1016/j.jpowsour.2008.08.073
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nside and outside near the surface of the degraded positive elec-
rode. The positive electrode had the lithium deficient cubic phase
ear the surface, while the layered structure was retained in the
ulk after the pulsed cycle test [5]. Li2CO3, hydrocarbons, ROCO2Li,
olycarbonate-type compounds and LiF were observed on the pos-

tive electrode and the amount of carbonates depended on SOC [6].
ased on these results we proposed a schematic view to describe
he changes taking place near the surface of the positive electrode
uring the cycle test. However, the deterioration by the cycle test
ight include some influences of the storage period and temper-

ture, since a large number of cycle tests take long time. In order
o comprehend the details of the deterioration mechanism of the
ithium-ion cell, the separation of the factor involved in the storage
ondition is necessary. In this study, LiNi0.8Co0.15Al0.05O2 positive
lectrodes obtained from the cells, which had undergone the power
ade by the storage tests, were examined by neutron diffraction
ND) and synchrotron X-ray diffraction (XRD) measurements and
ANES analysis. The relationship between the power fade and the
urface structure of the positive electrode will be discussed.

. Experimental

18650 type cylindrical cells of capacity 380 mAh were fabricated
or this study, which were designed to have a rate capability of more
han 10 C. The cells were constructed from pressed double-side
oated electrodes using a high-power design. The positive electrode
as comprised LiNi0.8Co0.15Al0.05O2 (NCA-01, Toda Kogyo Corp.),

cetylene black (HS-100, DENKA) and poly(vinylidene difluoride)
PVdF) binder (KF1320, Kureha Corp.). The negative electrode con-
isted of non-graphitizable carbon (hard carbon) (Carbotron® PS(F),
ureha Corp.) and PVdF binder (KF1120, Kureha Corp.). 1 M LiPF6 in
ropylene carbonate (PC)/diethyl carbonate (DEC) with the volume
atio of 1:1 was used as the electrolyte. The cells were degraded by
he storage test at 40 ◦C and 60 ◦C after conditioning and control-
ing at 50% SOC. The dc resistance was calculated from the slope of
�V/�I as previously reported [5]. The test cells were controlled
t 50% SOC and then disassembled immediately after the prede-
ned test period. The obtained electrodes were washed by dimethyl
arbonate (DMC) and then dried in vacuum.

Time-of-flight neutron powder diffraction data were collected
n the Special Environment Powder Diffractometer (SEPD) at the
ntense Pulsed Neutron Source (IPNS) in the Argonne National
aboratory (Proposal No. 5126). The collected data using 90◦ detec-
or banks were used for structural refinements. Synchrotron XRD
ata were taken on a Debye–Scherrer type powder diffractometer
ith an imaging-plate (IP) type detector installed in the beamline
L02B2 at SPring-8 with the approval of the Japan Synchrotron
adiation Research Institute (Proposal No. 2006A1016). The wave-

ength of the incident synchrotron radiation was fixed at 0.5011 Å.
he structural parameters were refined by the Rietveld analysis
sing the program GSAS+EXPGUI [14,15] for the neutron data and
he program RIETAN2000 [16] for the synchrotron X-ray data.

The Ni and Co LII,III-edge and O K-edge XANES spectra were mea-
ured on the beamline BL4B of the UVSOR Facility with the approval
f the Institute of Molecular Science (Proposal No. 19-225) in the
otal electron yield (TEY) mode and on the beamline BL27SU of the
Pring-8 (Proposal No. 2007A2046) in the TEY and fluorescence
ield (FY) modes.

. Results and discussion
.1. Performance of the test cells

The storage test was carried out at 40 ◦C and 60 ◦C after the cells
ere controlled at 50% SOC. The storage period dependences of the

s
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3
d
r

Fig. 1. Storage period dependence of relative specific power for the test cell.

elative specific power for the test cell are shown in Fig. 1. The rela-
ive specific power of the degraded cell showed a larger decrease at
0 ◦C than at 40 ◦C with the storage period. The specific power of the
ell stored at 60 ◦C for 12 weeks decreased to 0.81, while that of the
ell stored at 40 ◦C showed a slight decrease to 0.98. The power fade
f the cell also depended on the storage period. The specific power
f the cell stored for 96 weeks decreased to 0.87 at 40 ◦C and 0.57
t 60 ◦C. The storage tests demonstrated that the power fade of the
ells proceeded depending on the temperature and periods with-
ut charge–discharge cycles. Meanwhile, the power fade behavior
f the storage test cell was similar to that of the pulsed cycle test
ell [5]. It is considered that the deterioration of the cells depend-
ng on the storage conditions contributed to the power fade of the
ell degraded by the pulse cycle test. The relationship between stor-
ge conditions and other cell characteristic such as capacity and ac
esistance will be discussed elsewhere [17].

.2. Neutron and synchrotron X-ray Rietveld analysis

ND measurement is useful to investigate the structure of lithium
ontaining materials [18–20], since the scattering length is inde-
endent of the atomic number. ND measurements were performed
or the positive electrode before and after the storage test for 96
eeks at each temperature. Synchrotron XRD measurements were
erformed for the positive electrode before and after the storage
est for 12 and 96 weeks at each temperature. No significant peak
roadening and no additional peaks depending on the degradation
ere observed in the ND and XRD patterns obtained, indicating that

he bulk structure were essentially unchanged after the storage test.
he structure refinements were carried out using layered rocksalt
ype structure model with space group R3̄m (A-166-1), Li1/Ni1 at
a site (0, 0, 0), Li2/Ni2/Co/Al at 3b site (0, 0, 0.5) and O at 6c site
0, 0, z) with z ≈ 0.24. The occupation parameters of Co and Al at
b site were fixed at the nominal composition. The sum of occupa-
ion parameters of Ni being over two sites was constrained at the
ominal value. The occupation parameter of Li at 3b site was con-
trained by the Ni at 3b site as the total occupation parameter at 3b
ite was unity. The isotropic atomic displacement parameters of all
toms and the occupation parameter of Li at 3a site were refined
sing the ND data. These parameters of the samples stored for 12
eeks at each temperature were fixed at the refined values of the
amples stored for 96 weeks at each temperature. All samples were
onfirmed that both of lithium and nickel were located at 3a and
b sites by the refinements of the ND and XRD data. Final cation
istribution was determined using the XRD data. The refinement
esults of the sample stored at 40 ◦C for 96 weeks are summarized
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Table 1
Structural parameters for the sample stored at 40 ◦C for 96 weeks

Atom Site g x y z U (Å3)

Li(1) 3a 0.33(2)a 0 0 0 0.018(9)a

Ni(1) 3a 0.0125(5) 0 0 0 0.018
Ni(2) 3b 0.7865 0 0 0.5 0.0070(7)a

Li(2) 3b 0.0125 0 0 0.5 0.0070
Co 3b 0.146 0 0 0.5 0.0070
Al 3b 0.055 0 0 0.5 0.0070
O 6c 1 0 0 0.23520(7) 0.0084(7)a

R3̄m, a = 2.82299(4) Å, c = 14.4715(4) Å, Rwp = 2.93%, Rp = 2.19%, RR = 6.68%, Re = 2.65%,
RI = 1.46%, RF = 0.94%, S = Rwp/Re = 1.11.

a Determined by the ND data (Rp = 4.60%).
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ig. 2. Observed (+), calculated (solid black line) and difference (solid gray line)
lots for synchrotron X-ray Rietveld refinement for the sample stored at 40 ◦C for 96
eeks. The inset shows Rietveld refinement plots in a 2� region from 45◦ to 60◦ .

n Table 1 and shown in Fig. 2. Fig. 3 shows the relative specific
ower dependence of the occupation parameter of Ni at 3a site. The
ation disordering of the degraded cells increased as the relative

pecific power decreased. Therefore, the degree of the disordering
f lithium and nickel ions would closely correlate with the degra-
ation of the cell. The cation ordering involved in the power fade by
he cycle and pulse cycle degradation tests was reported for the cell

ig. 3. Relative specific power dependence of Ni occupancy at 3a site of the positive
lectrode before and after storage test.
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sing the lithium–nickel–cobalt-based oxide as the positive elec-
rode [3,5]. Our result corresponding to them indicates that the
nfluence of storage conditions in the degradation of the cell is not
egligible to consider the degradation mechanism during the cycle
est for long time.

.3. XANES analysis

In order to investigate the surface of the LiNi0.8Co0.15Al0.05O2
ositive electrode, Ni and Co LII,III-edge and O K-edge XANES spec-
ra were collected in the TEY mode using soft X-ray. XANES spectra

easured in the TEY mode provide the information near the sur-
ace. Fig. 4 shows Ni and Co LII,III-edge XANES spectra of the positive
lectrodes before and after the storage test. No significant change of
pectrum shape depending on the deterioration state was observed
n the Ni and Co spectra. It indicates that the surroundings of the
ickel and cobalt did not vary with the storage conditions. No sig-
ificant peak shifts of the Ni and Co L-edge spectra were observed
ither, indicating that the Ni and Co valences were invariant dur-
ng the storage test. These results are different from the previous
esults of the XANES study for the positive electrode degraded by
he cycle test that Ni and Co ions in divalent state were observed
n the surface with the deterioration [3].

Fig. 5 shows O K-edge XANES spectra of the positive electrodes
efore and after the storage test measured in the TEY mode. Three
eaks were observed in the spectra for all samples. The peaks
round 533.5 eV derived from Li2CO3 [5] are excluded from the
ollowing discussions. The intensity of the peak observed around
28.2 eV decreased and that around 531.5 eV increased depend-

ng on the storage period and temperature, which indicates that
he surroundings of oxygen changed with the deterioration of the
ell. The peaks observed around 528 eV and 531.5 eV correspond to
xygen originating from the layered structure and the disordered
tructure, respectively [5]. Therefore, the loss of cation ordering in
he layered structure was interpreted to proceed with the degra-
ation of the cell. Fig. 6 shows the O K-edge spectra measured in
he TEY and FY modes of the positive electrodes before and after
tored for 96 weeks at 60 ◦C. XANES spectra measured in the FY
ode provide the information of the bulk structure. The difference

n the spectrum shape between the sample before and after the
torage test was clearly seen in the TEY mode. The peak intensity
round 528 eV decreased, while the peak intensity around 531.5 eV
ncreased with the degradation of the cell. However, no significant
ifference in the spectra shape between the positive electrodes
efore and after stored for 96 weeks at 60 ◦C was observed in the
Y mode. Therefore, the degraded positive electrode was confirmed
hat the disordering of cation arrangement was located near the
urface and the bulk structure was independent of the storage con-
ition.

.4. Discussions

In the present study, the power fade of lithium-ion cell was
hown in the storage test with 50% SOC. The cation disordering in
he degraded electrodes was detected by the ND and synchrotron
RD analysis as the average information of the surface and bulk.
he obtained XANES spectra in the TEY mode indicated that the sur-
oundings of oxygen varied with the degradation of the cell. This
orresponds to the results of ND and synchrotron XRD measure-
ents. Furthermore, the disorder phase was clarified to be near the
urface of the positive electrode by the XANES measurements in the
EY and FY modes. Therefore, the power fade of the cell with the
torage test was considered to correlate with the disordered phase
ear the surface of the positive electrode. The structural change

rom layered structure to cubic structure accompanied with the
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The cation disordering closely correlates with the power fade of the
cell with lithium–nickel-based oxides as we previously reported
[5,6]. The cation disordering might be attributed to not only elec-
trochemical lithium (de-)intercalation but also thermal motion and
ig. 4. Ni (a) and Co (b) LIII,II-edge XANES spectra of the positive electrode before
nd after storage test. Sample A: before test; sample B: 40 ◦C, 12 weeks; sample C:
0 ◦C, 96 weeks; sample D: 60 ◦C, 12 weeks and sample E: 60 ◦C, 96 weeks.

oss of cation ordering for the LiNi0.8Co0.2O2 electrode degraded by
he cycle and pulse cycle tests [3,5]. The cation disordering detected
n this study corresponds to the disordered cubic phase previously
eported [5,6]. Therefore, the storage condition is highly involved
n the deterioration by the pulsed cycle test.

The reduction of Ni ion to divalent state was observed in previ-
us EELS study for the positive electrode degraded by the cycle test
3]. No decrease of the valence of Ni and Co ions was observed by

he storage test with 50% SOC in our Ni and Co LIII,II-edge XANES

easurements. The difference in the valence state of the Ni ion
s not conflictive because the Ni4+ ion could transform to Ni2+ ion
t high SOC state for the lithium–nickel-based oxides. However,

F
t

ig. 5. O K-edge XANES spectra of the positive electrode before and after storage
est. Sample A: before test; sample B: 40 ◦C, 12 weeks; sample C: 40 ◦C, 96 weeks;
ample D: 60 ◦C, 12 weeks and sample E: 60 ◦C, 96 weeks.

he power fade of the cell was observed in both the storage and
ycle degradation tests. Therefore, the transformation of Ni4+ to
i2+ ion is not so important factor for the power fade of the cell.
ig. 6. O K-edge XANES spectra of the positive electrode before and after storage
est at 60 ◦C for 96 weeks measured in both TEY and FY modes.
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on exchange at the interface of electrode/electrolyte. The lithium
on in the electrode and the electrolyte would reciprocate contin-
ally at the interface, even if the cell voltage is kept constant. The

ithium migration near the surface and thermal motion of the nickel
ight lead to the cation disordering without the electrochemical

ithium intercalation. Consequently, the cation disordering would
e located near the surface of the electrode.

Previously, we reported that the disordered cubic phase near
he surface of the positive electrode and the surface film consisting
f the Li2CO3, LiF and carbonates on the electrode were the factors
f power fade of the cell degraded by the pulse cycle tests [5,6].
he formation and amounts of surface film of the positive elec-
rode was affected by the cell voltage [21], SOC [6] and/or lithium
e-intercalation [9]. The surface analysis of the degraded electrode
y the storage test is necessary to draw more precise power fade
echanism of the lithium-ion cells in the future.

. Conclusion

The positive electrode obtained from the degradation cells by
he storage test with 50% SOC was examined. The power fade of the
ithium-ion cells was demonstrated to correlate with the cation
isordering of the positive electrode using ND and synchrotron
RD measurements and XANES analysis. The XANES analysis also

evealed that the valence of Ni ion did not vary with the storage
ondition and the structural change from the layered structure to
he disordered cubic structure was located near the surface of the
ositive electrode. The cation disordering depending on the stor-
ge period and temperature proceeded without electrochemical
ithium intercalation. To understand the degradation mechanism
f the lithium-ion cells the storage condition is an important factor
s well as the cycle condition of the test cell.
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