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Capacity-Fading Mechanisms of LiNiO2-Based Lithium-Ion
Batteries
II. Diagnostic Analysis by Electron Microscopy and Spectroscopy
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We used a suite of transmission electron microscopy �TEM� and associated electron spectroscopy methods to examine the local
structure and changes in the electronic structure of LiNi0.8Co0.15Al0.05O2 positive electrode material. We found a scattered rock-salt
phase near grain surfaces and grain boundaries, where Ni3+ turned to Ni2+, deduced from relative intensity ratios and fine
structures of the L2,3 white-line peaks of the transition metals. The spatial distribution of the degraded phase throughout the
secondary particle was found using a scanning TEM-electron energy loss spectroscopy spectral imaging technique and multivari-
ate analysis. The degradation process and its relationship to the surface reactions with electrolytes is discussed based on the
spatial-distribution map of the degraded phases.
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The class of oxides based on LiNiO2 has been considered as a
good replacement for LiCoO2 in the positive electrode of advanced
lithium-ion batteries because of its lower cost and higher capacity
compared to LiCoO2.1 It has been demonstrated that partial substi-
tution of Ni by Co and Al improves both thermal stability and
cyclability.2-6 The composition LiNi0.8Co0.15Al0.05O2, in which the
performance of lithium-ion cells showed the most improvement, has
been studied intensively. Unfortunately, battery cells using
LiNi0.8Co0.15Al0.05O2 still showed capacity fading and resistance in-
crease after charge/discharge test cycles at relatively high
temperatures.5,6 This degradation upon aging or charge/discharge
cycling presents a significant barrier to high-power applications and
has been found to be caused mainly by an increase in impedance at
both positive and graphitic negative electrodes. Impedance measure-
ments of the cell components suggested that the positive electrodes
were primarily responsible for the observed loss of electrochemical
performance.7-10 Improvement of this class of batteries is now fo-
cused on when, where, and how this degradation of the positive
electrodes occurs during aging.

While X-ray diffraction measurements have failed to detect any
noticeable change in the bulk structure of positive electrodes,6,11-13

X-ray absorption spectroscopy,14 transmission electron microscopy
�TEM�, and associated spectroscopic methods have provided unique
insight into the local chemical and structural changes that may be
responsible for cell degradation.15,16 The oxidation states of Ni and
Co in the surface layer of LiNi0.8Co0.15Al0.05O2 composite were
lower than those of the bulk, and the O-K-edge from the surface was
typical of NiO. High-resolution TEM �HRTEM� images and nano-
probe diffraction patterns found a thin NiO-type surface layer on the
LiNi0.8Co0.15Al0.05O2 particles, and the layer was thicker in the par-
ticles from the aged cell. In contrast, a previous report found no
major new phases in TEM images of a sample after test cycles.17

One possible reason for this discrepancy is that the quality and
structure of the particles of active material may depend on the fab-
rication process or thin-foil preparation technique for TEM observa-
tion. Furthermore, HRTEM images and nanodiffraction patterns may
not clearly reveal the superlattice reflections characteristic of the
LiNi0.8Co0.15Al0.05O2 phase because of their lower intensities due to
weak interaction between the structure and incident electrons at thin
areas. It can therefore be difficult to distinguish between
LiNiO2-type and NiO-type structures, a task made still more chal-
lenging by the fact that both phases share a common geometry of
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fundamental reflections or structural framework. It is hence desir-
able to carefully identify the secondary phase and its spatial distri-
bution over wide areas of the primary particles with sufficient spatial
resolution, at least as small as a few tens of nanometers. Electron
energy loss spectroscopy �EELS� may be a suitable tool for this
purpose, because it probes the local chemical environments around
the associated elements on a nanometer scale. EELS also allows the
spatial distributions of these chemical states to be visualized as a
two-dimensional �2D� map by scanning the fine electron probe over
a wide area of the sample, collecting spectra from many locations.

In Part I of this series of reports,18 we showed experimentally
that the degradation of the positive electrode is primarily responsible
for the capacity fading at 80°C. Further quantitative analysis re-
vealed a strong positive correlation between the degradation of the
positive electrode and the quantity of inactive Ni ions produced in
the active component material during the cyclic testing. We con-
cluded that the capacity fading is mainly caused by the formation of
inactive divalent and trivalent ions, presumably associated with oxy-
gen loss in the active materials. In the present study, we employed
TEM and EELS to study in detail the spatial distribution of the
secondary phase responsible for degradation during aging/cycling at
elevated temperatures.

Experimental

Materials.— LiNi0.8Co0.15Al0.05O2 powder was synthesized by a
standard coprecipitation method. The positive electrodes were fab-
ricated from this powder, conductive artificial carbon, and polyvi-
nylidene fluoride �PVdF� binder coated on both sides of 20 �m
thick aluminum sheets. The positive electrodes were assembled into
500 mAh type cylindrical cells with graphite negative electrodes.
After 500–1000 charge/discharge test cycles at 60 and 80°C,6 the
cells were disassembled to examine the degraded electrodes. The
capacity and internal resistance were degraded, and detailed reports
of this degradation were reported in Part I18 and elsewhere.6

TEM and EELS observation.— Thin foils for TEM observation
were prepared in three ways, one for plan-view and two for cross-
sectional observation. For plan-view observation, the electrode sheet
was punched into 3 mm diameter disks, followed by argon ion mill-
ing, first from each side separately, then from both sides after per-
foration to avoid leaving aluminum foil at the thinnest edge of the
hole. Large thin areas containing several secondary particles were
produced. For cross-sectional observation, the sheet was sectioned
by an ultra-microtome or a focused ion beam �FIB� instrument. The
former was used for rough observation of the entire foil thickness,
when unfortunately some of the active material particles fell off.
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Thin areas over an entire secondary particle �5–10 mm� were pre-
pared by FIB to show intact surfaces at the particle edge.

Diffraction contrast images, electron diffraction patterns, and
EELS were obtained by a JEM200CX TEM equipped with a Gatan
Enfina 1000 spectrometer. Energy-filtering TEM �EFTEM� and elec-
tron energy loss �EEL� spectral imaging �SI�, based on scanning
TEM �STEM� mode, was performed using a JEM2100F TEM/
STEM equipped with a Gatan Tridiem energy filter.

Multivariate analysis of SI data sets.— An STEM-SI data set
consists of many EEL spectra, each instantaneously obtained from
an area illuminated by the small electron probe as it scans over the
region of interest �ROI� of the sample. If the ROI includes a number
of different phases or different chemical states with no significant
composition change, each EEL spectrum should be a linear combi-
nation of the individual EELS profiles of the constituent elements,
with weights corresponding to the compositions of the different
states present. Self-modeling curve resolution, or multivariate curve
resolution �MCR�, is a recent multivariate analysis technique which
enables decomposition of such a data set into separate constituent
components without requiring reference data.

In MCR, a bilinear decomposition of the SI dataset is performed
using the model equation

D = CST + E �1�

where the dimension of the matrices are D�NR,NC�, C�NR,N�,
ST�N,NC�, and E�NR,NC�; N is the number of components consid-
ered; NR is the number of EEL spectra �number of data points ob-
tained from the sample�; NC is the number of channels �in the en-
ergy loss axis�. D is thus a data matrix containing all SI data, C is
the matrix describing how the contributions of the N components
change in the NR rows of the data matrix �concentration profiles�,
and ST is the matrix of pure spectral profiles. E is the residual matrix
with the data variance or statistical noise unexplained by CST. The
task in MCR is to find the matrices C and ST, given the data matrix
D. We adopted a modified alternating least-squares �MALS� algo-
rithm for this purpose, because it is a fast, robust technique.19

Results

TEM/EELS observation of plan-view samples.— Typical TEM
images of a plan-view sample before and after 1000 cycles at 60°C
are shown in Fig. 1a and b, respectively. Generally, the fabricated
material became brittle compared to the original untested state, and
the grains were fragmented or cracked into separate smaller par-
ticles, as shown in Fig. 1b. This is reasonable, because Li+

intercalation/deintercalation during charge/discharge cycles are ac-
companied by repeated volume dilation and contraction.6,13,20 As
previously reported and confirmed by diffraction patterns,15,16 some
grains include a NiO-type phase. Dark-field images of the spot de-
rived from the NiO-like phase should reveal its spatial distribution,
which is shown in Fig. 2 along with a representative electron dif-
fraction pattern. The NiO-type phase is not only localized at grain

(a) (b)
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Figure 1. Representative plan-view TEM micrographs of
LiNi0.8Co0.15Al0.05O2 positive electrodes �a� before and �b� after 1000 test
cycles at 60°C.
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boundaries but is also embedded within the grains as fine particles,
as shown in Fig. 2a. This phase is sometimes also observed in the
conductive carbon binder regions, as shown in Fig. 2b. Because the
sample was prepared by argon ion milling, it is assumed that the fine
NiO-type particles in the carbon binder regions were accidentally
detached from the oxide grain surface in contact with the binder and
left on the binder during ion thinning.
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Figure 2. �a and b� Dark-field TEM images and �c� electron diffraction
pattern from the cycled sample. The images are taken with the objective
aperture diaphragm inserted at the encircled position in c.
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O-K and Ni-L2,3 reference energy-loss near-edge structure �EL-
NES� spectra taken from LiNiO2 and NiO powders are shown in
Fig. 3a and b. It was confirmed that the initial particles exhibited the
same spectral profiles as LiNiO2 and the NiO-type degraded areas
showed those of NiO. The Ni-L2,3 ELNES spectra showed distinct
differences in fine structures and relative intensity ratios of L2–L3
peaks, as shown in Table I. The L2/L3 intensity ratio is a good
measure of the Ni valency. We tried to obtain Li-K ELNES
��58 eV� from the samples, but these overlapped the broad
Co–M2,3 spectrum and extended tail of the second plasmon. This
seriously hampered any detailed analysis of the spectral fine struc-
tures of Li-K ELNES. Because the spectral acquisition areas were
approximately 0.1–0.3 �m in diameter, each spectrum could be re-
corded from a mixture of multiple phases due to the reported size of
the NiO-type phase.15,16 The spectral features revealed are often
consistent with a mixture of both phases. Note that the valency of
Co is the same as that of the Ni in the same area, judging from the
relative intensity ratios of L2–L3 peaks �not shown�.

Figure 4a shows EELS of the low energy-loss region from the
apparent NiO-type structures. A small 5–8 eV hump was observed
at the outskirts of the elastic �zero-loss� peak. The low-loss spectrum
can be compared to the joint density of states �JDOSs� with the
dipole transition selection rule taken into account. JDOS was calcu-
lated based on the linearized augmented plane wave �LAPW� band
method21 for NiO and LiNiO2, in which both ferromagnetic and
antiferromagnetic spin configurations were considered for Ni. The
calculated JDOSs, normalized by the number of cations, are shown
in Fig. 4b. The JDOS of NiO increased by about 5–10 eV, which
corresponds with the experimentally observed hump. This small
structure is derived from a transition from the top of the valence
band to the empty Ni d-band in the NiO-type structure. Ni is sur-
rounded by six oxygen atoms in both LiNiO2 and NiO structures, in
which the occupancy of the d-band is similar but the number of
unoccupied states per cation is larger in NiO than in LiNiO2. The
volume plasmon peak at 24 eV was commonly seen in both LiNiO2-
and NiO-type structures. These low-loss features provide another
possibility for imaging the NiO-type phase; EFTEM images taken
by setting a 5 eV wide energy slit at 6 and 24 eV are shown in Fig.
5a and b, respectively. Although EFTEM imaging with a low energy
loss can suffer from additional diffraction contrast, the grain bound-
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Figure 3. �a� Reference EEL spectra of oxygen K-edge and �b� nickel
L2,3-edge, taken from indicated materials.

Table I. L2ÕL3 peak-area ratios of LiNiO2 and NiO phases mea-
sured from EELS in Fig. 3b.

Phase L2/L3

LiNiO2 0.35
NiO 0.25
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aries appear bright, suggesting that NiO-type phases are localized
there, as is discussed in further detail in a later section.

EFTEM of ultramicrotomy cross-sectioned sample.—Ultramicro-
tomy is a thin sectioning method for preparation of TEM samples,
often used to prepare resin-embedded tissue. The method enables us
to obtain uniform thickness over a wide area, compared to samples
prepared by other thinning methods. A TEM overview of the sample
after 500 test cycles at 80°C is shown in Fig. 6a. This overview was
used to examine the depth dependence of the degree of degradation,
from the electrode surface to the Al foil current collector interface.
Of particular interest was whether there was any difference between
the region near the surface, which was in contact with the electro-

Figure 4. �Color online� �a� Low-loss spectrum from NiO. �b� JDOS calcu-
lated for NiO and LiNiO2 model structures based on the LAPW band
method.

(a) (b)

1 �m

Figure 5. Energy-filtered TEM images taken with a 5 eV wide energy slit
inserted at �a� 6 or �b� 23 eV.
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lyte, and the other regions. The open holes are due to oxide particles
which fell off during sectioning. We carefully examined many par-
ticles and grains from the surface to near-substrate regions by EELS,
but no noticeable general tendencies, such as that the particles near
the surface include more NiO-type phase, were observed.

Sometimes we encountered fragmented grains with a comblike
texture in the degraded sample, as shown in Fig. 7a and b. No
similar fragmentation was observed in plan-view or FIB-sectioned
samples, so it probably occurred as a result of stress concentration
on mechanically fragile areas during ultramicrotomy.

It is important to investigate local compositions to gain insight
on the degradation mechanism, because the formation of an NiO-
type structure requires Li deintercalation, with an accompanying
reduction in oxygen content. As shown in the previous section, the
NiO-type phase can be observed by dark-field imaging, but it is not
possible to image all grains because of their different orientations.
EFTEM is an effective alternative, because EELS is a projection of
the three-dimensional structure onto the one-dimensional energy-
loss axis. By selecting the spectral feature characteristic to the phase
of interest, one can image all orientations of the same phase simul-
taneously.

A primary particle with an intact surface and minimal damage
from sectioning was selected, as shown in Fig. 6b, and EFTEM
images were obtained in two ways:

1. Plasmon image: Two EFTEM images were recorded by in-
serting a 5 eV wide energy slit at 6 and 24 eV, as discussed in the
previous section. The latter image was divided by the former using
an image math operation, revealing the NiO-type structure distribu-
tion.

2. Core-loss image: Ni L2 and L3 peaks were separately selected
using a 10 eV wide slit and imaged using the three-window method
to remove the background intensities. The image math operation

(a) (b)

Al foil

100 nm100 nm6 �m

Figure 6. �a� TEM image of ultramicrotome-sectioned positive electrode. �b�
A representative oxide active material particle in �a�.

200 nm200 nm 200 nm200 nm

(b)(a)

Figure 7. Fragmented particles observed in Fig. 6a.
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L2/L3 was also used to reveal the lower valence areas. Finally,
STEM-energy dispersive X-ray analysis �EDX� elemental mapping
was conducted to produce an O/Ni relative-concentration map. In
order to apply these image math operations, smoothing of the image
intensities was necessary, because the EFTEM images and EDX
elemental distributions contained significant pixel-by-pixel intensity
fluctuations. We applied the PIXON method,22,23 one of the most
effective smoothing methods, to remove statistically random noise
with minimal information loss.

Each technique has its shortcomings:
1. Plasmon imaging may suffer from additional diffraction con-

trast. In a locally bent sample, an area satisfying a strong Bragg
condition may appear dark or bright in the plasmon image irrespec-
tive of the energy loss at the area. This is because the Bragg scat-
tering angle of a high-energy electron is compatible with a corre-
sponding momentum transfer in the plasmon loss region, so that
elastically scattered intensities may enter the energy-selecting slit.

2. Core-loss spectral intensity strongly depends on sample thick-
ness. The higher-energy side L2 peak is especially sensitive; there-
fore, the relative intensity ratio of L3 to L2 may vary from location
to location.

3. Elemental distributions by STEM-EDX may also suffer from
artifacts of sample thickness variation. Additionally, the spatial res-
olution is limited by statistical noise, particularly in core-loss and
EDX images.

The results of the above three methods are shown in Fig. 8a-c.
Degraded areas should have a NiO-type structure, lower Ni valency,
and oxygen deficiency, so highly correlated areas between all three
images should be sought, because any single image contains contrast
artifacts and other above-mentioned errors. After this cross-
correlation, it can be reliably said that most of the degradation oc-
curs at particle surfaces and grain-boundary regions within
50–100 nm wide.

STEM-SI of FIB cross-sectioned sample.— Spatial distribution
of degraded areas by MCR.— The existence of a NiO-type de-
graded phase was confirmed in the preceding sections, and the deg-
radation was found to be localized at grain surfaces and boundaries.
However, one should clarify the overall distribution of degraded
areas over the secondary particles in relation to the area of electro-
lyte contact and how these areas evolve during test cycles. We thus
prepared TEM thin films using FIB of the electrodes, covering entire
secondary particles, and carried out an SI technique using a scan-
ning transmission electron microscope. STEM-SI is conducted by
scanning a focused electron probe over the sample with a prespeci-
fied scan step interval, recording EEL spectra at each position. From
the set of obtained spectra one can extract the spectral features of
interest and display their 2D spatial distributions, the intensities of
which are directly correlated to their local concentrations.

The probe size was 5 nm, scanning an area approximately 6
� 6 �m as 300 � 300 pixels with a scan step interval of

(b) (c)(a)

Figure 8. �Color online� Images of the particles shown in Fig. 6a, processed
for better visualization of the degraded regions. �a� O/Ni composition ratio
map produced from EDX elemental distribution images. �b� L2/L3 white-line
intensity ratio map of Ni from energy-filtered images. �c� Low-loss intensity
ratio map from energy-filtered images. See text for details.
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30–35 nm. The probe size, exposure time for each step, and step
width were determined by compromise between the required spatial
resolution, degree of acceptable beam damage, desired signal-to-
noise ratio for each spectrum, and the total acquisition time. The
energy dispersion of EELS was set to 0.3 eV/channel to cover the
O-K ��525 eV�, Co-L2,3 ��793 eV�, and Ni-L2,3 ��855 eV�
edges using the charge-coupled device detector with 2048 channels
in the spectral dispersion direction. The duration of each spectral
acquisition was 0.5 s.

Dark-field STEM images of the scanned areas simultaneously
recorded in SI are shown in Fig. 9a and b for samples at the initial
state and after 500 charge/discharge cycles at 80°C. The faint stria-
tions are due to nonuniform sample thickness produced by the FIB
thinning procedure. The EELS spectrum from the framed area in
Fig. 9b reproduced from the dataset is shown in Fig. 9c. Before
processing the SI datasets, the square-framed area in Fig. 9b was
picked up as shown in Fig. 10a and the corresponding O-K, Co-L2,3,
and Ni-L2,3 ELNES spectra were extracted from several localized
2 � 2 pixel areas �framed from left to right in Fig. 10a�, as shown
respectively from top to bottom in Fig. 10b. As expected, the O-K
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Figure 9. �Color online� Dark-field STEM images of samples �a� before and
�b� after 500 test cycles at 80°C, simultaneously recorded during SI. �c� EEL
spectrum extracted from the black-edged area in b.
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Figure 10. �Color online� Enlargement of the square area in Fig. 9b. O–K,
Co-L2,3, and Ni-L2,3 ELNES spectra from top to bottom extracted from the
framed areas in �a� respectively from left to right, with pre-edge background
subtracted. The spectra are successively shifted vertically for better view.
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ELNES profile approached that of the NiO-like phase, and the
L2-to-L3 ratio of Ni L2,3 white-line is reduced, consistent with Ni2+

from the inner-grain area to the particle edge. Hence, the SI datasets
do include information on the spatial changes in ELNES spectra.

To map the NiO-type structure and other unknown phase �if any�
distributions, we applied an MCR technique based on the MALS
algorithm to the SI datasets.19 It was crucial for this analysis to
determine the number of components �different phases� included in
the dataset. We first applied a primary component analysis �PCA� to
the data, which indicated only a single significant component. This
means that PCA is not able to distinguish the subtle spectral changes
present, and thus the number of significant components was deter-
mined by trial and error, examining whether the resolved spectral
component could be interpreted as physically meaningful.

To increase the reliability of the MCR, the spectral regions of
O-K, Co L2,3, and Ni L2,3 to be analyzed were selected as shown in
Fig. 10b. After subtracting the pre-edge background from each edge,
specific energy ranges were picked up: 500–570 eV for O-K-edge,
and white-line peaks for Co and Ni L2,3-edges, or 270 channels in
total. A higher-energy region of O-K ELNES was deliberately omit-
ted, because the intensities in this region depend sensitively on
sample thickness due to multiple losses. Furthermore, the carbon
binder region surrounding the oxide particle was carefully removed
by applying the mask, because the region was found to contain
oxygen and exhibit an ELNES profile similar to the degraded phase
in the oxide particle, seriously affecting the curve-resolution results.
In order to minimize the rotational ambiguities of the MCR solution,
a non-negativity constraint for both the spectral and concentration
matrices and a normalization constraint for each row of the spectral
matrix �pure spectral profile� were imposed. For the latter constraint,
the 1-norm ��i�xi�� instead of the Euclidian length �2-norm� was
adopted, because the spectral intensity of an element corresponds to
the cross section for the core loss. Normalization by the 1-norm of
each spectral profile under a non-negativity constraint allowed direct
interpretation of the concentration profile as the relative concentra-
tion of each component.

MCR was applied to the present datasets by assuming two, three,
and four components, but resolution into four components was
found to be irrelevant because the fourth component looks like re-
sidual noise rather than a meaningful spectrum. The spatial distribu-
tions of each resolved component are shown in Fig. 11a-c for the
initial state and Fig. 12a-c for samples after 500 cycles at 80°C,
assuming three components are present. The pure spectral profiles
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Figure 11. �Color online� �a–c� Spatial distributions of resolved components
shown in d for the sample before cycling tests. The false color indicates the
local concentration corresponding to the inset color look-up table.
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are shown in Fig. 11d and 12d. The total concentrations of the three
components were calculated from the concentration matrix and are
listed in Table II.

Note that the spectral profiles of the three components, particu-
larly of the O-K-edge, are all common to two separate measure-
ments on different samples, which increases the reliability of the
results. The Ni and Co L2,3-edges in Fig. 11d may seem distorted
because the fraction of this component is small and therefore
strongly affected by residual noise. It is apparent from the O-K
ELNES spectral features shown in Fig. 3a that components 1 and 2
correspond to the original layered phase and a degraded NiO-type
phase, respectively. This assignment is further reinforced by the fact
that the associated Co- and Ni-L2,3 ELNES show trivalent and di-
valent white-line intensity ratios, as shown in Fig. 3b. The O-K
ELNES of component 3 is characterized by a large prepeak and can
be assigned to a Li-deficient phase by comparing it to the reported
spectra from Li1−xNi0.8Co0.2O2 �x = 0.07–0.74�.24 The L3/L2 ratio
of component 3 shows a value larger than that of the trivalent phase,
further confirming the assignment. According to the relative prepeak
intensities reported in Ref. 20, x �the fraction of Li deintercalation�
�0 for component 1 and x � 0.7 for component 3. It is thus rea-
sonable to conclude that a linear combination of x values in compo-
nents 1 and 3, weighted by the local concentrations, provides the Li
composition at each position.

Figures 11a-c and Table II show that at the initial state a signifi-
cant amount of NiO-type phase already existed, particularly at the
edge of the grains, and the lithium content was not deficient within
the present detectable limit and spatial resolution. After 500 cycles
at 80°C, the NiO-type phase was considerably increased at the grain
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Figure 12. �Color online� �a–c� Spatial distributions of resolved components
shown in d for the sample after 500 test cycles at 80°C.

Table II. Component concentrations in each sample, derived
from MCR analysis of STEM-SI datasets, as shown in Fig. 11 and
12.

Sample

Normal phase
�Camp. 1�

�%�

NiO-type
phase �Comp. 2�

�%�

Li-deficient
phase �Comp 3�

�%�

Initial 80 18 1
After 500 test cycles 45 37 18
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surfaces and boundaries, and Li was deficient at some locations. The
thickness and amount of the degraded phase were consistent with
the values reported in a previous section.

Fluorine distribution.— Figures 13b and d show the fluorine distri-
butions of the initial state and after 500 test cycles, according to the
conventional SI method with the pre-edge background subtracted,
together with the NiO-type phase distributions of the corresponding
samples �Fig. 13a and c�, reproduced from Fig. 11b and 12b but with
enhanced contrast for easier comparison. In Fig. 13b small amounts
of fluorine were mainly distributed along the grain boundaries of the
primary particles. These were likely derived from the LiPF6 electro-
lyte rather than from the PVdF binder, because PVdF should always
be detected together with the artificial carbon conductor. Fluorine
was also detected at cracked particle surfaces, which suggests that
the electrolyte invaded into the cracked gaps, allowing these newly
formed surfaces to act as charge/discharge reaction surfaces. This is
quite reasonable, because the NiO-type degraded phase was also
distributed along the cracked particle surfaces in the sample after
500 test cycles, as shown in Fig. 13c, which presents strong evi-
dence that the degradation starts at the surfaces in contact with the
electrolyte.

After 500 test cycles at 80°C �Fig. 10d�, significant amounts of
fluorinate were distributed at the secondary particle surface. These
may be the LiF precipitates reported by several other research
groups,25,26 though these precipitates would play only a minor role
in electrochemical cell degradation. Notably, the NiO-type phase did
not always exist near these fluorinate distributions.

Discussion

In this section, we discuss the degradation mechanism of the
positive electrode active material based on the results presented
above and in Part I.18

In Part I, we claimed that the capacity fading of the positive
electrodes is mainly a result of the formation of inactive divalent
�Ni�II�� and trivalent �Ni�III�� Ni ions. In the present study, the NiO-
type phase �Ni�II�� evolved during cycling at elevated temperatures

(d)(c)

(b)(a)

Figure 13. �Color online� Spatial distribution of NiO-type phase �a� before
and �b� after 500 test cycles at 80°C �c� was reproduced from Fig. 11b and
12b, with enhanced contrast. b and d are fluorine distributions in the corre-
sponding samples on the left.
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and can be produced by the reaction between a primary/secondary
particle surface and the electrolyte, while inactive Ni�III� is attrib-
utable to the Li-deficient areas distributed over entire particles. As-
suming that inactive Ni�II� and Ni�III� are derived from NiO-type
and NiO2-like Li-deficient phases, respectively, the concentrations
of Ni ions in the different states can be estimated from Table II, the
results of which are tabulated in Table III. The Ni�II� increased by
13%, consistent with the value estimated in Part I, whereas the in-
crease in inactive Ni�III� was doubly overestimated compared to
Table III in Part I. It thus appears that concentration of the Li-
deficient phase does not directly correspond to the fraction of inac-
tive Ni�III� formed.

To examine the correlation between the spatial distributions of
the assumed inactive phases and oxygen concentration, EDX el-
emental analysis was performed, with results shown in Fig. 14. The
oxygen-deficient areas roughly show a positive correlation with the
spatial distribution of NiO-type phase but no appreciable correlation
with the Li-deficient areas. It is therefore likely that the NiO-type
phase was formed by deintercalation of Li and subsequent oxygen
loss; however, the origin of the inactive Ni�III� remains unclear.

Conclusion

The microstructure of the active positive electrode material
LiNi0.8Co0.15Al0.05O2 for lithium-ion secondary batteries after
charge–discharge test cycles at elevated temperatures was examined
in detail by means of TEM and spectroscopy. The main results ob-
tained are summarized below:

1. NiO-type phase was found in both initial and cycled samples.
This phase was significantly increased at grain surfaces and grain
boundaries in the primary/secondary particles and ranged over
100 nm from the surface.

2. Li-deficient areas were also formed in the cycled samples and
are presumed to be the origin of inactive Ni�III� found in Part I.18

3. There was no significant difference in degraded structures of
active material particles from locations ranging from the surface to
the Al foil collector.

Table III. Component concentration in each sample, derived
from MCR analysis of STEM-SI datasets, as shown in Fig. 11 and
12.

Sample
Normal Ni
�III� �%�

Ni �II�
�%�

Inactive Ni
�III� �%�

Initial 89 10 1
After 500 test cycles 55 23 22

Figure 14. �Color online� Summary of EDX point-to-point elemental analy-
sis of the degraded sample after 500 cycles at 80°C �lower half area of Fig.

9b�. The O-deficient areas relative to Ni contents are shown.
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4. The increase in the NiO-type phase was consistent with the
formation of inactive Ni�II� described in Part I, whereas the concen-
tration of Li-deficient areas was not in agreement with the amount of
inactive Ni�III�.

3. Oxygen-deficient areas showed a positive correlation with the
spatial distribution of the NiO-type phase. This implies that the NiO-
type phase was formed by Li deintercalation and subsequent oxygen
loss.

Further investigation of the origin of inactive Ni�III� is necessary.
In addition, the chemical states of Li and their spatial distribution
should be analyzed using the STEM-EELS-SI-MCR technique,
which enables separation of the overlapping spectra of Li-K and
Co-M absorption edges.
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