
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/256115892

Microstructural Changes in LiNi0.8Co0.15Al0.05O2 Positive Electrode Material

During the First Cycle

Article  in  Journal of The Electrochemical Society · February 2011

DOI: 10.1149/1.3544843

CITATIONS

155
READS

1,253

7 authors, including:

Shijian Zheng

Hebei University of Technology

198 PUBLICATIONS   7,192 CITATIONS   

SEE PROFILE

Rong Huang

East China Normal University

206 PUBLICATIONS   5,098 CITATIONS   

SEE PROFILE

Craig A. J. Fisher

Japan Fine Ceramics Center

128 PUBLICATIONS   7,881 CITATIONS   

SEE PROFILE

Yuichi Ikuhara

The University of Tokyo

1,007 PUBLICATIONS   30,475 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Shijian Zheng on 11 December 2016.

The user has requested enhancement of the downloaded file.

Research Gate 

• 

POSCO Future M v. TIAX LLC 
POSCO Future M EX1011 

https://www.researchgate.net/publication/256115892_Microstructural_Changes_in_LiNi08Co015Al005O2_Positive_Electrode_Material_During_the_First_Cycle?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/256115892_Microstructural_Changes_in_LiNi08Co015Al005O2_Positive_Electrode_Material_During_the_First_Cycle?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shijian-Zheng?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shijian-Zheng?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Hebei-University-of-Technology?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shijian-Zheng?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rong-Huang-56?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rong-Huang-56?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/East-China-Normal-University?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rong-Huang-56?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Craig-Fisher-8?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Craig-Fisher-8?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Japan_Fine_Ceramics_Center?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Craig-Fisher-8?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yuichi-Ikuhara?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yuichi-Ikuhara?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The_University_of_Tokyo?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yuichi-Ikuhara?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shijian-Zheng?enrichId=rgreq-da0aa38c8815e1312e4fc50bc3d1e7fc-XXX&enrichSource=Y292ZXJQYWdlOzI1NjExNTg5MjtBUzo0MzgwMDMyNzQzOTE1NTJAMTQ4MTQzOTUyNjU4NQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Microstructural Changes in LiNi0.8Co0.15Al0.05O2 Positive
Electrode Material during the First Cycle
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The microstructure of LiNi0.8Co0.15Al0.05O2 positive electrode material before and after the first cycle was investigated by scan-
ning transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS). STEM and EELS analysis shows
that, before cycling, there are very thin layers of material at grain boundaries that contain a small amount of transition metal ions
(particularly Ni) on Li sites. After the first cycle, the thickness of some grain boundary layers increases significantly, accompanied
by formation of microcracks at grain boundaries. Also, from the grain interior to the grain boundary, the structure gradually
changes from an ordered layer structure (a-NaFeO2-type) to a partially ordered structure and then to a disordered rock-salt struc-
ture. We posit that these microstructural changes are primarily responsible for the irreversible capacity during the first cycle.
VC 2011 The Electrochemical Society. [DOI: 10.1149/1.3544843] All rights reserved.
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Many lithium transition-metal oxides have been observed to ex-
hibit reversible lithium extraction/insertion reactions without
destruction of their “core” structure; such topotactic reactions have
been utilized in positive and/or negative electrodes for lithium-ion
batteries.1–3 Of these oxides, LiNiO2-based materials are considered
to be a promising positive electrode material because of their high
specific capacity, lower cost, and lower toxicity compared to
LiCoO2.4–7 Because both LiCoO2 and a-LiAlO2 are isostructural
with LiNiO2, cobalt and aluminum ions can be substituted for nickel
to form solid solutions of LiNi1–yCoyO2 (0< y< 1)8–11 and LiNi1–z

AlzO2 (0< z� 1/2),12,13 respectively. Codoping is also possible,
with the optimum composition with respect to thermal or structural
stability and electrochemical reactivity in lithium cells reported to
be LiNi0.8Co0.15Al0.05O2.14–17 In electrochemically overlithiated or
delithiated states, which correspond to the discharged and charged
states, respectively, in lithium transition-metal oxide phases are not
thermodynamically stable. This is one of the main reasons for dete-
rioration of lithium-ion batteries, resulting in poor cyclability and
low rate capability after long-term cycling, especially at elevated
temperatures.18–25

Abraham et al.20 identified a less than 5-nm thick NiO-type layer
with the rock-salt-type structure on the surface of LiNi0.8Co0.2O2 par-
ticles after the cell formation cycles. They reported that the thickness
of this surface layer increased to 30–40 nm after cycling at 60�C for
8 weeks. This was accompanied by a 43% power fade, which they
attributed to the growth of the surface layer. Recently, Sasaki et al.26

and Muto et al.27 systematically studied the capacity fade of Li-ion
batteries using LiNi0.8Co0.15Al0.05O2 as the positive electrode. They
found inactive divalent and trivalent Ni ions formed after long-term
cycling and produced a spatial-distribution map of a NiO-type phase
located near grain surfaces and grain boundaries. They concluded
that the capacity fade is mainly caused by the formation of the inac-
tive Ni ions, presumably accompanied by oxygen loss in the active
materials at high temperature. However, most of the above results
were obtained from long-term cycling tests at elevated temperatures,
and the atomic scale microstructural changes during the first cycle at
room temperature were not examined. To better understand this so-
called irreversible capacity phenomenon,18,20,28–32 it is important to
study the microstructural changes after the first cycle.

As it has been demonstrated previously that the microstructural
changes initiate locally,20,27 an analytical method that can supply in-
formation with a high spatial resolution is necessary for this task.

Compared to conventional analytical approaches, such as x-ray
absorption spectroscopy (XAS), x-ray diffraction (XRD), and con-
ventional transmission electron microscopy, scanning transmission
electron microscopy (STEM) not only has the advantage of high
spatial resolution but can also be used to identify atomic species
and their positions directly,33 which is useful for observing order–
disorder transitions of metal ions in LiNiO2-based materials. In this
study, we use scanning electron microscopy (SEM), STEM, and
electron energy loss spectroscopy (EELS) to examine microstruc-
tural changes in the positive cathode material LiNi0.8Co0.15Al0.05O2.

Experimental

LiNi0.8Co0.15Al0.05O2 powder was prepared by a coprecipitation
method and will be referred to as the “original” LiNi0.8

Co0.15Al0.05O2 hereafter. The powder was characterized with an
x-ray diffractometer (RINT2200, Rigaku, Corp., Japan) using Cu
Ka radiation, equipped with a graphite monochromator to suppress
background radiation. A positive electrode was prepared by casting
black viscous slurry, which consisted of 85 wt % LiNi0.8

Co0.15Al0.05O2, 10 wt % carbon black, and 5 wt % polyvinilydene
fluoride (PVdF) binder dissolved in N-methyl-2-pyrrolidone, onto
an aluminum current collector with a blade. This painted sheet was
dried at 120�C for 12 h under vacuum and pressed to form a dense
electrode. A negative electrode was prepared by pressing a lithium
metal sheet onto a stainless steel plate. A sandwich-type cell body
consisting of the positive and negative electrodes separated by two
sheets of polypropylene microporous membrane was immersed in 1
M LiPF6 ethylene carbonate (EC)/diethyl carbonate (DEC) (3/7 v/v)
electrolyte. This cell, referred to hereafter as cell 1, was used to
characterize the electrochemical performance of the positive elec-
trode material in terms of voltage profiles. Cell 1 was operated at
20�C within a voltage window of 2.5–4.2 V at a constant current of
0.1 mA/cm2, which corresponds to a C/10 rate based on 175 mAh/g
of capacity.

In order to examine the microstructural changes occurring in the
positive electrode, another cell was also prepared, which we refer to
as cell 2. In this cell, the positive electrode was formed by pressing
LiNi0.8Co0.15Al0.05O2 powder into a pellet without addition of car-
bon or binder; the materials used for the negative electrode and elec-
trolyte were the same as cell 1. After a single charge–discharge
cycle between voltages of 2.5 and 4.2 V at a constant current of
0.2 mA/cm2, which corresponds to a C/50 rate based on 175 mAh/g
of capacity, the LiNi0.8Co0.15Al0.05O2 pellet was taken out of the
cell in an Ar-filled glove box and then immersed in a DEC solution
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to remove the LiPF6 salt. The sample obtained in this way will be
called the “single-cycled” LiNi0.8Co0.15Al0.05O2 hereafter.

To investigate the effect of the first cycle on the microstructure
of the positive electrode, both the original and the single-cycled
LiNi0.8Co0.15Al0.05O2 were studied by SEM, STEM, and EELS.
SEM observation was performed on a high-resolution Hitachi SU-
8000 scanning electron microscope with a field emission electron
source. Transmission electron microscopy specimens were prepared
by epoxy embedding, followed by mechanical grinding and ion
milling (Gatan 691, operated at 3-1 kV and cooled with nitrogen
liquid). STEM observation was performed on a Cs-corrected JEM-
2100F transmission electron microscope equipped with a Gatan
image filter for EELS analysis.

LiNi0.8Co0.15Al0.05O2 has an ordered layer structure (a-NaFeO2-
type), in which Li ions and transition metal ions occupy alternating
cation layers parallel to (0001). In the ½1120� direction, Li layers and
transition metal layers can be distinguished easily in a STEM image.
Consequently, in this study, all the high resolution STEM images
were acquired with ½1120� as the zone axis.

Results and Discussion

Materials characterization.— The morphology of the original
LiNi0.8Co0.15Al0.05O2 particles was studied by SEM. As shown in
Fig. 1, the original sample comprises large particles about 10 mm in
diameter with a narrow size distribution. These particles are
agglomerates of small grains about 1 mm in diameter. The original
LiNi0.8Co0.15Al0.05O2 particles exhibit the typical morphology of
LiNiO2-based particles prepared by the coprecipitation method.

Figure 2 shows the XRD pattern of the original LiNi0.8

Co0.15Al0.05O2 powder, which can be indexed as an a-NaFeO2-type
structure belonging to space group R�3m. The lattice parameters of
LiNi0.8Co0.15Al0.05O2 were calculated to be a¼ 2.864 Å and
c¼ 14.171 Å in the hexagonal setting.

Generally, the integrated intensity ratio of (003) to (104), i.e.,
I(003)/I(104), is used as a simple criterion to estimate the amount of
contamination by rock-salt domains in the bulk rhombohedral
phase, which can tell us whether the samples are battery-active or
not.8 According to Ohzuku et al.,8 the presence of rock-salt struc-
tured domains, in which Ni and Li ions randomly occupy the octahe-
dral sites, weakens the integrated intensity of the (003) peak indexed
to the rhombohedral LiNiO2 structure, while the integrated intensity
of the (104) peak remains unchanged. When the integrated intensity
ratio I(003)/I(104) is less than 1.2, the (108) and (110) peaks become
indistinguishable and the capacity is decreased; together these two

observations can be used to determine the degree of contamination
by the rock-salt domains.8 In our case, the I(003)/I(104) ratio is 1.36,
and (108) and (110) peaks show a clear split, indicating that the
original LiNi0.8Co0.15Al0.05O2 powder does not contain an appreci-
able amount of rock-salt domains in the bulk phase.

Figure 3 shows the voltage profile of cell 1. The open-circuit
voltage of the freshly fabricated cell was about 3.2 V. When a con-
stant current of 0.1 mA/cm2 was applied, the voltage rapidly rose to
3.6 V, increasing to 4.2 V at the end of charging. Based on the
weight of the LiNi0.8Co0.15Al0.05O2 used to form the electrode, the
first-charge capacity was 203 mAh/g, and the first-discharge
capacity was 178 mAh/g. This corresponds to an irreversible
capacity loss of 25 mAh/g during the first cycle, which is typical of
Li cells using an LiNiO2-based positive electrode.18,28–32 The cell
showed a good reversible capacity of about 175 mAh/g in subse-
quent cycles.

The SEM, XRD, and charge–discharge cycling tests indicate that
the original LiNi0.8Co0.15Al0.05O2 powder was high purity, exhibit-
ing suitable electrochemical performance for use as an electrode
material. An electrode made from this material should thus be a
good specimen for observing the microstructural changes that occur
during the first cycle of a lithium-ion battery.

Figure 1. SEM micrograph showing the typical morphology of particles in
the original powder.

Figure 2. XRD pattern of LiNi0.8Co0.15Al0.05O2 powder. The lattice para-
meters are a¼ 2.864 Å and c¼ 14.171 Å in the hexagonal setting of space
group R �3m.

Figure 3. Voltage profile for cell 1 operated at a C/10 rate over a voltage
window of 2.5–4.2 V at 20�C. The positive electrode was a mixture of 85 wt
% LiNi0.8Co0.15Al0.05O2, 10 wt % carbon black, and 5 wt % PVdF binder,
and 1 M LiPF6 dissolved in EC/DEC (3/7 v/v) was used as the electrolyte.
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Preparation of the single-cycled LiNi0.8Co0.15Al0.05O2.— As
mentioned above, cell 2 was prepared using pelletized LiNi0.8

Co0.15Al0.05O2 without carbon or binder. The cell was operated
within a voltage window of 2.5–4.2 V at 0.2 mA/cm2, as shown in
Fig. 4. The charge current was applied to the cell for 30 h until a
voltage of 4.2 V was reached; the battery was then discharged at
constant current for 25 h until the voltage dropped to 2.5 V, which
corresponds to charge and discharge capacities of 110 and 90 mAh/g,
respectively. A voltage drop occurred upon switching from a charge
current to discharge current because the positive electrode did not
contain carbon or binder. Charge and discharge capacities of the
pelletized LiNi0.8Co0.15Al0.05O2 (cell 2) are limited in comparison
to the positive electrode with carbon and binder (cell 1) because of
the large polarization of cell 2. In this case, the capacity loss during
the first cycle was 20 mAh/g, which is reasonable and can be attrib-
uted to the positive electrode itself. The single-cycled LiNi0.8

Co0.15Al0.05O2 was subsequently removed from the battery as
described above for further detailed characterization.

Morphological changes during the first cycle.— Using low mag-
nification STEM imaging with a detection angle of 52–140 mrad,
microstructural changes near grain boundaries were studied. We
define a grain boundary layer as a layer along a grain boundary,
which deviates structurally from the ordered layer structure of the
grain interior. Figure 5a shows a typical STEM image of grain boun-
daries in the original sample. The grain boundaries have thin grain
boundary layers, producing bright contrast (indicated by arrows in
Fig. 5a). After the first cycle, the thickness of some grain boundary
layers, indicated by arrows in Fig. 5b, increased drastically. Some
microcracks also appear at triple junctions and grain boundaries.
The thicker grain boundary layers and microcracks are more com-
mon in the case of regions near the surfaces of large agglomerates in
the single-cycled sample.

Grain boundary layers in LiNi0.8Co0.15Al0.05O2 powder
particles.— In order to analyze the microstructure with atomic
detail, high resolution STEM was performed. Figure 6a shows a
STEM image of a typical grain boundary in the original sample
using a detection angle of 52–140 mrad. The grain boundary layer
shows a stronger bright contrast. Figure 6b shows a magnified por-
tion of Fig. 6a. Two Li layers marked with two single-headed
arrows in the grain boundary layer show a stronger contrast than the
Li layers marked with two double-headed arrows far from the
boundary. The region marked with double-headed arrows, where Li
layers are invisible due to their low atomic weight, has an ordered
layer structure. However, the transition metal layers next to the Li
layers marked with single-headed arrows also show a stronger con-
trast than that in the region marked with double-headed arrows.

Figure 6c is a STEM image of the same grain boundary taken
using a detection angle of 92–228 mrad. In this image, although all
the transition metal layers show similar contrast, the Li layers
marked with single-headed arrows still show stronger contrast than
those marked with double-headed arrows.

At low detection angles, the contrast of a STEM image is sensi-
tive to both strain and atomic number, while at high detection angles
it mainly depends on atomic number.34 In our case, because all the
transition metal layers show similar contrast in Fig. 6c, their ele-
mental composition can be concluded to be essentially constant. On
the other hand, the contrast of Li layers increases gradually from the
grain interior to the grain boundary. The stronger contrast of some
of the Li layers in Fig. 6c indicates the presence of heavier elements,
namely extra transition metal ions, on Li sites; the larger Ni ions
will also induce strain in the grain boundary layer. The stronger con-
trast of the grain boundary layer in Fig. 6a can thus be attributed to
both strain and the presence of some transition metal ions on Li
sites. This is not surprising, given the propensity for Ni to occupy Li
sites if synthesis conditions are not carefully controlled.35

According to the definition of grain boundary layers given ear-
lier, the width of the grain boundary layer (from the Li layer show-
ing obvious contrast caused by transition metal ions to the grain
boundary) is about 5 nm. In the grain boundary layer, the strongest
contrast of Li layers is still weaker than the contrast of transition
metal layers. Thus, in the grain boundary layers of the original sam-
ple, only a small amount of extra transition metal ions are present in

Figure 4. Voltage profile for cell 2 operated at a C/50 rate over a voltage
window of 2.5–4.2 V at 20�C. The positive electrode consisted of pelletized
LiNi0.8Co0.15Al0.05O2 without carbon or binder, and 1 M LiPF6 dissolved in
EC/DEC (3/7 v/v) was used as the electrolyte.

Figure 5. STEM images taken with a detection angle of 52–140 mrad show-
ing the microstructure of (a) the original sample and (b) the single-cycled
sample. The thickness of the grain boundary layers (white contrast indicated
by arrows) increased dramatically after the first cycle.

Figure 6. (a) STEM image taken with a detection angle of 52–140 mrad
showing a typical grain boundary in the original sample; (b) a magnified
image of the framed region in (a); (c) STEM image of the same grain bound-
ary as in (a) taken with a detection angle of 92–228 mrad. In (b) and (c), two
Li layers each in the grain interior and grain boundary layer are indicated
with double-headed arrows and single-headed arrows, respectively.
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Li layers. In order to verify these compositional and structural
differences, EELS spectra were obtained for regions A and B in
Fig. 6c. The results are discussed below.

Microstructural changes at the grain boundary layer during the
first cycle.— For comparison, high resolution STEM was also per-
formed on the single-cycled sample. Figure 7a shows a STEM
image of typical grain boundaries in this sample using a detection
angle of 52–140 mrad. The grain boundary layers showing a strong
white contrast are about 25 nm in thickness, which is much larger
compared to those in the original powder. At the grain boundaries,
the dark regions correspond to microcracks.

Figure 7b is a STEM image of the region in Fig. 7a bounded by
the white frame, taken with a detection angle of 52–140 mrad. Fig-
ures 7A1–7C1 are high resolution STEM images using a detection
angle of 92–228 mrad acquired from regions A–C in Fig. 7b, respec-
tively, and Figs. 7A2–7C2 are the corresponding microdiffraction
patterns. From the grain interior (Fig. 7A1) to the boundary (Fig.
7C1), the contrast of the Li layers increases steadily, and the corre-
sponding diffraction spots marked with arrows in Figs. 7A2–7C2
become weaker, until the contrast of the Li layers is the same as the
transition metal layers in Fig. 7C1, and the corresponding diffraction
spots are completely absent in Fig. 7C2. The diffraction pattern of
Fig. 7C2 can be indexed using the [110] zone axis of the rock-salt
structure, indicating that, near the boundary, the Li ions and transi-
tion metal ions are randomly distributed over the cation sites.
Between the ordered layer structure in the grain interior and the dis-
ordered rock-salt structure near the boundary, there is a partially or-
dered structure in a transitional region, represented by Fig. 7B1. In
this region, the structure consists of alternating transition metal-rich
and Li-rich layers. The structure gradually changes from the ordered
layer structure to the partially ordered structure and to the disor-
dered rock-salt structure with increasing extra transition metal ions
on Li ion sites from the grain interior to the grain boundary.

In order to show the change in structure more clearly, profiles of
image intensity ratio of Li layers to neighboring transition metal
layers are plotted in Fig. 8. The image intensity ratio is related to the
ratio of transition metal ions in the Li layers to those in the transition
metal layer and thus reveals the overall change in distribution of

transition metals across the grain. The profiles for the original and
the single-cycled samples correspond to grain boundary layers
shown in Figs. 6a and 7b, respectively. In the profile of the single-
cycled sample, three sections, corresponding to the ordered layered
structure, the partially ordered structure, and the disordered rock-
salt structure, are apparent. The region with a disordered rock-salt
structure is about 5 nm in width, while the transition region with a
partially ordered structure is about 20 nm in width. During the first
cycle, a substantial volume of material with the transitional structure
forms near the grain boundary. The profile from the original sample
corresponds to the middle section of the profile of the single-cycled
sample, but with a lower intensity ratio of 0.6. Thus, during the first
cycle, the region with a partially ordered structure expands signifi-
cantly, and a disordered rock-salt structure forms at the boundary.

EELS analysis.— Results from EELS analysis are consistent with
the structural changes described in the previous section. Figures
9a–9c show EELS profiles of O-K, Co-L2,3, and Ni-L2,3 edges,
respectively, acquired at regions A and B in the original sample
(Fig. 6c), while Figs. 9d–9f show the corresponding EELS profiles
acquired at regions A, B, and C in the single-cycled sample (Fig.
7b). In Figs. 9d–9f, compared with that in region A, the first peak of
the O-K edge in region C becomes weaker and shifts to a higher
energy, while Co-L2,3 and Ni-L2,3 edges shift to lower energies.
These changes are consistent with the presence of inactive divalent
cations in the Li layers, as well as a structural change from an
ordered layer structure to a disordered rock-salt structure.20,36,37 In
region B of the single-cycled sample, which corresponds to the par-
tially ordered structure, the intensity change and energy shift of the
first peak of the O-K edge and energy shift of Co-L2,3 and Ni-L2,3

edges are halfway between those of the ordered layer structure and
the disordered rock-salt structure. This suggests that EELS profiles
also change continuously as the number of extra transition metal
ions occupying Li sites increases gradually.

Because the amount of extra transition metal ions on Li sites is
small in the grain boundary layer of the original sample, which corre-
sponds to the initial state before the structural changes due to cycling
occur, EELS profiles from the grain boundary layer show only small
differences compared to that of the ordered layer structure. As shown

Figure 7. (a) STEM image taken with a
detection angle of 52–140 mrad showing
typical grain boundaries in the single-
cycled sample, in which grain boundary
layers show strong white contrast; (b) a
high magnification STEM image taken
with a detection angle of 52–140 mrad
corresponding to the framed region in (a);
(A1)–(C1) STEM images (detection angle
92–228 mrad) acquired from regions A–C
in (b), respectively, in which two Li layers
are marked with arrows; (A2)–(C2) micro-
diffraction patterns corresponding to
STEM images (A1)–(C1), respectively.
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in Figs. 9a–9c, relative to region A, in region B of the original sam-
ple, the first peak of the O-K edge becomes weaker, with a small
energy shift, while the Co-L2,3 edge does not show any obvious
change, and the Ni-L2,3 edge only shows a slight energy shift.

Further, it is found that Ni ions and Co ions behave differently.
In Figs. 9e and 9f, in contrast to the obvious energy shift of the Ni-
L2 edge in both regions B and C, the Co-L2 edge shows no distinct
energy shift; while the Ni-L3 edge in region B is close to that in
region C, the Co-L3 edge in region B is close to that in region A.
The different behavior of Ni and Co ions indicates that Co3þ is
much more stable than Ni3þ on the 3a site of the ordered layer
structure, which is consistent with previously reported XAS
analyses.25,38

Lack of dependence of structural changes on grain boundary
orientation.—The a-NaFeO2-type structure of LiNi0.8Co0.15Al0.05O2

allows two-dimensional lithium-ion conduction parallel to the

(0001) plane. However, the grain boundary layers in the original
sample and the structural changes during cycling do not depend on
the grain boundary orientation or its relation to the (0001) plane. As
shown in Fig. 5a, in the original sample, the grain boundary layer
thickness is similar, regardless of the degree of grain boundary
misorientation or the nature of the boundary plane. Similar observa-
tions are made for the single-cycled sample from the micrographs in
Figs. 5b and 7a.

In order to demonstrate this more clearly, high resolution STEM
images of two grain boundary layers with different crystal orienta-
tions from that in Figs. 6 and 7b are shown in Fig. 10. Figure 10a
shows a grain boundary layer terminated by a ð1102Þ plane in the
original sample. Although the angle between the terminating plane
and (0001) plane is about 70�, the grain boundary layer shows
the same characteristic structure as the (0001) terminated grain
boundary layer shown in Fig. 6. Similarly, in Fig. 10b, the grain

Figure 9. EELS profiles of (a) O-K, (b) Co-L2,3, and (c) Ni-L2,3 edges for the original sample taken from regions A and B in Fig. 6; EELS profiles of (d) O-K,
(e) Co-L2,3, and (f) Ni-L2,3 edges corresponding to regions A, B, and C in the single-cycled sample shown in Fig. 7b.

Figure 10. (a) A STEM image showing a ð1102Þ-terminated grain boundary
layer in the original sample; (b) a STEM image showing a typical grain
boundary layer in the single-cycled sample.

Figure 8. Image intensity ratios of Li layers to neighboring transition metal
layers showing the increase in transition metal ion concentration on the Li
sites. The ratios were measured for the original and the single-cycled sam-
ples from Figs. 6 and 7b, respectively.
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boundary layer in the single-cycled sample with an arbitrary termi-
nating plane, which lies at about 80� relative to the (0001) plane,
also shows the same structural changes as the (0001)-terminated
grain boundary layer shown in Fig. 7b.

Structural changes in LiNiO2-based materials.— The structure of
LixNi1�xO solid solutions depends on the value of x.39,40 For
x� 0.3, Li and Ni ions randomly occupy octahedral sites in the O
close-packed rock-salt structure; for x > 0.3, Li and Ni ions begin to
separate into alternating (111) planes of the rock-salt structure and
form a partially ordered structure; for x � 0.5, Li and Ni ions form
an ordered layer structure (a-NaFeO2-type).

Similarly, the Li content also affects the structure of doped
LiNiO2 materials. An NiO-type (rock-salt structure) phase has been
observed in LiNi0.8Co0.2O2 and LiNi0.8Co0.15Al0.05O2 positive elec-
trode materials.20,26,27,37 In this study, not only the disordered rock-
salt structure but also the partially ordered structure was identified
by STEM and EELS. As seen in Fig. 8, while the concentration of
transition metal ions on Li sites increases gradually from the grain
interior to the grain boundary, the structure changes from an ordered
layer structure to a partially ordered structure and then to a disor-
dered structure in a continuous fashion, while the Li content also
decreases gradually. For the composition LixM1�xO (M¼Ni, Co,
and/or Al), the disordered structure region is likely to have a Li con-
tent of x � 0.3. Because the Li and transition metal ions are ran-
domly distributed over cation sites, the image intensity ratio is about
1. In the partially ordered region, where 0.3. x. 0.5, the structure
comprises alternating Li-rich and transition metal-rich layers, and
the image intensity ratio is between 1 and 0. In the ordered region, x
is about 0.5, and the image intensity ratio is close to 0.

It also can be deduced that the degradation of the positive elec-
trode material initiates at the grain boundary. In the original sample,
a small amount of transition metal ions, especially Ni ions, are pres-
ent in the Li layers in the grain boundary layer. During charging, Li
ions are extracted from the positive electrode, and presumably some
transition metal ions migrate onto the vacant Li sites, accompanied
by some release of O. Consequently, near these grain boundaries,
the structure transforms to the disordered rock-salt structure, and the
thickness of the corresponding grain boundary layers increases dra-
matically after cycling. Owing to the volume shrinkage caused by
Li extraction, migration of transition metal ions and release of oxy-
gen, microcracks form at some triple junctions and grain boundaries,
and some agglomerates break up. During discharging, because of
the presence of thick grain boundary layers, which do not exhibit a
good ionic conductivity,37 the Li ions are not easily inserted back
into the positive electrode in this voltage range. Based on these
results, the changes in microstructure are expected to occur in all
LiNiO2-based positive electrode materials. We conclude that these
changes are one of the main causes of the irreversible capacity in
lithium-ion batteries during the first cycle.

Conclusions

Microstructural changes in the positive electrode material
LiNi0.8Co0.15Al0.05O2 during the first cycle were investigated by
STEM and EELS. It was found that microcracks formed at some
grain boundaries during the first cycle. Grains in the original sample
contain very thin grain boundary layers with a partially ordered
crystal structure, where a small amount of transition metal ions,
especially Ni ions, are present on Li sites. After the first cycle, the
thickness of some grain boundary layers increased dramatically.
STEM and EELS analysis revealed a continuous change from the
layered structure in the grain interior, to a partially ordered struc-
ture, and then to the disordered rock-salt structure adjacent to the
boundary in the single-cycled sample. The irreversible capacity dur-
ing the first cycle may be attributed to these microstructure changes.
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