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Lithium-ion batteries will be increasingly important in next-generation energy-storage devices. However,
the charge-discharge mechanism of the electrode in these batteries has not yet been revealed. It has been
reported that the surface crystal structure changes when these batteries degrade, but the phase transition that
occurs on the surface of the cathode material has not yet been clarified because observation of the surface
of the grains is insufficient. On the other hand, it has been shown that using Ga" primary ion time-of-flight
secondary ion mass spectrometry (TOF-SIMS), a regularity can be observed in the fragment patterns of
metal compounds that can provide information on their oxidation states and electron affinities. Therefore,
in this study the spectra of various cobalt components, including LiCoQO,, CoO, and Co;04 were compared,
and depth profile analyses of Li-ion battery’s cathode materials were conducted using a laboratory-made
TOF-SIMS apparatus. Variation in the secondary ion mass spectra was observed from the surface to the in-
terior. Although a phase transition was not directly observed via cross-sectional analysis, it was concluded
that the surface of the cathode materials comprised of CoO and/or Co;0,, while the interior of the cathode
consisted of LiCoO,, Moreover, it was determined that the thickness of the CoO and/or Co;04 layers on the
cathode materials was less than 200 nm.

1. Introduction

Lithium-ion (Li-ion) batteries will have significant ap-
plication in next-generation clean energy storage devices
for natural power sources. Moreover, recent progress in
the development of both pure electric vehicles and hy-
brid electric vehicles has resulted in higher requirements
for both high power operation and long battery life. The
electric power characteristics of battery systems are re-
lated to the nature of the electrode reactions. Therefore,
to increase performance an understanding of the reac-
tions at the electrodes and the various causes for elec-

trode degradation is required. In Li-ion batteries, reac-
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tions at the electrodes include lithium diffusion within
and on the cathode surface, de-solvation of lithium, and
intercalation of lithium in the anode. The causes of deg-
radation are considered to be the deposition of Li on the
electrode, decomposition of the electrolyte, elution of the
active material, formation of an inactive film on the elec-
trode [1], and a phase transition of the electrode [2].
However, the actual details of the degradation mecha-
nism are unknown.

On the other hand, it has been reported that the inter-
face reaction between an ideal epitaxial electrode and an

electrolyte depends on the orientation of the electrode [3].
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In Li-ion batteries, the horizontal faces of the c-axis of
the LiCoO, particles are electrically active. However, the
details of the mechanism of the charge-discharge system
for the actual material are also unknown. Thus, to devel-
op a high-power Li-ion battery system it is essential to
understand the details of the interface reaction between
the electrolyte and the electrode. It is considered that
LiCoO, is transformed into CoO and Co;0, during
charge-discharge cycles [4, 5]. To evaluate the degrada-
tion mechanisms occurring in Li-ion batteries, it is im-
portant to distinguish the surface composition of the
cathode materials. Therefore, in this study we focused
our attention on the phase transition of the positive elec-
trode.

Using Ga' primary ion time-of-flight secondary ion
mass spectrometry (TOF-SIMS)), it has been shown that a
certain regularity of the fragment pattern can be observed
for metal compounds. This regularity of the fragment ion
pattern provides chemical information, such as the oxi-
dation state and electron affinity of the metallic elements
[6-8]. Therefore, different cobalt compounds should have
different secondary ion mass spectra. Thus, to visualize
the composition of Li-ion cathode materials, we at-
tempted to distinguish the different cobalt compounds
present in Li-ion battery cathodes using focused ion
beam (FIB)-TOF-SIMS. The secondary ion mass spectra
of these individual reagents were compared to establish
references for the study degradation of Li-ion batteries,
and their secondary ion mass spectra were compared to

those of actual cathode materials.

2. Experimental
2.1 Reagents

Control samples, including LiCoO, (99.8% trace met-
als basis, powder), CoO (99.99% trace metals basis,
powder), and Co;04 (no described degree of purity,
powder), were purchased from Sigma Aldrich. Each
powdered reagent was embedded on an indium substrate.

The spatial resolution of LiCoO,, CoO,, and Co;04 was

approximately 400 nm, 160 nm, and 80 nm, respectively,
and corresponded to the grain size of each reagent. These
spatial resolutions depended the grain size of each re-

gent.

2.2 Cathode materials.

Positive electrodes consisting mainly of LiCoO, parti-
cles were used. Polyvinylidene difluoride and acetylene
black were added as the binder and conductive material,
respectively. The sample comprised of electrode particles
subjected to aging in the electrolyte is referred to as the
aged cathode. The electrolyte consisted of a solvent (a
mixture of ethylene carbonate, ethyl methyl carbonate,
and dimethyl carbonate (DMC) with a ratio of 1:1:1
vol %) and LiPF4 (1 mol/l). The aging test was per-
formed for two days at a constant temperature of 80°C
under a full state-of-charge (4.2 V). After the aging test,
the battery was disassembled and the positive electrode
was cleaned with DMC in an inert Ar atmosphere. The
cathode powder material was stripped from the electrode
and embedded on an indium substrate in an air atmos-
phere. In general, cathode material of Li-ion battery that
which is not full charge is stable than anode material.
Because of the standard electrode potential (E;) of
LiCoO, is ~0.9 V [9]. The value indicates that LiCoO, is
more stable than Ag, more unstable than Pt in acid solu-
tion. Thus, the influence of the atmosphere of the drying
room on the LiCoO, was insignificant during the han-
dling of the sample.

Cathode materials only soaked in the electrolyte (no
aging) and before soaking in the electrolyte (no soak)

were prepared as control samples.

2.3 FIB milling

The cathode materials were milled using a FIB con-
nected to a TOF-SIMS apparatus to observe their
cross-sections. The Ga" FIB current was set at approxi-
mately 300 pA. The rastered area was ~ 2x5 um’ for
10-20 min.
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2.4 Surface analyses

Surface observation and chemical species mapping of
the Li-ion battery cathode materials and individual rea-
gents were performed using a TOF-SIMS apparatus [10].
The apparatus had two beams: a focused ion beam (FIB)
and an electron beam (EB). In this study, the electron
beam induced secondary electron images (SEM) and ion
beam induced secondary electron images (SIM) and el-
emental maps of the cathode material and reagent parti-
cles on indium substrates were observed using a combi-
nation of pulsed FIB and TOF-SIMS. The Ga' FIB at an
energy of 30 keV was rastered over the surface to obtain
the SIM images. The beam current of the FIB was ap-
proximately 300 pA. Pulsed FIB was used as the primary
ion beam for elemental mapping. Under these analytical
conditions, the beam diameter was considered to be ~
several tens of nm. The pulse width was 300 ns, and the
number of shots per pixel was 300 and 400 for the nega-

tive and the positive analysis modes, respectively.

2.5 Depth analyses

Depth analyses of the cathode materials were per-
formed using the following steps (Fig. 1): secondary ion
mapping analysis on the surface (primary), sputtering of

the surface (~ 30 nm), secondary ion mapping (after

sputtering surface
area: ~10 x 10 um?
depth: ~ 30 nm

after sputter 1

deep sputtering
area: ~ 3 X 3 um?
depth: ~ 60 nm

Fig. 1 Steps involved in the depth analysis

sputter 1), deep sputtering of an ~ 3 x 3 um” area (~ 60
nm), secondary ion mapping (after sputter 2). The map-
ping area was ~ 10 x 10 um”® and consisted of 128 x 128
pixels. The remaining conditions for the TOF and FIB
depth analyses were the same as those used in the surface

analysis mode.

3. Results and Discussion
3.1 Reagents

Figure 2 shows the secondary ion mass spectra of pure
LiCo0,, Co0, and Co030,4. The contaminants, Na, K, F,
and CI were detected in all of the reagents. These con-
taminations are distributed on the reagent grains as spot
and on the indium substrate. In LiCoO,, "Li" were de-

tected. As expected, *’Co" were detected in all of the
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Fig. 2 Secondary ion spectra of LiCoO,, CoO, and Co30,.
(a) Positive secondary ion spectra. (b) Negative secondary ion
spectra.
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samples. However, 5Co0™ and °'Co0,” were not detect-
ed in the CoO, but were observed in the LiCoO, and
Co0;04 compounds. Moreover, the Co0™ and *'Co0,”
content was higher in the Co;0, sample than in the
LiCoO, sample. Furthermore, the ¥Cot1Co0y peak in-
tensity ratio was the highest for the CoO grains. Finally,
it was determined from these spectra that the total sec-
ondary ion intensity of the Co;O4 sample was the highest
for all of these reagents.

Figure 3 shows the SIM and secondary ion images for
$Co", ”Co0, and *'Co0, . The rastered area of LiCoO,,
Co0O, and Co30;4 is 50x50 um2, 20x20 pmz, and 10x10
um’, respectively, and the number of pixel is 128 x 128.
The size of LiCoO, grains was 5-20 pm, CoO~ and
91Co0, were distributed over the entire surfaces of these
grains, and few *’Co” were emitted from them.

On the other hand, most of the CoO grains were

smaller than 5 um had clear crystal faces, and adopted a

$Co* 5Co0" 1Co0,"

20 pm

10 pym

Fig. 3 FIB-induced secondary electron image (SIM) and sec-
ondary ion maps for LiCoO,, CoO, and Co;0,.

Table | Maximum counts for each secondary ion per pix-
el in Fig. 3.
LiCoO, CoO Co,0,
59Co* 8 131 235
91C00," 14 3 26
75Co0- 12 6 9

nearly subhedral shape. Moreover, each CoO grain was
attached to other grains, and *’Co" were strongly detect-
ed from the upper edges of the grains, while the "CoO"
and *'CoO,  ions were less intense.

Finally, the size of the Co;0,4 grains was approximate-
ly 5 pm and these crystals also adopted a subhedral
shape. However, unlike CoO, 3Co" were detected at the
upper faces of the grains, and >CoO™ and *'CoO, were
detected over the entire crystal face.

Table 1 presents the maximum counts for each sec-
ondary ion per pixel in Fig. 3. Many more *CoO~ and
?1C00, than **Co" were detected from LiCoO,, while
many *’Co" were detected from CoO. On the other hand,
¥Co", CoO", and *'Co0, were detected from the
C030,. The results of the secondary ion mapping also in-
dicate that the secondary ions of Co;O,4 are more intense

than those of the other reagents.

3.2 Mixture of reagents

Figure 4 shows the secondary ion mapping of a mix-
ture of LiCoO,, CoO, and Co;0,. The rastered area of
these images are 30 x 30 pm?, and the number of pixel is
128 x 128. The distribution of 'Li" indicated the presence

of LiCoO, grains, while intense *’Co" signals indicated

Fig. 4 FIB-induced secondary electron image (SIM) and
secondary ion maps for a mixture of LiCoO,, CoO, and Co;0..
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the CoO and Co;0, grains. In contrast, the CoO™ and
1Co0,” signals denoted the locations of the LiCoO, and
Co030,4 grains. These results confirmed that ¥Cot was
strongly detected from CoO and Co;O4, but not from
LiCo0O,. Moreover, because CoO™ and °'Co0, were
only detected for LiCoO, and Co;0,, and the "Li" signal
was only intense for LiCoO,, it was possible to distin-
guish the cobalt components in the mixture using sec-
ondary ion mass spectroscopy.

These tendencies are well explained by the
bond-breaking model [11]. Secondary ions of Co” and O~
are emitted by the covalent bond breaking of CoO.
Moreover, Co;0;, is a mixed-valence compound consist-
ing of CoO and Co,0;. Thus, it emits Co” and O by
cleavage of the CoO bond. Similarly, O, CoO, CoO",
Co0,, Co0,", and Co,0," are formed by cleavage of the
C0,0; bonds. On the other hand, ionic bonds were pref-
erentially broken in the case of LiCoO,. Thus, Co0O~

and ?'Co0O,  were more easily emitted than ’Co” from

LiCoO,.

3.3 The cathode materials

The results of the mapping of the cross section of the
aged cathode using FIB is shown in Fig. 5. The rastered
area of these images are 5x5 pm” and the number of
pixel is 128x128. In the figure, it can be seen that '’F~
was present only on the surface of the grains. Hence, it
can be considered that "’F~ cannot diffuse into the interi-
or of the cathode materials. Figure 6 presents the line
profiles of the *Co" counts and intensities in the SIM
image in Fig. 5.
These line profiles were obtained by summing 4 pixels in
the vertical direction in the images. The intensity of the
SIM image is enhanced near the grains (edge effect), and
the *Co" count and the intensity of the SIM image fol-
low the same trend. Moreover, it is difficult to distin-
guish the distribution of *Co" and the edge effect. In fact,
under these conditions the edge effect was estimated to

be approximately 200 nm, and the edge effect and the

Fig. 5 FIB-induced secondary electron image (SIM) and
secondary ion maps for the cross-sectional analysis. The
rectangle indicates the mapping area.
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Fig. 6 Line profiles of the (a) YCo" counts and (b) inten-
sity of the SIM image in Fig. 5. These line profiles were
obtained by summing 4 pixels in the vertical direction in
the images.

distribution of "Li*, ¥Co", >Co0", and °'Co0,- cannot be
clarified. Therefore, these results indicate that the distri-
bution of 'Li", ¥Co’, >Co0", and *'Co0, in the aged

cathode was less than 200 nm. It can also be seen that the

-103-



Journal of Surface Analysis Vol.20 No. 2 (2013) pp. 99-110
M. Ohnishi et al. Investigation of the surface degradation of LiCoO, particles in the cathode materials of

Li-ion batteries using FIB-TOF-SIMS

Li", *Co", Co0O", and *'CoO, are homogeneously
distributed throughout the interior of the cathode materi-
al.

Figure 7 presents the secondary ion mapping results
for the no soak cathode. The rastered area of these imag-
es are 10x10 um’, and the number of pixel is 128x128.
The intensity of the "CoO~ and °'Co0,” is higher than
that of *Co", indicating that the no soak cathode is simi-

lar to LiCoO,.

WF- ELE* o'

Fig. 7 Secondary ion maps of the no soak cathode. The
numbers in the bottom-left corner of each image are the
maximum counts for the secondary ion intensities.

The depth analysis of the no aging cathode is shown in
Fig. 8. Most of the counts for '’F~ were once again on the
surface of the cathode. The '’F~ is assumed to originate
from the electrolyte. Moreover, there was little difference
in the intensities of the "Li" on the surface and in the in-
terior, which indicates that only a minor amount of lith-
ium fluoride was produced via reaction with the HF gen-
erated upon hydrolysis of LiPF4 [1] and also confirms
that the effect of exposure to the atmosphere was small.

However, the *1C00, /*Co" on the surface of the no
aging cathode was higher than that in the interior. This
result indicates that the surface of the no aging cathode
was altered by just soaking in the electrolyte. This result
is consistent with a previous study [12], which found that
the surface Co ions were extracted from a cathode
soaked in electrolyte.

The depth analysis results for the aged cathode are

After sputter 2 After sputter 1

Primary

Inside <« *» Surface

Fig. 8 Secondary ion maps of the no aging cathode. The num-
bers in the bottom-left corner of each image are the maximum
counts for the secondary ion intensities. The rectangles indicate
the deep sputtering areas.

shown in Fig. 9. The "Li" counts were largest on the sur-
face. It initially decreased as the sputtering depth in-
creased, and then eventually increased. The highest in-
tensity for 'Li" on the surface corresponds with the be-
havior of the '"F intensity. These results suggest that
lithium fluoride, which is produced during the
charge-discharge cycles, affected the intensity of the "Li*
on the surface.

On the other hand, because the intensity of the "Li" is
higher in the interior cathode grains, it can be concluded
that the interior of the cathode material after the aging

test consisted of LiCoO,.

Like the 'Li", the *'Co0, /*’Co" ratio increased from
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After sputter 2 After sputter 1

Primary
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Fig. 9 Secondary ion maps of the aged cathode. The num-
bers in the bottom-left corner of each image are the maxi-
mum counts for the secondary ion intensities. The rectangles
indicate the deep sputtering areas.

the surface to the interior. This result indicates that the
material on the surface of the cathode changed from the
original composition, containing only a little CoO~ and
1Co0,” to a composition containing significantly more
CoO and °'Co0,, while the interior of the cathode
material remained unchanged. Thus, the aged cathode
material contained CoO and/or Co;0,4 on the surface and
LiCoO, in the interior. It was also confirmed from the
cross-sectional analysis that the interior of the cathode
material consisted of LiCoO,, because fewer ¥Co" were
detected in the interior than on the surface and larger
numbers of 75C007, 91COO[, and Li" ions were detected
in the interior of the aged cathode material (Fig.5).

On the other hand, no clear phase transition was ob-

served in the cross section of the aged cathode (Fig. 6),
which implies that the thickness of the surface-modified

region is less than 200 nm.

4. Conclusions

In this study, secondary ion spectral analysis, surface
observation, and secondary ion mapping analysis of
LiCoO,, CoO, and Co;04 were performed using a high
spatial resolution FIB-TOF-SIMS apparatus. Differences
in the secondary ion mass spectra of the cobalt compo-
nents was demonstrated, and this information was used
to evaluate the degradation of Li-ion battery cathode
materials.

Moreover, the secondary ion mass spectra obtained at
and near the surface of an aged cathode were different
from those of the interior. Therefore, it was concluded
that the LiCoO, at the surface of the cathode was con-
verted to CoO and/or Co;04, while the LiCoO, in the in-
terior remained unchanged. Furthermore, the thickness of
the surface-modified region was determined to be less

than 200 nm based on a cross-sectional analysis.
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more stable than Ag, more unstable than Pt in acid solu-

tion.
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