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Microstructural Observation of LiNijgCog 15Aly050, after Charge
and Discharge by Scanning Transmission Electron Microscopy
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A lithium cell of pelletized LiNipgCoq 15Alp.0502 without carbon or binder was operated in a voltage window of 4.2 — 2.5 V at
C/40 rate at 20°C for ten cycles, and the microstructure for the ten-cycled sample was examined by scanning transmission electron
microscopy (STEM), which was compared with those for pristine or first-cycled one. Microcracks appeared after the first cycle
at grain boundaries, and widened after ten cycles, which are derived from 1 — 2% change in unit cell volume during charge and
discharge. Grain boundary layers extended during the first cycle are almost invariable for subsequent cycles. This suggests that the
extended grain boundary layers formed during the first cycle act as protection layers to prevent structural degradation during charge
and discharge, which enable the materials to exhibit topotactic reaction in terms of a bulk crystal structure.

© 2012 The Electrochemical Society. [DOI: 10.1149/2.073207jes] All rights reserved.
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Layered lithium transition metal oxides such as LiCoO,, LiNiO,,
and their derivatives have two-dimensional lithium-ion conduc-
tion paths and can extract / insert lithium ions reversibly with-
out the degradation of core structure, which is called topotac-
tic reaction.! Layered materials have been developed and im-
proved to a quite high level for the application to positive elec-
trode materials for lithium-ion batteries. These materials have been
improved in terms of the formation of solid solution between
LiNiO, and LiC00,,>* or LiNiO, and LiAlO,,>® which leads to
LiNigCoy.15Aly 050, for the battery applications. Materials innova-
tion has been made in terms of bulk modification by metal substitution
or doping.”1?

Recently, surface modification or coating of layered materials by
metal oxides or inorganic compounds has been performed to im-
prove their electrochemical behavior.!''> Of these, mechanism of
aluminum-based coating such as AIPO, or AL,O3 to LiCoO, was
proposed to form LiAl,Co;,O, solid solution at the surface,'*"
while bulk of materials does not change by surface modification.
More recently, Sasaki et al. and Muto et al. examined degrada-
tion mechanism of lithium-ion battery of LiNiygCog5Alp0s0, with
graphite after extended-cycling test for more than 500 cycles at el-
evated temperatures above 60°C, and found that inactive divalent
and trivalent nickel ions were formed and NiO-like phase was de-
tected near the grain surface and boundaries in LiNiggCoq 15Alp05s0>
by a spatial-distribution map.'®!” These results reported so far in-
dicate that spectral analyzes and microscopic observations of the
bulk crystal structure are not enough to understand the reaction
mechanisms in batteries. In our previous paper,'® we reported that
the grain boundary layers in LiNiysCog15Alp050, changed only af-
ter the first cycle into the rock-salt like structure with an ascend-
ing sequence of partially layered structure although crystal struc-
ture in the grain interior is a-NaFeO,-type layered structure. Ac-
cording to such microstructural observations, questions arise as to
how lithium-ion extraction / insertion of electrode materials takes
place through the grain boundary layers and how topotactic reac-
tion can be retained from a viewpoint of microstructure. Under-
standing of the microstructure at the grain surface and boundaries
is important to advance electrode materials and hence battery per-
formance. In this paper, the microstructure of LiNiggCoq 15Al90502
after ten cycles in lithium cells was examined by scanning trans-
mission electron microscopy (STEM), and was compared among
pristine, first-cycled, and ten-cycled samples to discuss the above
issues.
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“E-mail: ymakimura@mosk.tytlabs.co.jp

Experimental

LiNipgCoy 15Aly0sO, was prepared by a coprecipitation method
and the obtained powder can be identified as a-NaFeO,-type lay-
ered structure in a space group of R3m with lattice parameters of
a=2.864 A and ¢ = 14.171 A in hexagonal setting. The electro-
chemical behavior of LiNipgCo 15Aly0sO, was examined by using
the electrochemical cell, Type TJ-AC (Tomcell Co. Ltd., Japan).
The positive electrode mix consisted of 85 weight percent (wt%)
LiNi§Co0.15Alp 0502, 10 wt% carbonblack, and 5 wt% polyvinyli-
dene fluoride (PVdF) binder, and the negative electrode was lithium
foil supported on a stainless steel plate. Positive and negative elec-
trodes were separated by porous polypropylene membrane, and the
sandwich-type cell body was immersed in 1M LiPFg ethylene carbon-
ate (EC)/diethyl carbonate (DEC) (3/7 v/v) electrolyte. To prepare a
positive electrode, black viscous slurry of an electrode mix dissolved
in N-methyl-2-pyrrolidone (NMP) was casted on an aluminum foil
with blade. NMP was evaporated preliminary by a drier, and finally
the electrodes were dried under vacuum at 120°C for 12 h. The painted
sheet was pressed to increase electrode density and was punched out
into a disk (16 mm of dia.). All materials except the electrolyte and
lithium metal were dried under vacuum at 60°C for at least 2 h to avoid
possible contamination of water, and the lithium cells were fabricated
in an argon-filled glove box. The cells were operated in a galvanos-
tatic mode at C/10-rate based on 175 mAh g~! of capacity in a voltage
window of 4.2 - 2.5 V at 20°C.

For the microstructural observations, the LiNijgCog 15Alp 05O,
powder was pressed into pellet without the addition of any carbon or
binder and used as a positive electrode in a lithium cell. The lithium
cell was operated for 10 cycles in a voltage window of 4.2 - 2.5V
at 0.2 mA cm~? corresponding to a C/40-rate based on 175 mAh g~!
of capacity at 20°C. Thus-obtained LiNijygCog 15Aly 050, pellet was
taken out of the cell in an Ar-filled glove box, and was immersed in
a DEC solution to remove the LiPFg salt. The pellet was crushed into
powder used for STEM characterization. STEM specimens were pre-
pared by epoxy embedding, followed by mechanical grinding and ion
milling (Gatan 691, operated at 3-1kV and cooled with nitrogen lig-
uid). STEM observation was performed on a Cs-corrected JEM-2100F
transmission electron microscope (JEOL Co., 200kV).

Results and Discussion

Sample preparation for microstructural observation.— Voltage
profile of a lithium cell of LiNiygCo ;5Alp0sO, was examined and
displayed in Fig. 1a to characterize the sample electrochemically. In a
voltage window of 4.2 — 2.5 V at C/10 rate, the cell exhibits an ascend-
ing curve from 3.6 to 4.2 V on charge, and the discharge curve traces
the charge curve in the reverse direction until the voltage drops down
to 2.5 V at about 25 mAh g~! of charge capacity, which is so-called
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Figure 1. Voltage profiles of lithium cells of LiNiggCog 15Al,0502 for 10
cycles. The positive electrode consisted of (a) 85 wt% LiNig gCog.15Alp 0502,
10 wt% carbonblack and 5 wt% PVdF binder, or (b) a LiNig gCoq.15Alp.0502
pellet without carbon or binder. The cells were operated at (a) C/10-rate or (b)
C/40-rate in a voltage window of 4.2 - 2.5 V at 20°C.

irreversible capacity. The charge-discharge efficiency for subsequent
cycles was more than 99%. The electrochemical data shown in
Fig. laindicates that the LiNij §Cog 15 Alg 05O, sample is battery-active
having a-NaFeO,-type layered structure without rock-salt structured
domains in a bulk structure, which is comparable to the results re-
ported previously'® and can be used to discuss microstructural change
with respect to charge and discharge cycling.

Figure 1b shows the voltage profile of the lithium cell of
LiNiggCog 15Aly 05O, pellet without carbon or binder. The cell can
be reversibly operated for 10 cycles since we applied a small current
density corresponding to a C/40-rate. Reversible capacities of the volt-
age profile shown in Fig. 1b are limited with some scatter of charge
and discharge curves in comparison to those in Fig. 1a, and charge-
discharge efficiency was about 96% after the second cycle, since the
pellet does not have carbon or binder. Although there is a difficulty
to operate the cells without carbon or binder in a positive electrode,
microstructural observations of the electrode mix with carbon and
binder cannot be made because of the indistinct STEM image caused
by electrode contaminations. The pelletized LiNipgCog 15Al050,
sample obtained after 10 cycles in a lithium cell was used for the
purpose since the lithium cell can be reversibly operated for 10
cycles.

Change in morphology after ten cycles.— Low magnification
STEM image for ten-cycled sample is shown in Fig. 2b in com-
parison to that for the first-cycled one in Fig. 2a, which corresponds
to the sample reported in our previous paper.'® Many grains gathered
to be large agglomerate. As displayed in Fig. 2a and 2b, microc-
racks ran at grain boundaries after the first cycle, especially at the
regions near the surface of agglomerate, and the microcracks widened

Figure 2. STEM images of LiNiggCoq 15Alp050 after (a) the first cycle or
(b) ten-cycles. The lithium cells of pelletized LiNipgCop.15Alp.0502 without
carbon or binder were operated in a voltage window of 4.2 — 2.5 V at 20°C.

so much after ten cycles. Nickel-based layered materials including
LiNipgCog.15Alg 050, shrink 1 — 2% in volume on charge and ex-
pand back on discharge during the battery operation.'*?’ Microcracks,
which were opened and widened upon cell-cycling at grain bound-
aries, are caused by the change in unit cell volume during charge and
discharge.?! This STEM image shown in Fig. 2b suggests that some
grains in the agglomerates are electrically isolated, which is a reason
why charge-discharge efficiency displayed in Fig. 1b was as small as
96% after the second cycle, while electric connection can be retained
among the grains and agglomerates in the electrode mix with carbon
and binder as shown in Fig. 1a.

Grain boundary variations after cell-cycling.— STEM images dis-
played in Fig. 2 show bright contrast especially at grain boundaries.
Grains have thin layer adjacent to the grain boundaries, which can be
defined as grain boundary layers. Figure 3a and 3b displays magnified
STEM images of the sample after ten cycles to show a variety of grains
and grain boundaries. Grain boundary layers shown in Fig. 3a seem to
be thicker than those in Fig. 3b. According to the observation of grains
as many as possible, various thicknesses of grain boundary layers were
found in the ten-cycled sample. The thicknesses of grain boundary lay-
ers are within the range of 45 &= 15 nm among the grains after ten
cycles. This difference is considered to depend on the grain boundary
character, e.g., grain boundary orientation and grain boundary plane.?
Figure 4 displays a high-resolution STEM image at a grain boundary
of the ten-cycled LiNipgCop15Alp0502. A high-resolution image in
the grain interior is also shown in the inset for comparison. In the
grain interior, bright spots are arranged to draw straight lines, which
are transition metal layers of LiNiggCog 15AlgosO,. Lithium layers
are invisible because of the low atomic-number of lithium whereas
transition metal layers are clearly seen as bright spots. Lithium and
transition metal layers stack alternately to form a-NaFeO,-type lay-
ered structure in the grain interior. At the grain boundary layer of
the ten-cycled sample, bright spots exist even in the lithium layers
and increase from the grain interior to the boundary, indicating that
cation mixing between lithium and transition metal layers occurs and
increases gradually in a layered structure at the region adjacent to the
boundary. At the lower part of the image shown in Fig. 4, the contrast
of the lithium layers marked with double-headed arrows are relatively
low as compared with that of the transition metal layers and therefore
the layered structure is still visible. However, at the grain boundary
layer adjacent to the microcrack, lithium and transition metal layers
have the same contrast as marked with single-headed arrows, which
corresponds to the formation of rock-salt like structure owing to ran-
dom distribution of lithium and transition metal ions. A grain boundary
layer of a selected grain for ten-cycled sample can be displayed and
compared with those for pristine and first-cycled one as the profiles of
image-intensity ratio of lithium layers to neighboring transition metal
layers. Figure 5 displays the thickness of a grain boundary layer of ten-
cycled sample, as well as pristine and first-cycled one. As discussed in
our previous paper,'® the thickness of grain boundary layers is about
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Figure 3. STEM images of LiNipgCog 15Alp 050, after ten cycles to show
a variety of grains. Grain boundary layers in (a) are thicker than those in (b)
as marked with arrows. The lithium cells of pelletized LiNiggCog.15Alp.0502
without carbon or binder were operated in a voltage window of 4.2 —2.5 V at
20°C for ten cycles.

5 nm for pristine sample, in which a small amount of transition metal
ions exists in lithium layers, i.e., a partially layered structure. After the
first cycle, grain boundary layer extended from 5 nm for pristine sam-
ple to about 25 nm for the first-cycled one in which the region with a
partially layered structure expands to about 20 nm and a rock-salt like
structure of about 5 nm forms at the boundary. As shown in Fig. 5,
ten-cycled sample shows about 32 nm thick grain boundary layer
containing about 7 nm of rock-salt like structure and about 25 nm of

microcrack

istegnsdn
R
B

Rock-salt like structure

Partially layered structure

Grain Interior

Figure 4. High-resolution STEM image of LiNipgCop 15Al0502 at a grain
boundary layer after ten cycles. Double-headed and single-headed arrows are
given to indicate lithium layers in the regions of partially layered structure
and rock-salt like structure, respectively, in comparison to those in the grain
interior shown in the inset.
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Figure 5. Concentration of transition metal ions at the lithium layers in the
grain boundary, which was estimated as image-intensity ratios of lithium layers
to neighboring transition metal layers in STEM images for (a) pristine, (b) first-
cycled, and (c) ten-cycled LiNig gCog, 15Al90503.

an ascending sequence of a partially layered structure. Although the
thickness of grain boundary layers has some error-range among the
grains after 10 cycles as described above, a significant growth of the
grain boundary layer during the first cycle is the most remarkable.
The grain boundary layers do not extend much for subsequent cycles
in comparison to those of the first-cycled sample.

Extended grain boundary layers formed during the first cycle.—
The thickness of grain boundary layers increases during the first cycle
and many grains of LiNiygCoy ;5Alj 05O, are covered by the extended
grain boundary layers. LiNiO,-based materials having a large amount
of cation mixing in the bulk crystal structure exhibit an increased po-
larization and limited capacity during charge and discharge in a usual
voltage range.'>?* In spite of poor electrochemical behavior owing to
the cation mixing, such materials still have the ability of lithium-ion
transportation in the entire solid matrix,>* and furthermore the ex-
tended grain boundary layers consist of nanometer-scaled thin layer
of rock-salt like structure and partially layered structure in terms of the
sequence of cation mixing in a layered structure. Nanometer-scaled
thin films of oxides or inorganic compounds have been reported to ex-
hibit reversible electrochemical reactions in lithium cells while these
materials are inactive as a macroscopic scale.?>?® The grain boundary
layers are thin enough to transport lithium ions well during charge
and discharge. This suggests that the extended grain boundary lay-
ers formed during the first cycle is a lithium-ion conductor which
can act as a protection layer to prevent structural degradation dur-
ing charge and discharge. The extended grain boundary layers can
avoid the direct contact between material grains and electrolyte in
lithium cells. This may be one of the reasons why the materials can
extract and insert lithium ions reversibly without the degradation of
core structure, i.e., topotactic reaction in terms of the bulk crystal
structure.

The cycling-test for lithium-ion batteries of LiNiggCoy 15Alp 0502
with graphite at elevated temperature above 60°C for more than 500
cycles was, however, reported to cause materials degradation localized
near the grain surface and boundaries, leading to capacity fading of the
lithium-ion batteries.'®!” The extended grain boundary layers are not
tough enough to protect the layered structure of LiNiggCog 15Alj 050,
in a severe condition. Although the change in grain boundary for other
layered materials such as LiCoO, after a few cycles has not been re-
ported as far as we know, Gabrisch et al.?’ reported the TEM investiga-
tions of LiCoQO, after extended-cycling at room temperature in com-
parison to the sample after thermal treatment in a charged state. They
found that the spinel-related phase of Li;,Co,04 was distributed ho-
mogeneously throughout some grains after extended-cycling, which
formed first at the grain surface and then grew into the grain inte-
rior. Such a difference in materials degradation after extended-cycling
between LiCoO, and LiNigpgCoq5Alp0s0, may be derived from
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their different structures and thicknesses for grain boundary layers
formed during the first cycle. From such a viewpoint, surface-selective
modification of electrode materials can prevent materials degradation
if the modification can be properly made, as has been reported by
several research groups.'!13

Conclusion

Microstructure of LiNipgCo15Al 05O, after ten cycles was ex-
amined and compared with those of pristine and first-cycled sam-
ples. Microcracks are clearly seen for the sample after ten cycles
in comparison to the first-cycled one, which were widened during
ten cycles because of 1 — 2% volume change during charge and
discharge. These microcracks reduce charge-discharge efficiency to
about 96% after the second cycle of pelletized LiNipgCog 15Alp 0502
without carbon or binder, since some grains may be electrically iso-
lated by the microcracks. However, the LiNig s Cog 15 Al 0502 electrode
mix with carbon and binder works very well because of the enough
electric-connection among LiNijgCog 15Alp 050, grains and agglom-
erates. The extended grain boundary layers formed during the first
cycle act as lithium-ion conductor. These layers can prevent degrada-
tion of layered structure during reversible lithium extraction / insertion
reactions, which make it possible to exhibit topotactic reaction with
respect to the bulk crystal structure. The extended grain boundary
layers seem to have some relationship to so-called irreversible capac-
ity appeared only in the first cycle of LiNipgCog5Alg050,. Under-
standing of the relation between the extended grain boundary layers
and so-called irreversible capacity is now in progress in our research

group.
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