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ABSTRACT: Effect of Al-substitution for Co on the electrode properties of LiCoO, is
investigated in a sulfide solid electrolyte. The substitution decreases the electrode resistance and
thus improves the high-rate capability. Investigation of the post-annealing effect revealed that,
although the crystal structure or morphology of the LiAl,Co, O, are not significantly changed
by the post-annealing, the electrode properties are highly dependent on the post-annealing
conditions, which suggests that the improvement in high-rate capability comes from the change
in surface structure of the LiAl,Co, ,O, particles (ie., self-organized core—shell structure).
The Al-substituted LiCoO, obtained through this study delivers a discharge capacity of 115
mAhg 'at1Cand 84 mAhg ' even at a high discharge rate of 5 C at 25 °C, which is one of the

highest rate capabilities observed in solid-state cells.

KEYWORDS: lithium battery, solid electrolyte, nanoionics, interface, LiCoO,

B INTRODUCTION

Although lithium-ion batteries have been on the market for
~20 years, they are still the subject of much research. One
example is the development of solid-state lithium batteries using
solid electrolytes, in response to safety issues arising from the
combustibility of nonaqueous electrolytes. Nonflammable inor-
ganic solid electrolytes will radically resolve this issue, which is
becoming increasingly serious as much larger batteries are now
required for electric and hybrid electric vehicles." Although solid-
state batteries have suffered from low power density, this is
gradually being improved through the development of highly
conductive solid electrolytes.” In combination with a novel
interfacial design between the electrode and the electrolyte to
reduce electrode resistance,® the power density of solid-state
batteries with sulfide solid electrolytes is now comparable to that
of commercial lithium-ion cells.

Nevertheless, solid-state lithium batteries are in the pioneering
stage, with new frontiers yet to be explored. For example,
substitution effects in the cathode materials have been investigated
in liquid electrolyte systems. Cathode materials in lithium-ion
batteries are generally transition-metal oxides such as LiCoO,,
LiNiO,, and LiMn,0Oy, and the partial substitution of the transi-
tion-metal elements has been reported to influence the electrode
performance.* However, such substitution effects have rarely
been investigated in solid systems; cathode materials studied in
solid systems have been simple lithium transition-metal oxides,
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including LiCoO,. In this study, we substituted part of the Co in
LiCoO, with Al, and investigated the effect on the electrode
properties in a sulfide solid electrolyte.

B EXPERIMENTAL SECTION

Sample Preparation. LiAL.Co, O, (x = 0.00—0.25) was pre-
pared from Li,CO3, Co30,, and AI(OH); (all 99.5% purity, purchased
from Wako). The starting materials were weighed at an appropriate ratio
and mixed in ethanol by ball milling for 4 h, and then dried at 80 °C for
several hours. The mixture was heated at 650 °C for 10 h in air. The
precalcined mixture was then pressed into pellets (16 mm in diameter
and ~3 mm in thickness) and then calcined at 750 °C for 20 h in air,
followed by quenching to room temperature. A planetary ball mill (P-7,
Fritsch) was used to regrind the as-sintered samples into powders at
200 rpm for 20 h in ethanol. Finally, the as-ground powder was annealed
at 700 °C for 4 h in air in order to remove possible damage caused by the
high-energy ball milling.

Sample characterization. The crystal structure of the samples
was investigated via powder XRD performed on a Rigaku Rint-2000S
powder diffractometer, using graphite-monochromatized Cu Kot radia-
tion. The lattice constants were refined by the least-squares method,
using the APPLEMAN program.® The microstructure of the samples
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was investigated by scanning electron microscopy (SEM), using a
KEYENCE Model VE-8800 microscope. The distribution of Al in the
particles was investigated using a secondary-ion mass spectrometer
(SIMS) with high lateral resolution (NanoSIMS-50, Cameca). After
the surface of the particles was ion-etched to remove contamination,
133Cs" accelerated at 8 keV was tuned on the sample surface, and
(*AI'*0)” and (*?C0'°0)™ molecular ions were collected using a
multicollection system to take scanning ion images for Al and Co,
respectively. Depth profiles for (¥*A1*0)7, (¥Co*0)7, (Li*%0),
and ?%Si, which comes from the sample holder, were also obtained from
the scanning area of 0.8 um X 0.8 um until the primary ion beam
penetrated the particle.

Electrochemical Measurements. Solid-state electrochemical
cells to investigate the electrochemical performance of LiAl,Co;_,O,
were fabricated using Lis 55sGeg25Po7sS4 (thio-LISICON)* as the solid
electrolyte and In—Li alloy as the counter electrode. The working
electrode was a mixture of LiAl,Co;_,O, and thio-LISICON at a weight
ratio of 7:3. The working electrode mixture (10 mg), ground electrolyte
powder (150 mg), and In—Li alloy formed by attaching a small piece of
lithium foil (<1 mg) to indium foil (ca. 60 mg), were pressed together at
500 MPa into a three-layer pellet with 1 cm in diameter. The electro-
chemical cells were charged and discharged in galvanostatic mode at
room temperature using a multichannel galvanostat (PS-08, Toho
Giken). The cutoff voltage was set to be 3.58 V for charging and 2.0 V
for discharging in order to charge the LiAlL,Co, O, up to 4.2 V vs Li*/Li,
because electrode potential of In—Li alloy counter electrode is 0.62 V vs
Li*/Li. The charging current was fixed at 0.05 C, and discharge current
varied between 0.05 and S C. In this experiment, 1 C was defined as 137
mA g71 corresponding to 0.5 e reaction per hour in LiAl,Co, _,O,, and
was 1.2 mA cm ” in current density. After the cells were charged to
3.58 V for the second time, the electrode impedance was measured by
electrochemical impedance spectroscopy (EIS), using a frequency re-
sponse analyzer (VSP, Bio-Logic SA). The AC perturbation signal was
10 mV, and the frequency range was from 4 x 10° to 1 x 10 > Hz.

B RESULTS AND DISCUSSION

Effect of the Al-substitution on the Electrode Properties
of LiCoO,. Figure 1a shows the powder X-ray diffraction (XRD)
patterns of LiAl,Co; _,O,, which indicate that the Al substitution
did not change the a-NaFeO,-type structure of LiCoO,. All the
reflections were indexable on a rhombohedral lattice with a space
group of R3m.° The lattice constants were refined based on the
rhombohedral lattice and are plotted against the Al content (x in
LiAL,Co; ,O,) in Figure 1b. They changed linearly with x and
agreed with the results reported in ref 7, suggesting that the Al is
substituted for Co in these samples as well, as revealed in the
literature.

Figures 2 and 3 indicate changes in the electrode properties
caused by the Al substitution. Each impedance spectrum ob-
tained for the In—Li/LiAl,Co;_,O, cell consists of a distorted
semicircle with a slope at low frequencies, as shown in Figure 2.
The high-frequency intercepts of the semicircles on the real axis
are attributable to the resistance of the electrolyte layer, because
they were independent of the LiAl,Co,_,O, samples and con-
sistent with that expected from the dimensions of the electrolyte
layer in the electrochemical cell and the conductivity of the thio-
LISICON. Impedance of the In—Li counter electrodes was too
small to be seen in the plots. Since the semicircles are distorted
and asymmetric, the spectra could not be explained by a simple
Randles model; however, it is clear that the Al substitution
reduced the electrode resistance: the diameter of the semicircles

2000 cps

006

012

Intensity
=)
o
53
E—
b b —— A e e 104
-
—

Dom

ocT

-

- 015
+ 107
1
1
1

x
"

o

F101’

-
-
=

-
b
-
>

J TR

L

26 (°, Cu Ka)

28145 ©

< 2812

© 2810
2.808
14.12
14.10

< 14.08

S 14.06

14.04
I T ! T T !

0.00 005 0.10 0.15 0.20 0.25
xin LiAlCo1-4yO2

Figure 1. (a) Powder XRD patterns and (b) lattice constants for
LiAl,Co,_,O, post-annealed at 700 °C for 4 h.
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Figure 2. (a) Changes in electrode impedance of LiAl,Co, O, upon
the Al substitution. (b) Diameter of the distorted semicircles (R;) in the
complex impedance plots of the In—Li/LiAl*Co; O, cells in panel a is
plotted against x.

(R;) decreased from 960 2 at x = 0 to 87 €2 at x = 0.08, as shown
in Figure 2b.

The decreasing R; indeed improved the rate capability of the
LiCoO, electrode. When the pristine LiCoO, was discharged at
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Figure 3. Discharge curves of the In—Li/LiAL,Co;_,O, cells at differ-
ent discharge rates from 0.05 C to S C. It should be noted that the
electrode potential of the In—Li counter electrode is 0.62 V vs Li*/Li,
and thus 4 V plateaus that LiAl,Co; _,O, shows appeared at VA~ 3.5 V.

various current densities, it gave only a small discharge capacity at
S C. The Al substitution improved the rate capability: the
capacity at 5 C reached 80 mAh g~ at x = 0.08, as shown in
Figure 3.

Conceivable Mechanism of the Rate-Capability Enhance-
ment. These results demonstrate that the partial substitution of
Al for Co increases the power density of the LiCoO, cathode in
solid-state lithium batteries. The improvement may be attribu-
table to enhanced ionic diffusion in LiCoO, by the substitution,
as reported for liquid electrolyte systems.® However, our pre-
vious study® revealed that the rate-determining step in the
electrode reaction of LiCoO, is in the LiCoO,/electrolyte
interface. This suggests that even the enhancement of ionic
diffusion by the Al substitution will not increase the power
density without the reduction of interfacial resistance.

In the study,” the rate-determining factor was considered to be
a highly developed space-charge layer on the electrolyte side at
the interface, which is generated by the difference in electro-
chemical potential of Li ions between the LiCoO, and the sulfide
electrolyte, and is developed by electronic conduction in the
LiCoO,. Since Li ions are depleted there, it would be high in
resistance and thus rate-limiting. In order to suppress the
development, we interposed a thin layer of oxide solid electrolyte
at the interface as a buffer layer, which drastically increased the
power density. There are several similarities between the present
results and those obtained in our previous study.

In our previous study, surface of the LiCoO, particles was
covered with oxide solid electrolytes for interposition as a buffer

©) Co0 2.0
150 —
15 _
2 5
i _ =
2 100 10 9
£ o]
50 - 0.5
Inollceo —>
0 T T T T T 0.0
00 05 10 15 20 25 30
A Position (um) B

Figure 4. Elemental mapping of LiAlj(3C009,0, particles taken by
two-dimensional SIMS: (a) si§nal intensity for (*’AI**0) ™ molecular
ions; (b) signal intensity for (° C0'°0)™ molecular ions; and (c) signal
intensity along line A—B shown in panels a and b.

layer between the LiCoO, and the sulfide solid electrolyte upon
contact with the sulfide solid electrolyte. A thin film of oxide solid
electrolyte layer was formed on the surface of the LiCoO,
particles by spray coating. When the oxide solid electrolyte was
applied to the surface, the electrode resistance began to decrease,
because the oxide solid electrolyte layer reduced the interfacial
resistance where it was formed. Increasing the amount of applied
electrolyte decreased the resistance due to the increasing cover-
age, i.e., increasing interfacial area where the buffer layer sup-
pressed the development of a space-charge layer. After the
resistance reached a minimum, further application of the oxide
electrolyte increased the electrode resistance, because the buffer
layer became thick enough for its resistance to be rate-determin-
ing. Similarly, in this study, the electrode resistance decreased
with increasing Al content. It showed a minimum at x = 0.08 and
then increased with increasing Al content.

In addition, the current drain observed in this study was larger
than 6 mA cm ™ 2, which is also in agreement with that observed in
our previous study. Since increasing power density is essential for
the development of solid-state lithium batteries, numerous
attempts have been made to achieve this goal. For example,
several conductive additives were introduced for this purpose;’

3800 dx.doi.org/10.1021/cm103665w |Chem. Mater. 2011, 23, 3798-3804



Chemistry of Materials

Intensity
S
|
2]

209 @

Ino/lcoo
o
]

e
]
|

[
o

[ T I T I
0 2000 4000 6000
Etching time (s)

Figure 5. Secondary '°0 images of the particle (a) before depth analysis
and (b) after depth analysis. Depth profiles for (*’Al'°0)~,
(*¥Co'0) 7, ("Li*®0) ", and **Si also are shown ((c) signal intensities
and (d) calculated intensity ratio of Inio/Ico0)-

however, the current drains were still smaller than the order of
1 mA cm 2 In other words, a large current drain of ~10
mAh cm > has been reported only when oxide solid electrolytes
were interposed between LiCoO, and the sulfide solid electro-
lytes. These similarities suggest that the introduction of Al forms
a surface layer on the LiCoO, particles to act as an oxide solid
electrolyte. That is, the enhancement of high-rate capability may
not come from the Al introduced into the Co site that promotes
the ionic diffusion in LiCoO, but rather from the Al residing on
the surface and forming a surface layer, which acts as the buffer
layer. A recent study on the crystal structure of LiALNi; ,0,"
supports this idea.

A study using diffraction techniques combined with elemental
analysis revealed that Al and Ni in LiAlLNi; ,O, tend to
segregate to form Al- and Ni-rich domains, and the segregation
induces anisotropic strain in the Al Ni;_,O, slabs. A similar
segregation may occur in this LiAl,Co; O, system as well,
because they have similar characteristics.'" If this segregation did
occur, it would preferentially form the Al-rich domains at the
surface to release the strain.'” These domains would act as an
oxide solid electrolyte layer to reduce the electrode resistance
when the LiAl,Co, O, particles are embedded in the solid-state
cell, because the electronic conductivity of the Al-rich domains
would be low, because of the low concentration of Co.

In fact, enriched Al was detected in the two-dimensional SIMS
images shown in Figure 4. Since the ion-etching preceding the
observation removed the front surface of the particles, the images
of the center and the edge of the particles show the inner and
outer information of the LiAl,Co;_,O, particles, respectively.
The image taken for LiAlj 03C0¢ 9,0, (Figure 4a) shows a strong
signal for (*’AI'°0) ™ at the edges. In addition, the line profiles of
the signal intensities in Figure 4c show that the strong signal for
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Figure 6. (a) Lattice constants and (b) SEM images of the LiAl,.
Co;_,O, by post-annealing at 700 °C for different durations. In panel a,
triangles (A) and circles (O) indicate the lattice constants of the samples
with x = 0 and 0.08, respectively. SEM images were taken for the sample
with x = 0.08 before and after post-annealing for 30 h.

(*’AI'*0)~ appeared near the edge where that for (*’Co'®0)~
was weakened.

The distribution of Al in a particle along the vertical direction
was also investigated by a depth analysis. The depth profiles in
Figure 5c and 5d were taken from the front surface to the back
surface until the particle was completely penetrated, as shown in
Figures Sa and Sb. Because the front surface was lost during the
equipment adjustment, an increase in Iyj0/Ico0 was not found in
the beginning of the profiles. On the other hand, it clearly
increased at the end of the profile (ie., at the back surface of
the particle). Because the signal intensities in the middle of
the profiles should correspond to the compositions in the bulk,
the composition ratio of [Al]/[Co] at the back surface can be
roughly estimated from the intensity ratio of Inj0/Ic.0 at the end
of the profile, using the relation between [Al]/[Co] and Iy o/
Icoo obtained from the bulk. Because a value of [Al]/[Co] =
0.08/0.92 in the bulk gives a value of Ino/Icoo = 0.13 in
the middle of the profile, a value of Iy0/Ico0 = 1.8 at the back
surface will correspond to a value of [Al]/[Co] = 0.53/0.47.
These results strongly suggest that Al was enriched at the surface
of the particles.

Note that Ino/Icoo in the center of the line profile in
Figure 4c was much larger than that in the middle of the depth
profile in Figure 5d, although both were considered to corre-
spond to the bulk composition. A conceivable explanation for
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Figure 7. Changes in electrode impedance of LiAl,Co; _,O, upon post-
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annealing duration. The lowest R; value for each sample is indicated by a
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this disagreement is that ion etching before the two-dimensional
observation did not completely remove the front surface of the
particle. Part of the Al-enriched surface might still remain to
increase the Iyo/Ico0, and this may be more evidence of the
presence of the Al-enriched domains at the surface.

Effect of Post-Annealing. If the above scenario is true, post-
annealing would affect the electrode properties of LiAl,Co; ,O,.
In the above experiments, the synthesized LiAl,Co;_,O, was
ground once into powder using a planetary ball mill and then
post-annealed to remove any damage caused by the milling. The
ball milling should give the appearance of fresh surface with the
same composition as the bulk, because it is cleaved open from
the bulk. In this situation, the post-annealing intended to remove
damage will also induce diffusive mass transfer and promote
segregation and reconstruction of the surface structure with
predominant Al-rich domains. Since they should grow with
post-annealing duration, the electrode properties are likely to
change with the post-annealing time. In order to verify this
hypothesis, we investigated the effect of post-annealing on the
electrode properties, where the as-ground powder was post-
annealed under relatively moderate conditions of 700 °C, so that
the crystal structure and the morphology would remain
unchanged.

The post-annealing did not change the crystal structure or
morphology, as confirmed by XRD and SEM observation,
respectively. The lattice constants refined from the XRD results
for the post-annealed samples were constant within the esti-
mated standard deviations, as shown in Figure 6a, indicating that
the post-annealing for 30 h did not affect the crystal structure.
The post-annealing did not change the particle size either, as

shown in Figure 6b. On the other hand, the post-annealing
greatly changed the electrode properties of the LiAly 05C00 9,05,
as demonstrated in Figures 7 and 8.

The post-annealing decreased R; in the beginning and in-
creased it again after R; reached a minimum at a post-annealing
duration of S h, as shown in Figure 7a. The change was
predictable from the above discussion. The decreasing R; in the
beginning can be attributable to the formation of Al-rich domains
acting as the buffer layer. On the other hand, prolonged post-
annealing will allow the Al-rich domains to grow and form thick
Al-rich layers. Because lithium aluminum oxides, which are the
presumable compounds at the surface, are poor ionic conductors,
the resistance of the thick Al-rich layer will become high and
dominant in the electrode reaction to increase the R; value again.
In addition, the composition dependence of R; value was reason-
able. When « is smaller, it will need more time to make enough Li
ions diffuse to the surface and reduce the R, value, and vice versa.
In fact, LiAl,Co,_,O, with x = 0.02, 0.08, and 0.10 showed the
lowest R; values at post-annealing durations of 4, 5, and 10 h,
respectively, as indicated in Figure 7c.

The above scenario also predicts that the post-annealing will
not affect the electrode properties of LiCoO,, because such
segregation, or formation, of Al-rich domains would not occur in
pristine LiCoO,. In fact, the R, value was constant after the post-
annealing for 3 h, as shown in Figures 7b and 7c. However, the R;
value was decreased from 1.8 k€2 to 1.0 k2 in the beginning of
post-annealing. High-energy ball milling is known to cause
damage including formation of oxygen vacancies, especially on
the surface,'® which affects catalytic'* and electrochemical*®
properties. Since post-annealing will remove the defects, the
change in the beginning would be attributable to the removal of
the damage.

Removal of the damages would also contribute to the decrease
in the R; value observed for the LiAlyy3Co009,0,. Although
detailed experiments are underway to distinguish between the
contributions of the two effects, it seems reasonable to consider
that the segregation contributes greatly to the change in the
electrode resistance. The defects can be removed only by
displacement of the atoms, while the segregation requires trans-
port of the atoms. Therefore, the effect of the segregation should
be observed for a longer time. In fact, the electrode resistance
changed over 30 h for LiAlj 03C0¢ 9,0, while a period of only 3 h
was required for LiCoO,. In addition, the post-annealing de-
creased the R; value from 630 Q to 120 Q in the beginning (i.e.,
to one-fifth for LiAlj(3C09,0,, while only to one-half for
LiCoO,). These differences strongly suggest that the segregation
forming the Al-rich domains predominantly reduces the elec-
trode resistance of LiAlj 03C00.9,05.

As expected from the changes in electrode resistance, the high-
rate capability of LiAlj03C009,0, changed with the post-annealing
time. The LiAlj 3C0¢ 9,0, post-annealed for S h, where the R;
value was minimum, showed the best performance among the
samples, which delivered 84 mAh g_1 at 5 C discharge, as shown
in Figure 8a. The performance was almost comparable to, or
higher than, that observed in our previous study, where the
surface of LiCoO, was coated with an oxide solid electrolyte
buffer layer such as LiyTisO;, and LiNbO3.

B CONCLUSIONS

The effects of Al substitution in LiCoO, on the electrode
properties were investigated in a sulfide solid electrolyte. The
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(b) x = 0, post-annealed for different durations in In—Li/LiAl,Co, _,O, cells.

substitution improved the rate capability to enable the LiAl,.
Co;_,0, to deliver a discharge capacity of 84 mAh gfl at S C
discharge. The improvement is considered to come from the
formation of Al-rich layer on the LiAl,Co,_,O, particles, which
acts as a buffer layer to reduce the interfacial resistance.

Interfacial phenomena typified by “nanoionics”'® are attract-
ing a great deal of attention in studies on electrochemical devices,
because their importance for the electrode performance is now
recognized. Therefore, a great number of studies have examined
the surface coating of active materials, as reviewed in ref 17, to
control the interfacial phenomena. In such studies, nanometer-
thick coating layers were formed on the surface of the active
materials; however, the stability of the nanostructure is a concern.
Heat treatment or high-temperature operation induces interdif-
fusion between the active and coating materials, causing a loss of
the coating layer.'® On the other hand, the segregated Al-rich
layers in this study grow upon post-annealing. That is, the
core—shell structure is self-organized and thus will be much
more stable. In addition, a coating process is not necessary,
because the layers are formed automatically during the calcina-
tion process, although they were formed by post-annealing in this
study. Consequently, the Al-substituted LiCoO, is regarded as
more suitable and practical for cathode materials in solid-state
lithium Dbatteries, with comparable performance to coated
materials.
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