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The Effect of a Metal-Oxide Coating on the Cycling Behavior
at 55°C in Orthorhombic LiMnO 2 Cathode Materials
Jaephil Cho,a,* ,z Tae-Joon Kim,b,** and Byungwoo Parkb,*
aSamsung SDI Company, Limited, Energy Development Team, Chonan, Chungchongnam-Do, Korea
bSchool of Materials Science and Engineering, Seoul National University, Seoul, Korea

The structural stability of metal-oxide-coated orthorhombic LiMnO2 (o-LiMnO2) was characterized by its 55°C cycling behavior.
Sol-gel coating of the metal oxides~Al2O3 and CoO!, followed by heat-treatment at 400°C, leads to the formation of the
solid-solution layer (LiMn12xMxO2) with a concentration gradient of metal atoms at the particle surface. The specific capacity and
cycle life at 55°C are influenced significantly by the metal-oxide coating. CoO-coated LiMnO2 exhibits an additional voltage
plateau at the deep discharge~2 V!, and has a higher capacity than Al2O3-coated electrode, although the capacity retention is
inferior to the Al2O3-coated cathode.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1446870# All rights reserved.
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Li xMn2O4 @LiB2 3 4# cathode materials have been studied
tensively over the last 20 years as a potential application to Li
teries due to their low cost and environmental friendliness. T
structure of spinel LiMn2O4 consists of a cubic-close-packed ox
gen array where the lithium ions are located at the 8a tetrahedral
sites and the manganese ions at the 16d octahedral sites of a cubi
unit cell with space groupFd3m; the oxygen ions are located at th
32e positions.1 When used as an insertion electrode in Li/LixMn2O4
cells, the lithium ions remain in the tetrahedral sites within a cu
structure for the range 0, x < 1; this reaction occurs at approx
mately 4 V vs. lithium metal. On the other hand, the insertio
of lithium into octahedral sites in LixMn2O4 occurs at 3 V for
1 , x < 2.1 This causes a first-order transition to a rock-salt-ph
Li2Mn2O4 during which the tetrahedrally coordinated lithium ion
are cooperatively displaced into the octahedral sites (16c). The in-
crease in the Mn31 concentration within the spinel framework i
Li 2Mn2O4 reduces the crystal symmetry from cubic in LiMn2O4 to
tetragonal (I41 /amd).1,2 The large anisotropic~Jahn-Teller!distor-
tion (c/a 5 1.16) is generally believed to be largely responsible
poor capacity retention of the spinel electrodes at 3 V. Mn disso
tion from the spinel is also responsible for the decreased capa
leading to the formation of defect-type spinels, as identified by
peak broadening in the X-ray diffraction~XRD! pattern.3,4 Improved
capacity retention can be achieved by substituting some of the
ions in the B23 4 spinel framework with monovalent, divalent, o
trivalent cations. This substitution increases the average oxida
state of the spinel above 3.5 V.2

In contrast to LixMn2O4 , o-LiMnO2 has shown better cycle life
performance than LiMn2O4 when both 3 and 4 V plateaus are u
lized at room-temperature cycling.5 However, the capacity loss wa
apparently enhanced at 55°C cycling, showing its capacity fr
maximum 180 to 80 mAh/g after 100 cycles between 4.4 and 26

To minimize capacity fading, the LiMn12xAl xO2 system was stud-
ied. However, it cannot completely prevent Mn dissolution from
particle surface~electrolyte interface!. Moreover, it decreased th
original capacity by 30 mAh/g~from 180 to 150 mAh/g!. In particu-
lar, a sol-gel coating of LiCoO2 on the LiMn2O4 particles and sub-
sequent heat-treatment at 800°C improved structural stability of
cathode. This was associated with the LiMn22xCoxO4-phase forma-
tion across the particle with discretely higher Co concentration at
particle surface than in the bulk.7 A similar structural stability was
observed in LiCoO2 by using Al2O3 and SnO2 coating.8-10
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In this paper, we report the effect of a metal-oxide~CoO and
Al2O3! coating on the cycling behavior at 55° ino-LiMnO2 cathode
particles.

Experimental

The o-LiMnO2 powders were prepared from a stoichiomet
mixture of LiOH•H2O and Mn2O3 ~1.05:1 mol ratio!after heating at
800°C for 24 h under Ar atmosphere. Both Li2Mn2O4 and Li2MnO2

were prepared by chemical lithiation of LiMn2O4 with an excess of
n-butyllithium in hexane at 50°C for 3 and 7 days, respectively. T
reaction was carried out in an argon-filled glove box in which t
residual water content was less than 9 ppm. After the reaction,
product was thoroughly rinsed with hexane, dried under vacu
and stored in the glove box. Powders that were prepared at 50°C
5 days showed a light brown color with a Li:Mn molar ratio of 1.4
as determined by inductively coupled plasma~ICP! mass spectros-
copy.

Coatings of CoO and Al2O3 on the LiMnO2 powder surface
~with an average particle size of 13mm! were performed
as follows. Aluminum and cobalt ethylhexanodiisopropoxi
M(OOC8H15)(OC3H7)2 ~M 5 Al or Co! were first dissolved in iso-
propanol, followed by continuous stirring for 20 h at 21°C. Th
solution was then mixed with the powders such that the solu
corresponded to 15 wt % of usedo-LiMnO2 powders.~The mole
ratios of total Al and Covs. Mn were 0.05 and 0.04, respectively!.
The mixture was further aged at 50°C in order to ensure good bo
ing between the M-OR groups ando-LiMnO2 surface-OH groups.
After the o-LiMnO2 powders were dried for 10 h at 150°C, th
batches were fired at 400°C for 10 h. The surface area before
after coating was 1.3 and 1.5 m2/g, respectively. For electrochemica
testing, cathode slurry was prepared by mixing the oxide powd
carbon black~Super P!, and poly~vinylidene!fluoride ~PVDF! in a
weight ratio of 92:4:4. The coin-type cells~2016 size!contained the
o-LiMnO2 powders, a polyethylene microfilm separator, and
metal. The electrolyte was 1 M LiPF6 dissolved in a mixture of
ethylene carbonate/dimethyl carbonate~1/1 vol %!. The XRD pat-
terns after cycling were taken using electrodes that were prepare
follows. Cycling tests were stopped at the end of discharge at
and held at this voltage for 20 h. The cells were then disassem
carefully in a glove box to remove the cathode. This cathode w
subsequently washed with dimethyl carbonate~DMC! to remove the
LiPF6 , followed by drying in a vacuum oven at 80°C for 24 h.

Results and Discussion

The XRD patterns of the standard compounds LiMn2O4 ,
Li2MnO2 , Li2Mn2O4 , and o-LiMnO2 are shown in Fig. 1. The
pattern of theo-LiMnO2 can be easily distinguished from that of th
tetragonal Li2Mn2O4 (I41 /amd). Theo-LiMnO2 phase has a dis
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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torted cubic close-packed oxygen array with alternating zigzag
ers of Li and Mn cations. No significant broadening of the XR
peaks fromo-LiMnO2 was observed, while a narrow~011! diffrac-
tion peak in the orthorhombic phase was correlated with pla
stacking faults.11 A full width at half-maximum~fwhm! in the ~011!
peak was 0.096°, indicating that the present material is in a w
ordered orthorhombic structure. The XRD pattern of the Li2MnO2

appears to indicate a substantial amount of Li2Mn2O4-impurity
phase, similar to that reported by Davidet al.12 Although the XRD
pattern of Li2MnO2 phase, which hasP3m1 symmetry, is similar to
that of Li2Mn2O4 , these two compounds can be distinguished fr
each other by the peak at;16.2°, as shown in Fig. 1.

The XRD patterns of Al2O3- and CoO-coatedo-LiMnO2 pre-
pared at 400°C were compared to that of the bare one, as show
Fig. 2. While the fwhm of the Al2O3-coatedo-LiMnO2 is identical
to that of the bare one (2u > 0.096°) for the~011! peak, CoO-
coated LiMnO2 showed increased fwhm to 0.15°, indicating t
CoO coating increased the density of stacking faults,i.e., structural
disorder. This behavior can also be observed in the increased b
ening of the~110! and ~111! peaks. Other phenomena observed
the disappearance of the Li2MnO3 impurity phase after the metal
oxide coating. This is believed to be due to a decomposition reac
of Li2MnO3 with CoO or Al2O3 gels that occurs during hea
treatment at 400°C, and can result in the formation of LiMnO2 and
LiMO2 ~M 5 Co or Al!. This implies that the Li2MnO3 phase was
mainly distributed on theo-LiMnO2 particle surfaces.

However, XRD does not distinguish whether the metal oxid
remain on the particle surface, or have reacted with LiMnO2 . To

Figure 1. XRD patterns of LiMn2O4 , Li2MnO2 , Li2Mn2O4 , and
o-LiMnO2 . The Li2MnO2 phases consist of a mixed phase with Li2Mn2O4 .
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analyze the concentration profile in depth, into the particle, coa
samples were cross-sectioned, by polishing, for electron-probe
croanalysis~EPMA!, as shown in Fig. 3. The figure shows a signi
cant amount of Al and Co atoms corresponding to, respectively,;32
and;27 atom %, within;1 mm range from the surface. This sug
gests the formation of a solid solution (LiMn12xMxO2) at the sur-
face. The metal oxides~Al2O3 and CoO!interdiffused with LiMnO2
during heat-treatment, exhibiting concentration gradients of m
atoms at the particle surface. Additional analysis by Auger elect
spectroscopy~AES! of Al2O3-coated sample confirms the solid
solution formation~inset in Fig. 3!. Such solid-solution thin-film

Figure 2. XRD Patterns of~a! bare LiMnO2 , ~b! Al2O3-coated, and~c!
CoO-coated LiMnO2 materials. The coated cathodes were prepared at 40
for 10 h.

Figure 3. Plots of Al and Co concentration within a particle using a
EPMA. The inset is a plot of Al2O3-coated sample using an AES.
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coating on the particle surface affects the overall lattice constan
o-LiMnO2 . The lattice constantsa, b, andc for bare o-LiMnO2

were calculated to be 2.8066 0.001, 5.7566 0.001, and
4.5726 0.001 Å, respectively, while those of the CoO
coated LiMnO2 heat-treated at 400°C were 2.8006 0.001,
5.7526 0.001, and 4.5676 0.002 Å, respectively. On the othe
hand, those of the Al2O3-coated LiMnO2 oxides prepared at 400°C
were 2.8026 0.001, 5.7546 0.001, and 4.5726 0.002 Å,
respectively.

Figure 4 compares the voltage profiles of the bare electrodes
the coated electrodes after 1, 10, 30, and 50 cycles. The first
charge capacities of Al2O3- and CoO-coated electrodes are smal
than that of bare one, showing 30 and 127 mAh/g, respectiv
Such a difference may be attributed to the solid solution residin
the particle surfaces. However, discharge capacities of the co

Figure 4. Plots of the voltage profilevs. capacity of ~a! bare, ~b! CoO-
coated, and~c! Al2O3-coated LiMnO2 , after 1, 10, 30, and 50 cycles. Th
cell were cycling at the rate of 0.2 C~536 mA/g! between 4.5 and 2 V a
55°C.
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electrodes after 10 cycles were similar to or even higher than tha
uncoated cathode. Note that the discharge capacity of the C
coated electrode is higher than that of the bare and Al2O3-coated
ones, showing 179 mAh/g after 10 cycles, which is due to the a
tional voltage plateau~near 2 V!at the end of discharge. This uniqu
behavior cannot be observed in the bare and Al2O3-coated elec-
trodes. In our case, the only difference between the Al2O3-and CoO-
coated materials is the degree of structural disorder~as shown in
Fig. 2!, probably causing an additional voltage plateau. Howe
the capacity retention of the Al2O3-coated electrodes is superior t
that of the CoO-coated electrode, showing only 2% capacity los
the 50th cycle, as shown in Fig. 5. This shows that the Al2O3 coat-
ing is more effective in stabilizing the structural stability durin
cycling than the CoO coating.

To investigate the structural stability of the coated material,
changes in discharge capacities at 2 V~between 2.3 and 2.0 V!, 3 V
~between 3.5 and 2.3 V!, and 4 V~between 4.5 and 3.5 V!regions
are shown in Fig. 6. The discharge capacities of bare electro
underwent a rather rapid capacity loss in both plateaus, espec
decreasing from 117 to 46 mAh/g in the 3 V region after 50 cycl
The capacity fading of the 3 V region was attributed to the format
of the Li2MnO3 phase from Li2Mn2O4 .13 In contrast, those of the
Al2O3- and CoO-coated electrodes were apparently stabilized,
the overall capacity decay of the CoO-coated electrode is relate
the capacity decrease of the 2 V plateau~2.3-2.0 V range!. Note tha
Al substitution limits the amount of Li that can be inserted in the
V plateau, which accounts for the lower capacity. On the other ha
with Co substitution, capacity retention remains high in the 3.5-
V range, compared to the 2.3-2.0 V range.

To support the evidence of structural degradation of the b
electrode, and to compare it with the coated electrodes, the cy
electrodes were disassembled from the coin cell, and XRD ana
was carried out, as shown in Fig. 7. XRD patterns differ from ea
other, but a common feature is that characteristico-LiMnO2 peak at
15° has disappeared in all the electrodes. In particular, monoc
LiMnO2 (m-LiMnO2) phase formation in both the bare and CoO
coated samples indicates cycling-induced phase transformat
The bare electrodes consist mainly of cubic LiMn2O4 with a small
amount of tetragonal Li2Mn2O4 , m-LiMnO2 , and Li2MnO3 phases.
Since tetragonal Li2Mn2O4 andm-LiMnO2 have extremely similar
XRD patterns, it is impossible to identify each phase from t
cycled electrodes. In spite of this fact, we do not rule out the tetr
onal Li2Mn2O4 phase formation in the electrode, because a sim
study by Chianget al.6 showed this. However, capacity fading du

Figure 5. Plots of the discharge capacityvs. cycle number in bare, CoO-
coated, and Al2O3-coated LiMnO2 electrodes at the rate of 0.2 C~536
mA/g! between 4.5 and 2 V at 55°C.
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to Jahn-Teller~J-T! distortion seems to be negligible, compared
that from Mn dissolution from the Li2Mn2O4 . Because so many
spinel phases exist in the Li-Mn-O ternary phase diagram, it is
possible to determine the exact phase and composition of electr
from the XRD pattern alone.14 However, the increased diffraction
peak broadening of the cubic LiMn2O4 confirms the formation of
defect-type spinels. Dissolution of MnO into the electrolyte resu
in an increase in the Li:Mn ratio in the residual structure and
concomitant oxidation of Mn31 to Mn41. The increased intensity o
the Li2MnO3 peak at 65.5° supports the evidence that MnO is d
solved from Li2Mn2O4 .

Conversely, the XRD pattern of the CoO-coated electrode
different from that of the bare electrode in that Li2Mn2O4 and
m-LiMnO2 are the major phases. In the case of Al2O3-coated
LiMnO2 electrode, the XRD pattern look much simpler, compa
to both the bare and CoO-coated electrodes, showing only a c
LiMn2O4 phase. The XRD pattern of the CoO-coated electro

Figure 6. Discharge capacities at 4, 3, and 2 V plateauvs.cycle number for
~a! bare,~b! CoO-coated, and~c! Al2O3-coated LiMnO2 .
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shows a new peak at 16.2°, which has not been observed in o
electrodes. While the exact phase cannot be identified by X
alone, the position suggests the Li2MnO2 phase. Because the deve
opment of dislocations or structural defects on the particle surf
can allow additional lithium intercalation, a solid-solution lay
(LiMn12xCoxO2) could allow more lithium intercalation, leading t
metastable Li2Mn12xCoxO2 surface-layer formation. Similar behav
ior in LiNiO2 was reported by Mueller-Neuhauset al.15 where they
suggested that Li2Ni12yFeyO2 was formed on the surface o
Li yNi12yFeyO2 cathode particles during deep discharge. The sign
cant decrease in Li2MnO3 phase in both coated electrodes also co
firms that a protective solid-solution layer minimizes Mn dissoluti
from Li2Mn2O4 .

XRD patterns of the Al2O3-coated electrodes after cycling sho
very broad diffraction-peak widths, which is related to the formati
of local-lattice strains and small crystallites in the electrode powd
during cycling. However, this differs from the case of the bare ca
ode, because the peak broadening there is mainly due to the
dissolution. To deduce these factors quantitatively, we analyzed
diffraction peaks, ~111!, ~311!, ~222!, ~400!, and ~440!. The
XRD peak widthsDk ~in fwhm! were fitted for each peak with
scattering vectork 5 (4p/l) sinu, and a resolution function
(Dkresol 5 0.0046 Å21) was subtracted after fitting each diffractio
peak to take into consideration the instrumental broadening ef
in diffraction.16 As shown in Fig. 8, Dk has increased from
Dk 5 0.00656 0.0021 Å21 ~averaged from~010! up to ~112!
peaks!before cycling, toDk 5 0.03286 0.0204 Å21 ~averaged
from ~111! up to ~440! peaks!after cycling in electrodes at 400°C
indicating that small crystallites~on the order of a few hundred

Figure 7. XRD patterns of~a! bare,~b! CoO-coated, and~c! Al2O3-coated
LiMnO2 electrodes after 50 cycles. The cycled CoO-coated electrodes
show some unidentified phases. After cycling, all cells were maintained
20 h at 2 V at a constant voltage mode.
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angstroms!were developed during cycling. Even though there w
insufficient cubic-spinel diffraction peaks in the XRD pattern of t
CoO-coated LiMnO2 , similar Dk values in~111! diffraction peak
between Al2O3- and CoO-coated electrodes indicate the format
of a similar crystallite/domain size and/or local strains. It has b
proposed that the peak broadening could result from an inhib
transformation to a tetragonal spinel, or from the Li-concentrat
gradients within the particles.5

Conclusions

Capacity fading of bare LiMnO2 , which originated from Mn
dissolution, was greatly reduced by a protective LiMn12xMxO2

(M 5 Al and Co! thin-film layer by a sol-gel coating of metal ox

Figure 8. Plots ofDk vs. kin the Al2O3-coated LiMnO2 electrode, before
and after cycling.
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ides with appropriate heat-treatments. While CoO-coated mate
showed higher degree of stacking faults with higher discharge
pacity, the capacity retention was superior in Al2O3-coated
LiMnO2 .
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