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The effect of a sol-gel derived amorphous zirconium oxide surface coating on the high charge-discharge �CD� rate performance of
LiMn2O4 was studied. When cycled between 4.5 and 2.9 V �vs. Li/Li+� at room temperature, the coated spinel electrode,
containing 5 wt %-ZrO2, shows tremendous enhancement in cycling stability at CD rates up to 10 C. Concurrently, the coated
spinel electrode exhibits a lower cubic-tetragonal transition potential, a smaller charge-transfer impedance by 4-5-fold, and it
profoundly reduces, by 66%, lattice contraction upon charge �delithiation�. The enhancement in the high-rate cycling stability has
been attributed to the combination of these favorable effects.
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Cubic spinel LiMn2O4 is of great interest for the replacement of
LiCoO2 in Li-ion batteries due to its high voltage, natural abun-
dance, low cost, and environmental benignity.1-3 Particular enthusi-
asm has been shown to use this material in electric vehicle applica-
tion owing to its superior safety properties to LiCoO2.4,5 For this
application, however, high-rate cycling stability will be one major
issue. The discharge �lithiation� potential signatures in
LixMn2O4�x � 1� include two large plateaus near 4.1 and 4.0 V �all
the potentials referred to herein are referenced to Li/Li+�,6 which
have been suggested7 to involve transitions among three cubic
phases. Insertion of Li for x � 1 results in another plateau near
2.8 V, corresponding to the transition from cubic LiMn2O4 to te-
tragonal Li2Mn2O4. The phase transition involves Jahn-Teller distor-
tions, associated with Mn3+ Jahn-Teller ions.8

The spinel exhibits faster capacity fading upon charge-discharge
�CD� cycling than LiCoO2, and the cubic-tetragonal �CT� transition,
which involves a large ��10%� unit cell volume variation, has been
considered as one important cause to the fading at room temperature
�RT�.9 When a LiMn2O4 electrode is discharged in the practical
full-cell operation, the Li concentration gradient is expected to de-
velop throughout the particle, and the Li stoichiometry, x in
LixMn2O4, at particle surface may be well above 1.0, even when the
average stoichiometry is less than 1.0. This was evidenced by mi-
croscopy analysis, which showed the presence of the tetragonal sur-
face layer.10 The higher the discharge rate is, the more pronounced
this surface transition effect is expected to be. Accordingly, the fad-
ing rate of the spinel is expected to increase appreciably with CD
rate. Capacity fading of the spinel is also increasingly serious with
increasing temperature, and it has in part been attributed to the deg-
radation of the spinel by dissolution of Mn ions into the acidic
electrolyte.11,12

Some studies �e.g., Ref. 13 and 14� showed the substitution of
Mn at the 16d sites with ions with a valence �+3 to give doped
spinels LixMyMn2−yO4 �M = Ti, Fe, Ni, Co, Zn, Al, and Mg�, which
could enhance the cycling stability at RT. Although this approach
has improved the structural stability, it seriously reduces initial ca-
pacity. As an example, our test on a commercially available
Al-doped spinel having the nominal composition of
Li1.10Al0.095Mn1.805O4 showed an initial capacity at 0.2 C rate of
merely 108 mAh/g for the 4 V plateaus, in contrast with
�120 mAh/g typically for the nondoped spinel �see later�.

Surface coating with transition metal oxides has been shown as
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an effective way to improve cycling stability for some cathode ma-
terials of Li-ion battery. For LiMn2O4, Thackeray et al.15 have in-
deed shown that the high-temperature cycling stability of the spinel
is significantly improved by surface coating of amorphous Zr oxide.
The improvement has been attributed to the reduced solubility of the
spinel as a result of scavenge of acidic HF in the electrolyte by the
Zr oxide layer. The effect of the coating on the RT cycling stability
has, however, not been elucidated. Indeed, as the oxide coating is an
electronic insulator, there is concern over its effect on high-rate
performance of the spinel electrode.

As reported in this work, coating the spinel LiMn2O4 with an
amorphous Zr oxide layer resulted in a tremendous improvement in
cycling stability at RT at as high a rate as 10 C. This is the first time
that an oxide coating has been reported to exhibit enhancement in
cycling stability under such a high CD rate. Studies based on im-
pedance and in situ synchrotron X-ray diffraction �XRD� analyses
also indicated that the coated spinel exhibited remarkably different
reaction impedance and lattice variation characteristics from the un-
coated one during CD cycling.

Experimental

LiMn2O4 was used as received from Sedema �Tertre, Belgium�.
For making the Zr oxide coating layer, Zr butoxide ��80%
Zr�OC4H9�4 in tert-butanol, Aldrich� was mixed with 1-butanol in a
volume ratio of alkoxide/alcohol = 1:4 under ultrasonic agitation
for 30 min. Selected amount of LiMn2O4 powder was then dis-
persed into the coating solution, followed by settling under vacuum.
The air trapped inside the spinel powder was drawn out at low
pressure, and this step was meant to facilitate good contact between
the coating solution and the powder. The dispersion solution was
then heated to 75°C for 8 h with continuous stirring and slowly
introducing water vapor into the solution. Slow hydrolysis and dry-
ing is the key to the formation of conformal coating. Finally, the
coated powder was calcined at 400°C, ground, and sieved.

The spinel electrode was made of 88 wt % LiMn2O4 powders,
either with or without the Zr oxide coating, 6 wt % carbon black,
and 6 wt % poly-�vinylidene fluoride� �PVdF� on an Al current col-
lector. After being dried at 150°C in a vacuum oven for 24 h, the
electrode sheets were punched into 1.2 cm diameter disks for assem-
bly; every disk typically contains �9 mg of the spinel with 70 �m
thickness. The coin cell consists of a spinel disk electrode, a Li foil
disk as the counter electrode, and electrolyte of 1 M LiPF6 in a
50/50 �vol %� mixture of ethylene carbonate �EC� and ethyl methyl
carbonate �EMC�. All the cells were assembled in a dry room where
the dew point was maintained at between −40 and −45°C.

CD cycles were recorded using a galvanostatic cycling system
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�BT-204, Arbin Corp.�. The CD rate is calculated on the basis of the
theoretical capacity �148 mAh/g of the spinel. Accordingly, 1 C rate
corresponds to a current density of �1.2 mA/cm2 in the present
setup. An AUTOLAB frequency response analyzer �AUTOLAB,
Eco Chenie PGSTAT30� was employed for obtaining complex im-
pedance spectra in the frequency range from 1 mHz to 10 kHz.

Powder X-ray diffraction �XRD� analysis was performed with a
Philips diffractometer, using Cu K� radiation and a graphite mono-
chromator. Synchrotron XRD was carried out by using beam-line
01-C2 facilities of the National Synchrotron Radiation Research
Center in Taiwan. The wavelength of the X-ray is 0.061 993 nm. In
situ XRD patterns were acquired during the course of a CD cycle at
0.5 C rate. The corresponding potential curve was simultaneously
recorded. The covers of both sides of the cell were first perforated
and then sealed with Kapton foils in order to allow the X-ray beam
to pass through the cell. Diffraction patterns were recorded by a
curved translating imaging plate �Fuji BAS2500� with the sample-
to-film distance of 280 mm. Two-dimensional diffraction data were
converted to one-dimensional profile using the FIT2D program.16

Particle morphology was analyzed by a scanning electron micro-
scope �SEM; Hitachi, S-800�, and the cross-sectional images were
taken by using a transmission electron microscope �TEM; Hitachi
H-7100�. To prepare the TEM specimen, the oxide powders were
embedded in a epoxy resin made of alraldite-520 resin, EPON-812,
dodecenyl succinic anhydride, and 2,4,6-tri�dimethylaminomethyl�
phenol �hardener� with 6:18:10:1 in volume ratio, and sliced with an
ultramicrotome.

Results

Because of the nature of the coating process, all the Zr in the
coating solution was eventually deposited onto the surfaces of the
spinel particles. Powders having different coating loadings were ob-
tained by predetermining the amounts of Zr butoxide in the coating
solution. Although the coating was amorphous in nature �shown
below�, for brevity, the coating loading is hereafter expressed in
terms of the weight fraction in ZrO2 stoichiometry, and the spinel
powders and the electrodes made of the powders are referred to by
their ZrO2 loadings. �Accordingly, the 0% electrode is for the elec-
trode consisting of uncoated spinel powder.� Powders having four
different coating loadings, including 0 �bare�, 1, 3, 5, and 7 wt %,
were prepared and tested, but mainly the results acquired from the 0
and 5% powders are presented in this paper, as they were most
thoroughly studied. Nevertheless, it is worth mentioning that the
results from the other two powders follow the same trends.

Powder XRD study �Fig. 1� showed that, for either the bare or
coated powders calcined at 400°C, only the reflections of LiMn2O4
were observed. When the calcination temperature was raised to

Figure 1. XRD �Cu K�� patterns of LiMn2O4 powders: �a� no coating; �b�
coating with 5% ZrO2 and calcined at 400°C; and �c� calcined at 600°C.
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600°C �curve c�, reflections of tetragonal ZrO2 began to be detected.
These results indicate that the Zr oxide coating on the powders
calcined at 400°C exists mainly as an amorphous phase, and it does
not crystallize until 600°C.

SEM analysis showed that the as-received LiMn2O4 particles
have a rounded morphology and sizes in the range of 15-30 �m
�Fig. 2a�, and each particle is composed of many primary faceted
crystallites with a size of �0.2 �m �Fig. 2b�. For the coated pow-
ders �Fig. 2c�, many crystallites exhibited similar morphology to the
uncoated ones. However, by following the micrographs of powders
of increasing ZrO content ranging from 1 to 7%, we can see the

Figure 2. SEM micrographs of LiMn2O4 powders with different Zr oxide
coating contents: �a�, �b� no coating; �c� 5% ZrO2.
2
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edges of the faceted crystallites become increasingly rounded, indi-
cating the presence of conformal coating layer with increasing thick-
ness. No individual Zr oxide particles have been observed. As men-
tioned earlier, slow hydrolysis and drying is the key to the formation
of conformal, uniform coating. Distinct thick coating layers typi-
cally occur either in the valleys between adjacent crystallites or
covering pores. TEM analysis showed that the interior of the par-
ticles remain porous even after the coating process �Fig. 3a�. High-
resolution TEM indicated that the coating layer is nonporous and
amorphous in nature �Fig. 3b�.

The CD cycling tests have been performed at consecutively in-
creasing C rates, from 0.2 to 10 C, with 20 cycles at each selected C
rate. Figure 4a and b summarizes the discharge capacity data
throughout the tests for the 0 and 5% electrodes, respectively. Figure
5a and b shows the potential curves for selected cycles. For the 0%
electrode, it has an initial capacity of 127 mAh/g-LiMn2O4, and
exhibits a capacity fading rate of 0.15 mAh/g cycle at 0.2 C. Upon
step increases in the CD rate, the capacity was found to descend
rapidly in unstable patterns to lower levels. At �5 C, the capacity
and Coulombic efficiency continuously decrease with increase in
both CD rate and cycle number. When the CD rate was reduced back
to 0.2 C, the capacity first returned to almost the initial capacity
once but subsequently faded very rapidly �fading rate:
6.0 mAh/g cycle� �Fig. 4a�.

Figure 3. Cross-sectional TEM micrographs of the ZrO2-coated LiMn2O4
powder: �a� the particle; �b� the coating layer.
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Two major discharge plateaus at �4.1 and 4.0 V, respectively,
are clearly shown at 0.2 C. When the CD rate was increased to 1 C,
the entire potential curve shifted to a lower potential level by
�0.1 V, and it is believed to be largely due to IR drop. With further
increasing CD rate, the entire curve became increasingly inclined,
while the two plateaus remain distinct from each other with the
lower-potential plateau bent faster than the higher-potential plateau.

Coating with the Zr oxide layer was found to result in the fol-
lowing effects on the CD behaviors. First, the initial capacity is
slightly reduced. The initial capacity of the 5% ZrO2 electrode is
116 mAh per gram of the active material �LiMn2O4 + ZrO2�, which
corresponds to 122 mAh per gram of LiMn2O4, if the entire dis-
charge capacity is attributed to the spinel. Second, upon a step in-
crease in CD rate, the capacity showed an immediate descent to a
lower capacity level, at which the capacity basically remains quite
stable within 20 cycles �Fig. 4b�. There appears some instability at
10 C, probably because the current is approaching the limit of the
coin-cell test. In any case, it is still much more stable than the 0%
electrode. Third, the capacity regained 97% of the initial capacity
when the CD rate was subsequently reduced back to 0.2 C and
remained stable. The Coulombic efficiency remained better than
98% for all cycles. Finally, at CD rate �1 C, the potential curve was
found no longer to exhibit two plateaus but one inclined plateau
�Fig. 5b�.

In a separate test with an expanded CD potential range, it was
found that discharging the electrodes to a lower potential range
caused the occurrence of an additional plateau near 2.8 V, associ-
ated with the CT transition for all the electrodes. However, the CT

Figure 4. The discharge capacity vs. cycle number under different CD rates
at room temperature: �a� the bare-LiMn2O4 electrode; �b� the 5% ZrO2 elec-
trode. The CD rates are expressed in C-rate.
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plateau of the 5% electrode occurred at a potential �2.79 V� slightly
lower than that �2.87 V� of the 0% ZrO2 electrode �Fig. 6�. The
potential difference in general increases with increasing amount of
coating from 3 to7 wt % ZrO2.

Alternating current �ac� impedance analysis was carried out by
first taking a spectrum at the fresh state, then fully charging the cell
to 4.5 V and finally acquiring spectra at selected depth of discharge
�lithiation�. For the 0% electrode with the Li stoichiometry x

Figure 5. The potential curves for cycling under different rates: �a� the bare
LiMn2O4 electrode; �b� the 5% ZrO2 electrode.

Figure 6. The potential curves showing the potential difference of the CT
plateau: �solid line� the bare LiMn2O4 electrode; �dashed line� the 5% ZrO2
electrode.
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� 1.0 �Fig. 7a�, there are two semicircles at frequencies �0.12 Hz.
The high-frequency ��10 Hz� semicircle can be attributed to the
impedance of surface film, while the intermediate-frequency semi-
circle, between 10 and 0.12 Hz, can be attributed to the charge-
transfer impedance. The inclined line below 0.12 Hz is associated
with bulk diffusion of Li+2. The nonlinearity of this inclination line
observed for x � 0.6 may result from significant heterogeneity in
composition within the interior of the spinel particles during the
early stage of the lithiation process. Both the thin film and charge-
transfer resistances were found to increase with increasing depth of
lithiation. The curves were approximately the same between the
fresh electrode and the one that was subjected to one cycle back to
x = 1.0. Finally, an extremely large resistance ��2000 �� occurred
when the electrode was lithiated to x � 1.0 �Fig. 7b�.

The Nyquist plots of the 5% electrode showed similar line pro-
files �Fig. 8a� to the 0% electrode, exhibiting two semicircles fol-
lowed by a low-frequency inclination line. In this case, the first
circle should be assigned to the impedance from the combination of
the coating and surface thin film. Overall, the coated-spinel elec-
trode exhibited much smaller, by 4-5-fold reduction, thin-film and
charge-transfer resistances. It was further noticed that when an elec-
trode completed one cycle back to x � 1.0, the resistances became
much smaller than those of the fresh electrode �Fig. 8b�. The results
indicate that the interface resistance is reduced by the Zr oxide coat-
ing only after the coating has been lithiated.

By using in situ synchrotron XRD study of LiMn O electrode,

Figure 7. Nyquist plots for the bare LiMn2O4 electrode during the discharge
�lithiation� stage. �a� Plots at different discharged states. The plots have been
shifted along the y axis for clarity. �b� The plot for x � 1.0 �discharged to
2.8 V� with a larger x-axis scale than in �a�. The up- and down arrows locate
the data points of 10 and 0.12 Hz, respectively.
2 4
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Sun et al.7 previously suggested that the two-stage 4 V plateaus
involve structural transition between three cubic phases. The transi-
tion characteristics appearing in their XRD data were also observed
during the first charge phase of our 0% electrode. Figure 9a showed
the synchrotron XRD patterns acquired during the course of a CD
cycle of the 0% electrode, while Fig. 9b summarizes the change in
lattice spacing of a selected reflection �511� of the spinel. The nota-
tions for the three cubic phases, cubic I, II and III, used by Sun et
al., is adopted here. The Li stoichiometry �x� was determined from
the potential curve that was simultaneously recorded. As indicated in
Fig. 9b, the cubic I and II phases can be differentiated by their
different rates in lattice contraction, while the transition between
cubic II and III are indicated by a sudden jump in lattice spacing
within the range of x = 0.55-0.35. Overall, the lattice spacing of
the �511� reflection shrank by 2.4% during charge from x
� 1.0 to 0.18.

The structure of the spinel was not restored upon discharge but
showed significant irreversibility in lattice structure �Fig. 9a and b�,
despite the fact that the potential curve indicated �85% restoration
in capacity. �Control study indicated that the loss is due to humidity
leakage through the holes drilled on the covers of the cell for the
passage of the X-ray beam.� Transition from cubic III to cubic II
was never completed. Structural irreversibility was barely seen in
Sun’s work,7 which employed a discharge rate about one third of
that in the present work. These results may indicate that the struc-

Figure 8. Nyquist plots for the 5% ZrO2 electrode during the discharge
�lithiation� stage. �a� Plots at different discharged states. The plots have been
shifted along the y axis for clarity. �b� Comparison between the fresh elec-
trode and the one complete cycle �x = 1.0�. The up- and down arrows locate
the data points of 26 and 0.26 Hz, respectively.
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tural transitions upon lithiation encounter greater energy barriers and
hence proceed with slower rates than those in delithiation. The
former involve unit-cell expansion, and the latter unit-cell contrac-
tion.

For the 5% electrode, synchrotron XRD data indicated much
milder variation in lattice structure upon charge �Fig. 10a and b�.
The lattice spacing of the �511� reflection, for instance, shrank by
only 0.76% upon charge from x � 1.0 to 0.18, in contrast to 2.4%
for the 0% electrode �Fig. 9b�. Notably, the �511� d-spacing appear-
ing at the end of the first charge �x � 0.18� phase of the 5% elec-
trode is even larger than that of the 0% electrode after the discharge
phase �x � 1.0� �Fig. 9b and 10b�. Furthermore, the 5% electrode
no longer showed the sudden jump in lattice spacing from cubic II to
III, even though the charge potential curve did show the two-stage
plateau characteristics basically the same as those of the 0% elec-
trode.

Linewidth analysis on the �511� peak shows that the full width at
half-maximum intensity increases monotonically with decreasing x
up to the maximum of �20%, broadening upon charge to x
= 0.14. The monotonic behavior of the XRD line broadening indi-
cates that it is single-phase behavior but not due to overlapping of
the lattice parameters of multiple phases. The broadening may be
due to decrease in crystal size or strain built up within the crystal
lattice.

The lattice parameter remained unchanged �Fig. 10b� upon dis-
charge, while the linewidth decreases toward the original width
upon discharge. The lattice structure is expected to remain un-
changed during the subsequent cycles because the spacing is already

Figure 9. In situ synchrotron XRD data for the bare LiMn2O4 electrode
during the course of a charge-discharge cycle: �a� the XRD patterns; �b� the
�511� d-spacing data vs. Li stoichiometry x in LixMn2O4.
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the smallest limit during the first charge phase and no contraction
would take place upon the second and subsequent cycles.

Discussion

The CD cycling data shown above clearly demonstrate that coat-
ing with Zr oxide can significantly enhance the cycling stability of
LiMn2O4 under high-rate conditions at RT. Concurrently, several
original effects which might contribute to the enhancement have
been detected, including �i� delay in CT transition toward lower
potentials; �ii� reduction in reaction impedance; and �iii� reduced
structural variations involved during the lithiatin/delithiation reac-
tions.

This “delaying” effect was initially thought to arise from a larger
polarization due to the presence of an insulating ZrO2 coating. How-
ever, the impedance results quickly disapproved the reasoning be-
cause the electrode constituted of the coated powder actually exhib-
its a lower overall resistance to the lithiation/delithiation processes.
That is, the introduction with such a small amount of electronically
insulating coating does not impose significant resistance to the entire
electrochemical process. This result may also suggest that the rate-
limiting step for the process does not lie in the charge transfer be-
tween particles but primarily at the solid/electrolyte interface.

ZrO2 can form several thermodynamically stable phases with
Li,17 suggesting possible high solubility of Li in an amorphous ZrO2
matrix. In this case, the Zr oxide coating could serve as a highly
Li-conducting SEI �solid electrolyte interface�15 that provides an
additional reaction pathway of lower resistance. This is consistent
with the results showing that the reduced resistance occurs only after
the first charge step, i.e., when the coating is lithiated. The presence
of a fast Li-ion conductor along with a reduction in the interfacial
reaction resistance can help to reduce Li concentration gradient

Figure 10. In situ synchrotron XRD data for the 5% ZrO2 electrode during
the course of a charge-discharge cycle: �a� the XRD patterns; �b� the �511�
d-spacing data vs. Li stoichiometry x in LixMn2O4.
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throughout the electrode and thereby minimize the chance of accu-
mulation of excess Li ions to the level of x � 1.0 at certain sites,
which would otherwise go through the CT transition “earlier,” i.e., at
higher potentials. This may be one cause of the “delayed” occur-
rence of the CT transition by the Zr oxide coating, and accordingly
it can contribute to the enhancement in cycling stability of the spi-
nel, particularly under high-rate conditions.

The mechanism via which the CT transition affects the capacity
fading has not been unequivocally established. Some suggest that it
has to do with the large �10%� unit-cell volume expansion from
cubic I to the tetragonal phase. Indeed, the synchrotron XRD data
shown in this work give strong indication that lattice expansion with
such a magnitude would never be completed under high-rate condi-
tions. Thus, one possible cause of the capacity fading is that struc-
ture defects are created when excess Li ions �x � 1.0� are forced
electrochemically to go into the cubic lattice while the structure fails
to respond, i.e., to expand, accordingly, and these defects disfavor
charge transfer involved in the electrochemical reactions. Every ir-
reversible lattice-expansion and -contraction cycle introduces addi-
tional lattice defects, causing gradual capacity fading. In essence, it
is suggested that the fading is caused by “nontransition” under ex-
cess Li-ion �x � 1.0� conditions. The huge increase in charge-
transfer resistance at x � 1.0, as detected by the impedance analysis
�Fig. 7b�, is likely due to the presence of such a Li-rich nonequilib-
rium layer, where insertion of additional Li ions became very diffi-
cult.

The in situ synchrotron XRD data indicated that the oxide coat-
ing leads to less lattice contraction upon delithiation �charge�. It is
not difficult to comprehend that reduced lattice contraction would
facilitate Li insertion during the next lithiation �discharge� step, and
hence improve cycling stability. Indeed, a more open lattice struc-
ture could facilitate the reaction kinetic, which in turn leads to an
observed reduction in reaction impedance. It is, however, more out
of expectation that the Zr oxide coating causes such a modification
in lattice variation. Cho et al.,18,19 in their studying the effect of
oxide coatings on cycling performance of LiCoO2, observed re-
duced lattice expansion upon delithiation �charge� at the same C rate
�0.5 C�, and they attributed it to the presence of a fracture-
toughened surface oxide layer which restrains the electrode material
to undergo expansion. This work represents the first observation of
reduced lattice contraction by surface coating. One possible cause is
that the rigidity of the oxide coating, in combination with the strong
bonding between the layer and the spinel particle, helps to accom-
modate the lattice stress resulting from extraction of Li ions during
charge. We believe more definite mechanism�s� for the coating-
effected modification of lattice contraction/expansion will require
detailed microscopy study.

As a final note, Thackeray et al.15 once showed that the high-
temperature cycling stability of the spinel is significantly improved
by surface coating of amorphous Zr oxide, and it was attributed to
the reduced solubility of the spinel as a result of scavenge of acidic
HF by the Zr oxide layer. To evaluate the significance of the acid-
scavenge effect in the present study, amorphous Zr oxide powder
was prepared under the same conditions as in the coating process,
and electrodes were made from mixture powder consisting of spinel
and the Zr oxide powder in a 95:5 weight ratio. It was found that the
capacity of this mixture-powder electrode faded as fast as the 0%
electrode. This result may suggest that the acid-scavenge effect, if
any, is not sufficient to account for improved high-rate stability ob-
served in the current study, which was carried out mainly at RT.

National Taiwan University assisted in meeting the publication costs of
this article.
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