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A sample of LiMn2O4 spinel oxide was surface-modified with lithium lanthanum titanate ([Li,La]TiO3),
which was developed as a lithium ionic conductor, by means of hydrothermal processing and subse-
quent heat treatment at 400 ◦C. The surface coating layers were analyzed by morphology observation
using a transmission electron microscopy. Energy-dispersive spectrometry and X-ray photoelectron spec-
troscopy were used for element investigation. The surface modification effects on rate capability during
cycling and capacity retention for the LiMn2O4 spinel oxide were confirmed. Then Mn dissolution during
nergy storage materials
lectrochemical reactions
iMn2O4

Li,La]TiO3

athode material
urface modification

storage at elevated temperatures of the pristine, coated sample was characterized. The Mn dissolution
characterization was based on the idea that Mn dissolution is one of the most significant reasons for capac-
ity loss for LiMn2O4 spinel oxide, and this phenomenon is especially severe at elevated temperatures.
Our experimental results indicate that the surface-modified sample shows much a better initial capacity
and rate capability compared with the pristine sample. The [Li,La]TiO3 coating effectively enhances the
structural stability of LiMn2O4 at elevated temperatures, most likely because the [Li,La]TiO3-modifying
layers play a definitive role in suppressing Mn dissolution in the electrolyte during storage.
. Introduction

The low cost and low toxicity of LiMn2O4 have created intense
esearch interest in its use as a replacement of LiCoO2 [1–7]. How-
ver, the large capacity loss of LiMn2O4 during the cycling phase
iscourages any commercial use of the material. The capacity fading
uring cycling is attributed to various factors, such as manganese
issolution in the electrolyte [8–10], Jahn–Teller distortion [11,12],
nd the formation of an oxygen deficiency [13]. To overcome these
roblems, many efforts have been devoted to modify the problems
riginating from the intrinsic characteristics of LiMn2O4. Cation
oping is considered to be an effective strategy to improve the
roblems of LiMn2O4 by means of a series of transition metal-
ubstituted spinel lithium manganese oxides [10,14–16]. However,
n dissolution resulted from some side reactions that occurred at

he interface between the electrode and the electrolyte during the
harge/discharge process [2], and the interfacial reaction between

he active material and the electrolyte plays a significant role in
ithium secondary batteries [17]. In order to solve this problem,
urface modification of the cathode material is an effective method
o reduce the side reactions [2,9,10]. Researchers have focused on
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the surface modification of LiMn2O4 by means of ZrO2 [9], CeO2
[10], MgO [18], Al2O3 [19], and LiNi1/2Mn1/2O2 [20]. The modifica-
tion effects correlate highly with the modifying material. Therefore,
the task of determining the appropriate modifying material for a
modified cathode material is crucial.

In this study, [Li,La]TiO3 was used as the surface-modifying
material. This perovskite-type compound has received consid-
erable attention as a solid electrolyte due to its high lithium
ionic conductivity [21–27] in contrast to most existing researched
surface-modifying materials that are basically nonconductive
materials of lithium ions and electrons and may consequently act
as an obstacle to the diffusion of lithium ions. Surface modifica-
tion can enhance the properties of the cathode material because
it can suppress the formation of any unwanted surface layer that
may originate from the dissolution of cations or an attack of HF
on the electrolyte [28–30]. However, it is possible that the surface
coating layer itself is a hindrance to the diffusion of lithium ions
and electrons. It is expected that a LiMn2O4 electrode coated with
[Li,La]TiO3 will have a greater rate capability owing to the coating
with high ionic and electronic conductivity. Aqueous rechargeable

lithium batteries also suggest that these batteries can overcome
some issues resulting from the use of organic electrolytes contain-
ing the decomposition of LiPF6, which leads to the production of
HF and lowers ionic conductivity more that in the aqueous ones
[31,32]. In addition, the [Li,La]TiO3 coating effect on the suppres-

dx.doi.org/10.1016/j.jallcom.2011.01.110
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. TEM images and TEM-EDS peaks of

ion of Mn dissolution of LiMn2O4 at the elevated temperature is
he focus in this work.

Mn dissolution is one of the very significant factors in the deteri-
ration of the electrochemical property of LiMn2O4 system during
ycling. It is expected that a comparison between the pristine and
urface modified LiMn2O4 after storage at elevated temperature is
useful research method because the Mn dissolution at elevated

emperature is maximized.

. Experimental

LiMn2O4 was prepared by a solid state synthesis from Li2CO3, MnO2. The starting
aterials were mixed by ball milling; then the mixture was calcined at 600 ◦C for
h and 850 ◦C 10 h in air. To coat [Li,La]TiO3 on the surface of the LiMn2O4 powder,
iNO3, La(NO3)3·6H2O and Ti(OC4H9)O4 was dissolved in the ethanol. The amount
f [Li,La]TiO3 was 2 wt% of LiMn2O4 powders. Subsequently, NH4OH solution was
dded to the solution to adjust the pH to 10. LiMn2O4 was then added to the solution
nd mixed thoroughly for 4 h at room temperature. The slurry containing LiMn2O4
owders was transferred to the Teflon-sealed stainless steel autoclave and sealed
ightly. Thermal treatments were carried out at 80 ◦C for 10 h in autogenous pressure.
he product was dried at 110 ◦C to remove residual water and then calcined at 400 ◦C
or 5 h.

Cathodes were fabricated with the LiMn2O4 powders, Super-P carbon black, and
olyvinylidene fluoride binder at a weight ratio of 80:12:8, respectively. CR2032
) pristine, (b) [Li,La]TiO3-modified LiMn2O.

type coin cells were assembled using the prepared cathodes, lithium anodes,
polypropylene separators, and electrolytes (1 M LiPF6 dissolved in an equal-volume
mixture of ethylene carbonate and dimethyl carbonate) in a glove box filled with
Ar gas. Galvanostatic charge/discharge tests were carried out using a cycler in the
voltage range of 3.0–4.3 V at room temperature and elevated temperature. For
the electrochemical impedance spectroscopy (EIS), a frequency response analyzer
(Solartron 1260 in conjunction with a Solartron 1287 electrochemical interface) was
used. Impedance measurements were examined by applying an ac voltage of 10 mV
over a frequency range of 0.1 Hz to 1 MHz.

X-ray diffraction patterns (XRD, RINT2000, Rigaku) were obtained using Cu
K� radiation. The microstructure of the particles was examined by a transmission
electron microscope (TEM, JEM3010, 300 kV, JEOL). Information on the surface com-
position was examined by X-ray photoelectron spectroscopy (XPS, VG Scientific) and
energy-dispersive spectrometry (EDS).

For the storage performance test, assembled CR2032 type coin cells were stored
at 65 ◦C in an electrolyte solution and then the charge/discharge test of the batteries
was carried out at 30 mA g−1 between 4.3 V and 3.0 V. This electrolyte solution (the
powder stored at 65 ◦C for 200 h in this electrolyte solution) was used for inductively
coupled plasma (PS1000UV Sequential ICP/Echelle) analysis. The morphology and
depth profile of the electrodes after storage were obtained using TEM and glow dis-

charge optical emission spectroscopy (GD-OES). For evaluating the electrodes after
storage, the cathodes were washed with a DEC solution to remove the electrolyte
salt. The samples for GD-OES analysis were sputtered in an argon atmosphere by
applying radio frequency. The Radio Frequency Glow Discharge Spectrometer (JY
10000 RF, KBSI-PA314) at the Korea Basic Science Institute (Busan Center) was used
for the measurement.
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The surface modification effect on the electrochemical proper-
ties of the pristine and modified electrode was characterized. Fig. 3
compares the discharge capacity of the pristine and [Li,La]TiO3-
modified LiMn2O4 electrodes at various current densities at an
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ig. 2. XPS spectra of the pristine and [Li,La]TiO3-modified LiMn2O4: (a) Mn, (b) La
a-1) pristine sample, (a-2) [Li,La]TiO3-modified sample.

. Results and discussion

The surface morphologies of the pristine and modified LiMn2O4
owders were observed by TEM analysis. As shown in Fig. 1(a), the
ristine powder had a smooth, clean surface without any attached
articles, whereas the crystal faces and edges of the modified pow-
er were covered very homogeneously with a coating layer. In the
EM-EDS analysis, the main elements of the coating layer were con-
rmed as La, Ti, and O (and a small amount of Mn), which indicated
hat the coating layer formed successfully on the surface of the
arent LiMn2O4 powder. The surface composition was also char-
cterized by XPS. Fig. 2 shows the XPS data for the samples before
nd after the surface modification. The fitting results were com-
ared to the experimental spectra in Fig. 2(a). The relative ratio
f the area of Mn3+ and Mn4+ was calculated to determine the
verage oxidation state of the manganese. From the relative con-
entrations of Mn3+ and Mn4+, the average oxidation state of the
anganese corresponded to 3.54 for the pristine particles and 3.53

or the [Li,La]TiO3-modified particles [33,34]. Note that the pris-
ine sample had no La or Ti peaks that could be attributed to the
urface-modified layers, whereas the modified material appeared
o have La and Ti peaks, as shown in Fig. 2(b) and (c). Thus, La
nd Ti elements exist on the surface of the cathode material as a
urface-modifying material, which is supported by the TEM-EDS
nalyses, as shown in Fig. 1. The XRD patterns of the pristine and

Li,La]TiO3-modified LiMn2O4 powder were obtained to investigate
he structural change after the coating process (not shown in the
gures). Although a coating layer existed on the surface, the diffrac-
ion patterns of the coated powders were identical to those of the
ristine sample. This suggests that the coating layer is an amor-
(calculated Mn peaks (solid lines) with experimental data (square symbol) for the

phous phase, as a heating temperature of 400 ◦C is not high enough
to form a crystalline coating phase. In addition, it is likely that the
coating process has no effect on the crystalline phase of the pristine
powder.
2520151050

Cycles

Fig. 3. Cycle performances of LiMn2O4 before and after surface modification
at various current densities at 15 mA g−1, 30 mA g−1, 75 mA g−1, 150 mA g−1 and
300 mA g−1 between 3.0 and 4.3 V (cells were tested at 65 ◦C).
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Table 1
Specific initial discharge capacity and capacity retention data of LiMn2O4 before and after surface modification at various current densities (values of the first cycle).
Percentages refer to the capacity retention compared with the discharge capacity at 15 mA g−1 (cells were tested at 65 ◦C).

Sample Current density

15 mA g−1 30 mA g−1 75 mA g−1 150 mA g−1 300 mA g−1

Initial capacity
(mAh g−1)

Capacity
retention

Initial capacity
(mAh g−1)

Capacity
retention

Initial capacity
(mAh g−1)

Capacity
retention

Initial capacity
(mAh g−1)

Capacity
retention

Initial capacity
(mAh g−1)

Capacity
retention
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the Mn dissolved into the electrolyte from the surface of the elec-
trode during storage. Fig. 7(a) shows the GD-OES profiles of the
surface-modified LiMn2O4 cathodes before storage. The emission
of the Ti element was clearly detected, and the optical emission
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50h
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(a)
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Al foil 
(%) (%)

Pristine 111.6 100 69 81 59
Modified 128.7 100 107.7 84 96.2

levated temperature, where the samples were cycled 5 times at
ach current density. As shown in Fig. 3, the discharge capacity
ecreases as the current density increases in both powders, but the
ischarge capacity of the modified powder decreases more slightly
han that of the pristine powder. The surface-modified electrode
xhibits an improved discharge capacity relative to that of the pris-
ine electrode throughout the current density range. Moreover,
t is clear that the surface-modified electrodes have remarkably
uperior discharge capacities compared to the capacity of the pris-
ine electrode as the current density increases. Capacity retention
t 300 mA g−1 compared with that at 15 mA g−1 was only 13%
or the pristine electrode. However, the surfaced-modified sam-
le exhibited 50% capacity retention at the same current densities.
he specific capacity and capacity retention data of the pristine
nd modified electrodes are given in detail in Table 1. This result
onfirms that the [Li,La]TiO3 coating effectively enhances the rate
apability. A stable coating layer protects the surfaces of the cath-
de and prevents the formation of unwanted interface layers that
ay originate from a reaction with the electrolyte; these protective

nd preventive behaviors enhance the rate capability. Moreover,
he [Li,La]TiO3 coating layer can act as a highly effective lithium
on conductor.

For a thorough investigation of the protective effect of the
Li,La]TiO3 coating layer, the pristine and [Li,La]TiO3-modified
iMn2O4 electrodes were stored at 65 ◦C and analyzed by XRD. As
hown in Fig. 4, the pristine and modified samples, which were both
tored for 50 h, exhibit similar patterns as the spinel phase without
ny second phase. However, after storage for 100 h, the XRD pat-
ern of the pristine electrode appears to have second phase peaks.
hese peaks showed an increase after storage for 200 h. In contrast,
he structural change of the modified LiMn2O4 electrodes was neg-
igible after 100 h of storage. Although a phase change occurs in
he modified LiMn2O4 electrodes after 200 h of storage, the inten-
ity of the second phase peaks is considerably weaker than that
f a pristine electrode. The second phase peak at a lower angle is
ndexed as MnO2 (though a second phase peak is not identified at
higher angle). These results indicate that the [Li,La]TiO3 coating

uppresses the phase transition and increases the crystal stability
f LiMn2O4 during storage, possibly due to the protection of the
n dissolution. This will be correlated with the electrochemical

roperties of the electrodes.
Fig. 5 shows the microstructure of the pristine and modified

iMn2O4 electrodes stored at 65 ◦C for 200 h. Compared to the pris-
ine electrode before storage in Fig. 1, the pristine electrode after
torage shown in Fig. 5(a) exhibits an apparent change with respect
o the shape of the particles. The shape of the particles in the pris-
ine sample changed to a sphere shape without an edge. On the
ther hand, the modified LiMn2O4 in Fig. 5(b) shows a morphol-
gy that is similar to the initial modified LiMn2O4 before storage

n Fig. 1. It is known that the change in the morphology with
espect to dissolution starts at the edge part due to the higher sur-
ace energy there compared to that in other parts. Moreover, the
mount of Mn dissolution for the pristine and modified LiMn2O4
owders was 0.147 ppm and 0.054 ppm, respectively. Thus, these
(%) (%) (%)

69 42.6 38 14.6 13
75 81.7 63 64.8 50

results clearly indicate that the surface-modifying layer has the
protective effect of Mn dissolution during storage in an electrolyte
solution.

To obtain more information about the Mn dissolution dur-
ing storage, the electrodes were investigated by GD-OES. In this
method, the sputter progresses deeper into the electrode with time,
and a depth profile of the constituent elements of the sample can be
obtained. Fig. 6(a) shows the optical emissions from the constituent
elements with the sputtering time for the pristine electrode before
storage. Strong emission was observed from Mn, which is the main
metal element in the electrode. In contrast, the emissions of La and
Ti were not detected. The deviation of the emission intensity at the
surface may be due to the roughness of the electrode. Compared
to the profiles shown in Fig. 6(a) and (b) reveals that the GD-OES
profiles of the pristine electrode were dramatically changed after
storage at an elevated temperature. The emission intensity of Mn
weakens from the surface to the current collector, and this changed
profile was severe at the surface. This result clearly reveals that
706050403020

2 Theta

Fig. 4. Storage characteristics of the pristine and [Li,La]TiO3-modified LiMn2O4: XRD
patterns of the (a) pristine, (b) modified LiMn2O4.
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rofiles of the Mn element were similar to those of the pristine
lectrode. As shown Fig. 7(b), the GD-OES profile of the modified
lectrode also changed after storage. However, it is clear that the
hange of the profile of the optical emission of Mn during storage
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efore storage, (b) after storage at 60 ◦C for 200 h.
O4: TEM images of the (a) pristine, (b) modified LiMn2O4 after storage.

is severe according to the experimental results of the pristine elec-

trode compared with the surface-modified LiMn2O4 electrode. This
indicates that Mn dissolution into the electrolyte was suppressed
by the [Li,La]TiO3 coating layer.
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Fig. 7. Depth profiles of optical emission from constituent elements depending
on sputtering time in GD-OES measurements of the [Li,La]TiO3-modified LiMn2O4

electrode: (a) before storage, (b) after storage at 60 ◦C for 200 h.
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The discharge capacity and cyclic performances after storage are
hown in Fig. 8. The capacity loss during storage is much less in the
urface-modified LiMn2O4 cathodes than in the pristine LiMn2O4
athodes. The surface-modified LiMn2O4 cathode stored for 100 h
rovides a high initial capacity (101.3 mAh g−1) and good cycle
etention (81%). Though these values of the initial capacity and
ycle retention decreased slightly after the storage process, the
ristine cathode, even the sample stored for 100 h, showed a lower

nitial capacity and lower cycle retention compared to that of the
urface-modified LiMn2O4 cathode stored for 200 h, also exhibiting
greatly inferior discharge property compared to the pristine cath-
de before storage. This result confirms that the highly protective

ffect of the [Li,La]TiO3 coating discussed above enhances the elec-
rochemical properties in terms of the initial capacity and capacity
etention. Table 2 summarizes the specific initial discharge capacity
nd capacity retention data of LiMn2O4 after storage at 30 mA g−1.

able 2
pecific initial discharge capacity and capacity retention data of LiMn2O4 after stor-
ge at 30 mA g−1. Percentages refer to the capacity retention during 50 cycles.

Sample Storage time

100 h 200 h

Initial capacity
(mAh g−1)

Capacity
retention (%)

Initial capacity
(mAh g−1)

Capacity
retention (%)

Pristine 78.2 64 63.4 37
Modified 101.3 81 84.5 87
Fig. 9. Nyquist plots of the (a) pristine and (b) [Li,La]TiO3-modified LiMn2O4 elec-
trodes stored at 60 ◦C for 200 h after 50 cycles.

To obtain more information about the electrodes before and
after storage, an impedance analysis was conducted. In general,
the impedance spectra for a lithium battery test cell containing
a cathode material exhibit two semicircles and a line inclined
at a constant angle to the real axis. A high-frequency semi-
circle is involved in a passivating layer in what is known as
the solid electrolyte interface, and the intermediate-frequency
semicircle is related to the charge-transfer resistance in the elec-
trode/electrolyte interface [35,36]. Fig. 9 shows the impedance
spectra of the pristine and surface modified electrodes after 50
cycles. These electrodes were stored at 60 ◦C for 200 h before
cycling. The inset of Fig. 9 presents the equivalent circuit used
to fit the measured plots [37]. As shown in Fig. 9, the semicir-
cles of the pristine electrode were two times larger than those
of the modified electrode. The fitted values of both the high-
frequency and intermediate-frequency semicircles of the modified
electrode were only 323 � and 301 �, respectively. However, those
of the pristine electrode were 567 � and 774 �, respectively. Thus,
it is clear that impedance growth at a solid electrolyte inter-
face and charge-transfer resistance are effectively suppressed by
a [Li,La]TiO3 coating layer during cycling. The data in the XRD pat-
terns in Fig. 4, TEM images in Fig. 5, GD-OES profiles in Figs. 6 and 7
and the EIS plots shown in Fig. 9 all indicate that a [Li,La]TiO3 coat-
ing layer prevents the growth of interfacial resistance through the
suppression of the Mn dissolution and the unwanted side reactions
related to the Mn dissolution. This is associated with enhanced
electrochemical properties, as shown in Fig. 8.

4. Conclusions

A novel coating material [Li,La]TiO3 was introduced for the
LiMn2O4 cathode, and the surface modification effects were
examined. The discharge capacity and rate capability were both
enhanced by the successfully coated [Li,La]TiO3 layer on LiMn2O4.
In the storage test at 65 ◦C, the modified LiMn2O4 electrode showed
a more stable structure and surface morphology against contact
with electrolytes than the pristine electrode. In addition, Mn disso-
lution was also significantly decreased by [Li,La]TiO3 coating. These
results correlated with an enhanced electrochemical property and
a decreased interfacial resistance of the modified electrode after

storage, compared with those of the pristine electrode. This study
confirmed that [Li,La]TiO3 coating is very effective as surface pro-
tection from the unwanted reaction between the a cathode and an
electrolyte.
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