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a b s t r a c t

The LBS coating on the surface of spinel LiMn2O4 powder was carried out using the solid-state method,
followed by heating at 425 ◦C for 5 h in air. The powder X-ray diffraction pattern of the LBS-coated spinel
LiMn2O4 showed that the LBS coating medium was not incorporated in the spinel bulk structure. The
SEM result showed that the LBS coating particles were homogeneously distributed on the surface of the
LiMn2O4 powder particles. The effect of the lithium borosilicate (LBS) coating on the charge–discharge
cycling performance of spinel powder (LiMn2O4) was studied in the range of 3.5–4.5 V at 1C. The elec-
eywords:
lectrode materials
oating materials
hemical synthesis
lectrochemical reactions

trochemical results showed that LBS-coated spinel exhibited a more stable cycle performance than bare
spinel. The capacity retention of LBS-coated spinel was more than 93.3% after 70 cycles at room tem-
perature, which was maintained at 71.6% after 70 cycles at 55 ◦C. The improvement of electrochemical
performance may be attributed to suppression of Mn2+ dissolution into the electrolyte via the LBS glass
layer.
-ray diffraction
canning electron microscopy (SEM)

. Introduction

In recent years, LiMn2O4 spinel has been recognized as a
romising cathode material for lithium-ion batteries because of

ts properties of high voltage, natural abundance, low cost and
nvironmental benignity [1–3]. However, LiMn2O4 exhibits seri-
us capacity fading during charge and discharge. The reason for
apacity fading is attributed to several factors such as (i) Jahn–Teller
istortion due to Mn3+ ions [4], (ii) spinel dissolution into the
lectrolyte [5,6], (iii) electrolyte decomposition at high potential
egions [7] and (iv) loss of crystallinity during cycling [8]. On the
ther hand, some researchers have insisted that the Jahn–Teller
ffect is not an important factor for the capacity losses of spinel
xide in 4 V, and that capacity loss is caused by the simple dissolu-
ion of Mn3+ [9,10]. Myung et al. [11] reported that capacity fading
s not related to structural change during cycling.

In order to overcome this capacity fading problem, two kinds of
ethods can be employed. One way is to substitute mono-, di- or

rivalent cations in LiMn2O4 to reduce the Mn3+ ions which cause

isproportion reactions. The other method is to coat the LiMn2O4
articles with various protective layers. Some studies have shown
hat the substitution of Mn ions at 16d sites with ions with a valence
+3 gives doped spinels LixMyMn2−yO4 (M = Li, Mg, Zn, Al, Ni, Fe,
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Cr and Co), which could enhance cycling stability at room tempera-
ture [12–19]. Although this approach improves structural stability,
it seriously reduces initial capacity, depending on the kind of substi-
tuted metals (M) and their content. Many research groups have also
endeavoured to improve the poor capacity retention of the spinel
material with anion substitution into the spinel structure [20,3].

Recently, surface modifications with oxides such as Li2O–B2O3
[21,22], Al2O3 [23], Al2O3/CuOx [24], ZnO [25,26], TiO2 [27,28],
AlPO4 [29,30], CeO2 [31], LiAlO2 [32], SiO2 [33], ZrO2 [34] and Co3O4
[35] have been studied and have shown excellent cyclability. These
studies considered that the presence of oxide coating can minimize
the contact area of the LiMn2O4/electrolyte interface and suppress
the dissolution of manganese.

Lithium-based superionic conducting glasses are found to
exhibit higher ionic conductivity than their crystalline counter-
parts, since these glasses possess a more open structure for ionic
transport. In addition, glassy superionic conductors can be prepared
in varied compositions with high structural flexibility, homogene-
ity and chemical durability [36]. Thus, it is essential to study the
effect of LBS glass coating on the cyclability of LiMn2O4. To the
best of our knowledge, this is first time that such coating has been
attempted as a means to improve the electrochemical performance

of LiMn2O4 cathode material.

In this study, we report the preparation of LBS-coated spinel
using the solid-state method and the effect of coating mate-
rial on the electrochemical cycling performance of LiMn2O4. The
treatment was expected to affect the cyclability. The preparation,

dx.doi.org/10.1016/j.jallcom.2011.01.054
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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tructure and electrochemical performance of the surface-treated
iMn2O4 cathode material are discussed in comparison with the
ntreated one.

. Experimental

Untreated LiMn2O4 was prepared by a glycine–nitrate combustion process [37].
irstly, stoichiometric amounts of LiNO3 (Riedel-de Haen) and Mn(CH3COO)2·4H2O
Sigma) were dissolved in distilled water. Glycine (Merck) was added to the solution
ither as a solid or as a water solution. Its role was to serve both as a fuel for com-
ustion and as a complexant to prevent inhomogeneous precipitation of individual
omponents prior to combustion. Finally, nitric acid with the same mole of acetate
nions was added to the solution. The molar ratio of glycine to nitrate was 1:4. The
olution was heated continuously without any previous thermal dehydration. After-
ards the solution became a transparent viscous gel which auto-ignited, giving a

oluminous, black, sponge-like ash product of combustion. The resulting ash was
eated at 800 ◦C for 12 h.

In order to coat LiMn2O4 with LBS, xerogels of lithium borosilicate (LBS) were
repared by the sol–gel process using precursors of analar grade tetraethylorthosil-

cate (Si(C2H5O)4, TEOS) (Merck), boric acid (Panreac) and lithium nitrate (Riedel-de
aen). The precursors were mixed according to their calculated molecular weight
ercentage under 2.5 N nitric acid concentration as a catalyst, using the following
hemical composition:

0%Li2O − 80%[0.2B2O3 + 0.8SiO2](LBS)

The above composition and synthesis of LBS samples was fixed by Muralidharan
n earlier studies [38]. The solutions of A–C were prepared separately by mixing
he appropriate quantities of precursors to obtain the LBS compound. Calculated
mounts of ethanol, water and TEOS were mixed in a 250 ml conical flask with
magnetic pellet, the mixture was found to be turbid initially but on stirring a

lear solution was obtained. The water:TEOS ratio was maintained at 16:1 to form
olution A. Solution B, containing boric acid in ethanol, was added to solution A with
ontinual stirring and x = 2.5 N nitric acid was also added as an acid catalyst to the
bove mixture (A + B). The mixture of solution A and B was stirred for half an hour
nd later solution C, lithium nitrate in water, was added and stirred continuously at
oom temperature (RT) for about an hour. The temperature of the mixed solution
as raised to 338 K and maintained for about 3 h with continual stirring. The sol
as cast into plastic beakers covered with aluminium foil and maintained at 338 K

n the oven. Aging of the gel was maintained at the same temperature (338 K) and
esulted in transparent/opaque dried gels.

The mixture of the precursor gels of LBS glass with LiMn2O4 powders was thor-
ughly mixed with mortar and pestle, and the mixed powders were then calcined at
25 ◦C for 5 h. The weight ratio of the precursor of LBS glass to the LiMn2O4 powders
or this method was 2 wt.%.

The cation composition of the base and surface-treated LiMn2O4 powders was
etermined by a flame atomic absorption spectrometer (AAS, Perkin Elmer 3110)
nd flame photometer (FP, Jenway PFP7) after dissolving the powders in a solution
f 0.1 M 10 ml sulfuric acid of 0.1 M oxalic acid.

The phase identification and evaluation of the lattice parameters of the base
nd surface-treated LiMn2O4 powders were carried out by powder X-ray diffraction
XRD) using Cu K� radiation (Bruker AXS D8). The diffractometer was equipped with
diffracted beam graphite monochromator. The diffraction data were collected at
0 kV and 40 mA over a 2� range from 10◦ to 70◦ with a step size of 0.02◦ and a count
ime of 10 s per step. The DiffracPlus and Win-Metric programs were used to obtain
he lattice parameters of the powders.

The particle morphology of the powders was examined by means of scanning
lectron microscopy (LEO 440), operated at 20 kV. Thermogravimetry (TG) and dif-
erential thermal analysis (DTA) measurements were conducted by the Perkin-Elmer
Diamond) high temperature thermal analyzer with 5–20 mg samples and a heating
ate of 10 ◦C/min from 50 to 700 ◦C in air.

The electrochemical studies were carried out in two-electrode Teflon cells. The
ells were fabricated by using the bare and surface-treated LiMn2O4 as a cathode
nd lithium foil as an anode. A glass fiber separator soaked in electrolyte separated
he two electrodes. The electrolyte consisted of 1 M solution of LiPF6 dissolved in
thylene carbonate (Aldrich)/diethyl carbonate (Merck) (EC/DEC, 1:1 ratio by vol-
me). For the preparation of the cathode composite, a slurry mixed with 86 wt.% of
athode active material, 9 wt.% of acetylene black conductor (Alfa Aesar) and 5 wt.%
f polyvinylidene fluoride (PVDF, Fluka) binder in 1-methyl-2-pyrrolidone (NMP,
erck) was pasted on the aluminium foil current collector with a diameter of 13 mm,

ollowed by vacuum drying at 120 ◦C overnight in a vacuum oven and uniaxial press-
ng between two flat plates at 2 tons for 5 min. The electrode loading consisted of
bout 4 mg of cathode active material. Diethyl carbonate, ethylene carbonate, and
cetylene black were used after being purified according to the methods given in

he literature [39]. Diethyl carbonate: 100 ml DEC was washed with an aqueous 10%
a2CO3 (20 ml) solution, saturated CaCl2 (20 ml), then water (30 ml). After drying
y standing over solid CaCl2 for 1 h (note that prolonged contact should be avoided
ecause slow combination with CaCl2 occurs), it was fractionally distilled. Ethylene
arbonate: This was dried over P2O5 then fractionally distilled at 10 mm Hg pressure
nd crystallized from dry ethyl ether respectively. Acetylene black: It was leached
mpounds 509 (2011) 4235–4241

for 24 h with 1:1 HCl to remove oil contamination, then washed repeatedly with
distilled water. It was then dried in air, and eluted for one day each with benzene
and acetone. It was again dried in air at room temperature, then heated in a vacuum
for 24 h at 600 ◦C to remove adsorbed gases.

Charge–discharge tests were performed galvanostatically at a current rate of 1C
with cut-off voltages of 3.5–4.5 V (vs Li/Li+) at room and elevated temperature (25 ◦C
and 55◦C). The potential scan rate was 100 �V/s in the cyclic voltammogram (CV)
experiment between 3.0 and 4.4 V. All electrochemical experiments were performed
using a multi-channel battery tester (PAR, VersaSTAT MC Multichannel Potentio-
stat/Galvanostat). All processes of assembling and dismantling the cells were carried
out in an argon-filled dry glove box.

In order to verify the effect of the LBS-coated layer on reducing the dissolution
of spinel LiMn2O4, a Mn dissolution experiment was also carried out in this study.
Bare and LBS-coated LiMn2O4 powders were immersed in an electrolyte solution
consisting of 1 M LiPF6 in 1:1 mixture by volume of EC/DEC at room temperature. The
weight of immersed cathode powders was 0.01 g, and the volume of the electrolyte
was 3 ml. After immersing the powders at 3 days, the resulting electrolytes were
filtered. A 0.5 ml part of electrolytes was diluted with 0.1 N HNO3 and analyzed via
ICP-MS (Agilent 7500-a) to determine the concentrations of the dissolved Mn2+ ions.

3. Results and discussion

3.1. Crystal structure and surface morphology

The chemical analysis of the bare and surface-treated lithium
manganese oxide indicated that the stoichiometry of the elements
was very close to the targeted formula.

To determine the effect of LBS coating on the crystal structure
of LiMn2O4, X-ray powder diffraction was carried out on uncoated
and coated spinel materials. The XRD patterns of the bare and LBS-
coated LiMn2O4 samples are presented in Fig. 1. Because the LBS
phase was amorphous, the presence of LBS in the sample was
not detected by XRD. The XRD data shows that bare and LBS-
coated LiMn2O4 (Fig. 1b and c) were identified as well-defined
single-phase products with a cubic spinel structure in the Fd3m
with space group. There is no significant change in the XRD pat-
tern for the coated spinel material in Fig. 1c, compared with the
bare one. Lattice parameters calculated by the Win-Metric program
were a = 8.237 Å and a = 8.236 Å, respectively for the base and LBS-
coated materials. Almost no change in the lattice parameter for both
samples indicated that the LBS coating medium was not incorpo-
rated into the spinel structure but only presented on the surface of
LiMn2O4, since Li+, B3+ and Si4+ introduction into the spinel struc-
ture leads to significant change in the lattice parameter. If Li+, B3+

and Si4+ ions were substituted for Mn3+ ions in the crystal lattice,
the lattice parameter of the substituted spinel would be smaller
than that of undoped spinel LiMn2O4. This is due to the smaller size
of Li+ (0.59 Å), B3+ (0.27 Å) and Si4+ (0.40 Å) as compared with the
larger Mn3+ (0.66 Å) [40].

To work out the possible chemical composition of the coating
layer, a thermal gravimetric examination of the precursor powder
of the coating material, obtained from the evaporation of the LBS
xerogel solution, was carried out and the results can be seen in Fig. 2.
There is a drastic weight loss to 100 ◦C is seen due to the evaporation
of absorbed water from the precursor. Then, a minor decrease in
weight is seen between 115 ◦C and 200 ◦C, which is attributed to the
decomposition of nitrates. Decomposition of the organic phase is
also seen between 200 ◦C and 485 ◦C. No obvious change is observed
above 500 ◦C. As can be seen from Fig. 1a calcination of the precursor
powder at 425 ◦C for 5 h exhibited an amorphous LBS. Therefore, it
is believed that the spinel shown in Fig. 1c is coated with LBS.

The surface morphology change of LiMn2O4 after coating with
LBS is presented in Fig. 3. It is seen that the particle size of uncoated-

LiMn2O4 particles is about 200 nm, and there is no size difference
between the bare and the LBS-modified LiMn2O4 particles. On the
other hand, the surface morphology of the uncoated LiMn2O4 par-
ticles is smooth, as shown in Fig. 3a, but it becomes aggregated after
coating with LBS (Fig. 3b).
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Fig. 1. X-ray diffraction patterns of (a) LBS glass produced from calcination of th
Fig. 4 shows the electron probe micro-analysis results obtained
n LBS-coated spinel powder. As can be seen in the image, it was
ound that the distribution of silicon on the powder surface is fairly
niform. As a result, it can be confirmed that the surface of LiMn2O4
as successfully coated with LBS particles.

Fig. 2. Thermal-gravimetric curve of LBS precursor powder as th
ursor powder of coating material, (b) bare LiMn2O4 and (c) LBS-coated LiMn2O4.
3.2. Electrochemical properties

Fig. 5 shows the continuous charge and discharge profiles of
the bare and surface-treated LiMn2O4 by applying a current of
148 mA g−1 (1C-rate) for the potential range 3.5–4.5 V (vs Li/Li+) at

e coating medium obtained from evaporation of solution.
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Fig. 3. SEM images of (a) bare

oom temperature. It can be clearly seen that the charge/discharge
urves of all the samples have two voltage plateaus at approxi-
ately 4.1 and 4.0 V, originating from the Mn3+/4+ redox couple,
hich indicated a remarkably well-defined LiMn2O4 spinel. Two

oltage plateaus indicate that the insertion and extraction of
ithium ions occur in two stages [41]. The first plateau at
.0 V is associated with the single-phase reversible reaction of
iMn2O4 → Li0.5Mn2O4 + 0.5 Li+, while the second one at 4.1 V is
ttributed to the two-phase reaction of Li0.5Mn2O4 → Mn2O4 + 0.5
i+. As can be seen in Fig. 5, the two potential plateaus for both
amples were maintained after the 70th cycle.

The typical cyclic voltammograms of bare LiMn2O4 and LBS-
oated LiMn2O4 electrodes were carried out using pure lithium foil
cting as a counter and reference electrode in the potential range
etween 3.0 and 4.4 V at a scan rate of 100 �V/s. Two cells were
reshly cycled and were then used for testing the galvanostatic
harge/discharge studies at room temperature. After the comple-

ion of the 50th cycle the two cells were again characterized by the
yclic voltammogram. The cyclic voltammogram showed two cou-
les of redox peaks at around 4.02 and 4.15 V. The split of redox
eaks into two couples indicates that the electrochemical inter-
alation and de-intercalation reactions of lithium ion proceed in

Fig. 4. Electron probe micro-analysis imag
2O4, (b) LBS-coated LiMn2O4.

two steps. As shown in Fig. 6b, the CV peaks related to the LBS-
coated LiMn2O4 electrode are much more steady compared to the
peaks of the bare electrode. These differences indicate that the LBS-
coated LiMn2O4 electrode has better reversibility than that of the
bare spinel electrode.

Fig. 7 represents the cycling performances of bare and LBS-
coated LiMn2O4 cathode material for rechargeable lithium-ion
batteries. Li/LiMn2O4 and Li/LBS-coated LiMn2O4 cells were char-
acterized by all charge/discharge cycling at a current rate of 1C in
the potential region between 3.5 and 4.5 V at room temperature
(25 ◦C). The discharge capacity and capacity fading rates for differ-
ent numbers of cycles are evaluated and presented in Table 1. From
the figure, we can see that the surface-modified LiMn2O4 cath-
ode material displays a lower discharge capacity (109.7 mAh g−1)
than the bare one. This can be explained by the fact that the
LBS layer forms a barrier to the movement of Li ions, which hin-
ders the extraction and insertion of Li ions from the spinel and

results in the low initial specific capacity of the cathode [42]. As
seen in Table 1 and Fig. 6, after 70 cycles between 3.5 and 4.5 V
at a 1C charge–discharge rate, the discharge capacity of the bare
LiMn2O4 faded from 115.3 to 86.0 mAh g−1 with the retention
of 74.6% of its initial capacity. However, under the same condi-

e of Si element for LBS-coated spinel.
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Table 1
Discharge capacity performance of bare LiMn2O4 and surface-treated LiMn2O4 cellsa.

Cathode materials Discharge capacity (mAh g−1) Capacity retention (%)

1st 5th 10th 30th 50th 60th 70th

LiMn2O4

25 ◦C 115.3 106.2 101.3 93.0 89.3 89.0 86.0 74.6
55 ◦C 104.2 92.3 82.4 68.5 61.1 58.3 55.4 53.2

LBS coated LiMn O
6.4
6.9
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(
t

and 13.68 ppm Mn, respectively. These results indicated that the
LBS coating on the spinel LiMn2O4 particles could suppress the dis-
solution of manganese ions into the electrolyte and clearly improve
2 4

25 ◦C 108.9 109.7 108.5 10
55 ◦C 120 111.4 107.7 9

a Loss of discharge capacity at the last cycle is compared with that at maximum d

ions, the discharge capacity of the LBS-coated spinel electrodes
learly shows an improved cycling behavior compared with the
are one. The LBS-coated LiMn2O4 exhibits maximum discharge
apacity of 109.7 mAh g−1, but after 70 cycles 93.3% capacity reten-
ion was obtained and the discharge capacity was still maintained
t 102.3 mAh g−1. This cycling behavior of the LBS-coated LiMn2O4
ndicates that LBS coating significantly improved cycling perfor-

ances at room temperature. As mentioned in other papers, surface
oating of LiMn2O4 by some stable substances, e.g. TiO2 [27], AlPO4
30], CeO2 [31], SiO2 [33], amphoteric oxides [43], and Cr2O3 [44],
nhanced the cycling behavior of the spinel cathode at room tem-
erature. As shown in the literature, the capacity retention of SiO2,
mphoteric oxides and AlPO4 coated cathodes were obtained 96.6%,
5.8% and 96.5% after 70 cycles at 0.5C rate, respectively. In addi-

ion, the capacity retention of CeO2, Cr2O3 and TiO2 coated cathodes
ere obtained 92.3%, 94.4%, and 82.5% after 70 cycles at 1C rate

espectively.
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ig. 5. Continuous charge–discharge curves during 70 cycles: (a) bare LiMn2O4 and
b) LBS-coated LiMn2O4. The applied current density is 148 mA g−1 (1C-rate) at room
emperature. Li metal was used as the anode.
103.9 103.5 102.3 93.3
90.4 88.4 85.9 71.6

rge capacity.

The changes of morphology after cell tests are given in Fig. 8.
As shown in the figures, the SEM micrographs of the bare LiMn2O4
electrode after 70 cycles at room temperature (Fig. 8b) were dif-
ferent from those of the LBS-coated LiMn2O4 electrode (Fig. 8d).
The LBS-coated LiMn2O4 electrode preserved its original surface
morphology, while physical destruction on the surface of the bare
LiMn2O4 electrode was observed. Abnormal surfaces which formed
on the bare spinel after the cell test may be a by-product of the
decomposition of the electrolyte [24].

The ICP analysis results for the bare and the LBS-coated LiMn2O4
spinels dissolution into the electrolyte were found to be 26.76 ppm
the cyclability of the spinel LiMn2O4 cathode materials.

4,64,44,24,03,83,63,4

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

C
ur

re
nt

 (m
A

)

1 st cycle 

50 th cycle 

Potential (V)

a       bare LiMn
2
O

4

4,64,44,24,03,83,63,4

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

C
ur

re
nt

 (m
A

)

Potential (V)

1 st cycle 
50 th cycle 

b       LBS coated LiMn
2
O

4

Fig. 6. Typical cyclic voltammetric curves of initial and 50th cycle for (a) LiMn2O4

and (b) LBS-coated LiMn2O4 cycled between 3.0 and 4.5 V at scan rate of 100 �V/s.
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t a current level of 1C (148 mA g−1) in the voltage range of 3.5–4.5 V at room tem-
erature.

The electrochemical cycling performance of the bare and LBS-
oated LiMn2O4 cathodes at elevated temperature (55 ◦C) are
hown in Fig. 9. As seen from Fig. 9 and Table 1, after 70 cycles
etween 3.5 and 4.5 V at 1C charge–discharge rate, the discharge
apacity of the bare LiMn2O4 faded from 104.2 to 55.4 mAh g−1 with
he retention of 53.2% of its initial capacity. However, under the
ame conditions, the discharge capacity of the LBS-coated spinel
lectrodes clearly shows an improved cycling behavior compared
ith the bare one. After 70 cycles between 3.5 and 4.5 V at 1C
harge–discharge rate, the discharge capacity of the LBS-coated
iMn2O4 faded from 120 to 85.9 mAh g−1 with the retention of
1.6% of its initial capacity. Therefore, it is proposed that LBS coating

s an effective way of improving the elevated temperature capacity
etention of LiMn2O4.

Fig. 8. SEM micrographs of bare LiMn2O4 (a) as prepared, (b) after 70 cycles at
Cycle No (n)

Fig. 9. Discharge capacities of bare and LBS-coated LiMn2O4 cathodes in the range
of 3.5–4.5 V with a constant current density of 1C at 55 ◦C.

As Xia et al. [10] reported, capacity loss caused by dissolution of
manganese accounted for 23% of overall capacity loss at room tem-
perature. Jang et al. [9] confirmed that HF, generated during cycling
when using LiPF6-based electrolyte, was responsible for the disso-
lution of manganese. In fact, preparation of H2O-free electrolyte
containing LiPF6 in organic solvent is difficult. A small amount
of water (though the amount is less than 20 ppm) facilitates the
decomposition of electrolytic salt, LiPF6. Thus, HF is formed as a
by-product by the following reaction [45].

LiPF6 + H2O → LiF + POF3 + 2HF
The generated acid, HF, continuously attacks the active mate-
rial and this decomposes as the cycle progresses, causing capacity
fading

2LiMn2O4 + 4H+ → 3�-MnO2 + Mn2+ + 2Li+ + 2H2O

RT and LBS-coated LiMn2O4 (c) as prepared, and (d) after 70 cycles at RT.
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H. Şahan et al. / Journal of Alloys a

Therefore, it is possible that Mn dissolution could be reduced by
ecreasing HF content at the cathode surface. The electrochemical
ata obtained in this study demonstrated that the cycling perfor-
ance of the LiMn2O4 spinel electrode was significantly improved

y surface coating of LBS. The LBS coating prevented direct contact
etween the spinel and the electrolyte and therefore reduced the
issolution of manganese and the oxidation of electrolyte.

Coating the spinel LiMn2O4 with a LBS glass layer resulted in a
remendous improvement in retention capacity at room and ele-
ated temperatures.

. Conclusions

The LiMn2O4 cathode was successfully coated with LBS using
etraethylorthosilicate, boric acid and lithium nitrate as the pre-
ursor. The LBS coating did not result in a change in the host
tructure of LiMn2O4. The LBS glasses were uniformly dispersed
n the surface of spinel LiMn2O4 particles. The discharge capacity
f the LBS-coated spinel electrodes showed an improved cycling
ehavior compared with the bare one. The improved performance
f the surface-treated sample was ascribed to the LBS coating on
he surface of the LiMn2O4 material, which prevented direct con-
act between the LiMn2O4 particles and electrolyte, and therefore
educed the dissolution of manganese and the oxidation of elec-
rolyte. The capacity retention of the LBS-coated LiMn2O4 over 70
ycles was 93.3% and 71.6%, while the untreated one showed 74.6%
nd 53% capacity retention of the initial discharge capacity at room
nd elevated temperature, respectively. Therefore, LBS coating is
n effective way to improve the electrochemical performance of
iMn2O4 cathode material.

cknowledgements

This study was financially supported by the Kayseri Governor-
hip’s Middle Anatolian Development Agency and the Research
oundation of Erciyes University (FBA-08-439). The authors would
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