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Abstract

The surface of spinel LiMn,0, was modified with TiO, by a simple sol-gel method to improve its electrochemical performance at elevated
temperatures and higher working potentials. Compared with pristine LiMn, Oy, surface-modification improved the cycling stability of the material.
The capacity retention of TiO,-modified LiMn,O, was more than 85% after 60 cycles at high potential cycles between 3.0 and 4.8 V at room
temperature and near to 90% after 30 cycles at elevated temperature of 55°C at 1C charge—discharge rate. SEM studies shows that the surface
morphology of TiO,-modified LiMn,0, was different from that of pristine LiMn,O4. Powder X-ray diffraction indicated that spinel was the only
detected phase in TiO,-modified LiMn,O,. Introduction of Ti into LiMn, O, changed the electronic structures of the particle surface. Therefore a
surface solid compound of LiTi,Mn,_,O4 may be formed on LiMn,O,. The improved electrochemical performance of surface-modified LiMn, 0O,
was attributed to the improved stability of crystalline structure and the higher Li* conductivity.
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1. Introduction

Over the past 20 years, the spinel LiMn,O4 has been widely
studied for the replacement of LiCoO; as a cathode mate-
rial in the lithium ion batteries due to its low cost and high
safety [1-3]. Unfortunately, the LiMn,Oy4 suffers capacity fad-
ing during cycling and the fade is severe especially at ele-
vated temperatures above 55 °C [4]. The structure instability,
the decomposition of electrolyte, the dissolution of manganese
ions, Jahn—Teller distortion, etc. [5—8] were regarded as main
reasons for the capacity fade. Up to now, many efforts, such as
doping cations [9], optimizing synthesis condition [10], chang-
ing synthesis approaches [11-13], treating the surface of the
LiMn,O4 [14], etc., were devoted to improve the cycle per-
formance. Titanium dioxide (TiO;) has channels which may
be used for storage of little cations, such as H* and Li* [15]
and the lithium insertion/extraction to TiO; process has also
been observed [16]. Thus, we may believe that TiO, is a good
material for the lithium-ion batteries which allows lithium-ion
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insertion/extraction and meanwhile has no serious reactions with
electrolyte.

To the best of our knowledge, the sol-gel TiO,-modified
LiMn;O4 has never been reported yet. The purpose of the present
work is a first investigation on the improved electrochemical
properties of the TiO;-modified LiMn,O4 electrode material.
Furthermore, this method has been proved a likely promising
treatment of the sample LiMn,Og4.

2. Experimental

The pristine LiMnyO4 powders are obtained from Guang-
dong HONGSEN Group Co., Ltd. Tetrabutyl titanate was first
dissolved in the ethanol (solution 1). At the same time, the
ethanol, distilled water and acetic acid glacial were mixed in
another container (solution 2). Then solution 1 was added drop-
wise to the continuously stirred solution 2. The mixture was
continuously stirred for 3 h at room temperature after the drop-
wise addition and by this means the Ti-sol was obtained. Then
we added pristine LiMn;O4 powders into this Ti-sol causing
the LiMny04 coated by the Ti-sol with the amount of TiO»
corresponding to 4 wt% of the LiMn,O4. The coated LiMn,O4
mixture was stirred for 12 h and then dried at 95 °C. Finally the
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coated LiMn;O4 powders were calcined at 700 °C for 8 h in air
and the TiO;-modified LiMnyO4 was obtained.

Powder X-ray diffraction (XRD, Rigaku, Rint-2000) using
Cu Ka radiation was used to identify the crystalline phase of the
TiO,-modified LiMn,O4 powders. The particle morphology of
TiO,-modified LiMn,O4 powders was observed using a scan-
ning electron microscope (SEM, LEO1530), and EDS analysis
was used to analyze the element content of the particle surface.

Charge/discharge cycles were carried out in two-electrode
cells. The cell consisted of a cathode and a lithium metal anode
separated by a cellgard 2003 film. The cathode was fabricated
from a mixture of 80 wt% of the LiMn,O4 powders and 12 wt%
of conducting binder (PVDF) and 8 wt% of graphite. The cath-
ode material was cast onto an aluminum foil. The electrolyte
used for the electrochemical test is a commercial electrolyte
with 1 M LiPFg dissolved in 1:2 mixture of ethylene carbon-
ate (EC) and dimethyl carbonate (DMC). The charge/discharge
cycling was carried out galvanostatically at a current rate of 1C
(100 mAh g~!) between 3.0 and 4.8 V at room temperature and
between 3.0 and 4.25V at 55 °C respectively.

3. Results and discussion
3.1. Morphology analysis

Fig. 1 shows the SEM images of the pristine LiMn,O4 pow-
ders and the TiO;-modified LiMn;O4 powders. The particles
of pristine LiMn,O4 (Fig. 1a) and the TiO;-modified LiMn;O4
(Fig. 1b) are both around 1 pm and have perfect shape of spinel.
Accordingly, it can be confirmed that the particle shape and size
were not changed so much after TiO, modification. The parti-
cles of the pristine LiMn;O4 have well-developed (1 0 0) planes
and very keen edges (Fig. 1a). For the TiO;-modified LiMnyO4
particles, the edges are not as keen as in Fig. la and the sur-
face of TiO;-modified LiMn,O4 particles (Fig. 1b) is not as
steep as the pristine LiMn, Q4 particles (Fig. 1a). So we can say
the surface morphology of LiMn,O;4 spinel is changed by TiO»
modification Fig. 1c shows the EDS spectrum of element con-
tent in the region indicated in Fig. 1b and the results were listed
in Table 1. Three obvious Ti peaks are observed besides Mn and
O in Fig. 1c, which correspond to the Ti content of 0.5% atom
in Table 1. This implies that the Ti has been deposited onto the
particle surface of LiMnyO4.

3.2. Structure analysis

Fig. 2 compares the XRD patterns of pristine spinel LiMn; O4
and the TiO;-modified LiMn;O4. The XRD patterns of the sam-

Table 1

Element content of the TiO,-modified LiMn;O4 obtained from EDS analysis
Element Weight (%) Atomic (%)
(0] 59.61 83.47

Ti 1.08 0.50

Mn 39.31 16.03
Totals 100.00 100.00

EHT = 10.00 kV

Signal A= InLens
WO= 4mm

Mag = 50.00 K X Date :16 Sep 2006

EHT = 20.00 kV 2
Signal A = InLens

1
(b) Mag = 50.00 K X ’,um—i WD= 5mm Date :28 Sep 2005

1 2 3 4 5
(c) [Eul Scale 2445 cts Cursor: 9.528 keV (4 cts)

Fig. 1. (a) SEM image of pristine LiMn,O4 (scale bar: 1 pm), (b) SEM image of
TiO;-modified LiMn,Oy4 (scale bar: 1 wm), and (c) EDS spectra of the selective
position in (b).

ples were indexed as spinel phases. No additional peaks for
other phases such as TiO3, LiMnOj3, LiMnO, or MnO, can be
observed. In addition, peak relative intensities of TiO;-coated
LiMn,O4 are almost the same as those of pristine LiMn;O4. This
means the normal spinel structure is preserved. However, refine-
ments to the XRD patterns indicate that the lattice parameter of
the TiO,-modified spinel (ap = 8.20774 A) is smaller than that of
pristine spinel LiMn,O4 (ap =8.22113 A). According to Hernan
et al. [8], Ti can doped into the spinel LiMn;O4 by replacing Mn
and retain the spinel structure. So we may propose that a solid
spinel compound of LiTi,Mn;_,0O4 was formed on the surface of
spinel LiMn;O4 during heat treatment and caused the shrinkage
of the lattice.
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Fig. 2. XRD patterns of: (a) the TiO,-modified LiMnyO4 powders and (b) pris-
tine LiMn,O4 powders.

3.3. Electrochemical properties at high working potential

The pristine LiMnyO4 powders are commercial material and
has a lower initial capacity than that synthesized in laboratory.
Fig. 3 a shows the capacity cyclability between 3.0 and 4.8 V of
lithium cells using lithium as anode and pristine LiMn,O4 and
TiO,-modified LiMn,O4 as cathode, respectively, at room tem-
perature and 1C charge—discharge rate. The discharge capacity
of pristine LiMn;O4 shows a fast decline with a capacity loss of
30% of the initial value after only 40 cycles. However, the cycla-
bility of TiO>-modified LiMn, Oy is significantly improved, the
capacity loss is less than 15% of its initial capacity after 60
cycles. The initial capacity of TiO,-modified LiMn;O4 reaches
104 mAh g~! which is much higher than that reported by Her-
nan et al. [8] (about 80 mAh g~!) who doped Ti into the whole
spinel LiMn,Oy4 and proposed that Ti** may increase electro-
static repulsion between the cations occupying (16d) octahedral
sites and therefore decrease the capacity and deteriorate the
capacity fading during cycling. In contrast, we maintain the inner
structure of LiMn, Oy spinel, only the surface changed by TiO;
modification, and keep the capacity and reduce the capacity fad-
ing. We have also found that the initial capacity of TiO,-modified
LiMn, Oy is higher than that of pristine LiMn;O4 both at high
working potential and at elevated temperature of 55 °C, as is
shown in Fig. 3a (104 mAh g~ ! versus 96 mAh g~!) and Fig. 5a
(103mAhg~! versus 101 mAhg~"). We want to attribute this
to the rapid Li* diffusion caused by the LiTi,Mn;_,O4 which
may reduce the polarization during cycling, which can be sup-
ported by the impedance measurement results in Fig. 4. Fig. 4
shows the electrochemical impedance spectroscopy (EIS) for
the pristine LiMnO4 and the TiO; modified LiMn,Oy. It can
be seen that the cell resistance shifts from 1.07 to 0.67 2 after
modification, and the loop diameter shifts from 0.89 to 0.43 €2,
being reduced more than the half. This implies the Li ion dif-
fusion is enhanced in the TiO; modified LiMn,O4 more than
in the pristine modified LiMn;O4. In addition, the electronic
resistance is also reduced from 0.24 to 0.18 2 which means
the whole cell electronic conductivity is increased by TiO»
modification.
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Fig. 3. Cycling behaviors of the samples between 3.0 and 4.8 V at room temper-
ature. (a) Comparison of cyclability of TiO2-modified LiMnyO4 with pristine
LiMn, 04 at 1C, (b) the first 40 cycles of the pristine LiMn,Oy4 at 1C, and (c)
the first 60 cycles of the TiO,-modified LiMn;Oy4 at 1C.

Fig. 3 b and c show the discharge profiles of pristine LiMn;O4
and TiO,-modified LiMn;O4 at 1C charge/discharge rate in
the potential range of 3.0-4.8 V. Two plateaus of above and
below 4.0 V can be recognized obviously in the discharge curves
during the first several cycles. However, the cyclability of the
pristine LiMn,QO4 deteriorates seriously and the two potential
plateaus are shortened rapidly, which causes the capacity fade
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Fig. 4. Electrochemical impedance spectroscopy (EIS) of the cell for the pristine
LiMn, 04 cathode and TiO,-modified LiMn;O4 cathode with testing frequency
from 100 kHz to 0.01 Hz at room temperature.

quickly. In the contrary, the two plateaus in discharge curves of
TiO2-modified LiMn,O4 are shaped well and can be obviously
recognized after 60 cycles. This may be due to the stable spinel
structure caused by the surface layer LiTi,Mn,_,O4 at a high
working potential during charge/discharge.

3.4. Electrochemical properties at high temperature
condition

Spinel LiMn,0O4 was believed to be the most promising
cathode materials of lithium-ion batteries due to its low cost
and nontoxicity. However, its poor electrochemical cyclabil-
ity at elevated temperature hindered its application in com-
mercial lithium-ion batteries [17]. Fig. 5a shows the capacity
cyclability of pristine LiMn;O4 and TiO»-modified LiMn,O4
at 1C charge—discharge rate between 3.0 and 4.25V at 55°C.
It is clear that surface modification significantly improves the
cyclability of LiMn,O4 at elevated temperature of 55 °C. Both
samples show nearly the same discharge capacity of more
than 100 mAh g~ !, actually the TiO»-modified LiMn,Oy4 shows
higher initial capacity than the pristine LiMn,O4. The capac-
ity retention of the TiO;-modified LiMn;O4 is near to 90% of
the initial capacity after 30 cycles, demonstrating the extraordi-
nary cycling stability at elevated temperature, while the pristine
LiMn,Oy4 electrode suffered a more than 70% capacity loss after
25 cycles.

Fig. 5b and c shows the discharge profiles of pristine
LiMn;0O4 and TiO,-modified LiMn,O4 at 1C charge/discharge
rate between 3.0 and 4.25 V. Two plateaus at 3.94 and 4.11V
can be recognized obviously in the discharge curves during the
first several cycles. However, the separated plateaus cannot be
found after 10 cycles in pristine LiMnOj.

It is well known that structural transformation of spinel
Li,Mn;04 occurs during Li* intercalation and deintercalation.
Yang et al. [18] gave experimental evidences of the three-phase
model of phase transitions in LiyMnyO4 cathode materials.
These phase compositions are proposed to be Lip25MnyOy,
Liz;sMny04, and LiMnyO4 [19], corresponding to the poten-
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Fig. 5. Cycling behaviors of the samples between 3.0 and 4.25V at 55 °C. (a)
Comparison of cyclability of TiO,-modified LiMn,O4 with pristine LiMn,O4
at 1C, (b) the first 25 cycles of the pristine LiMnyO4 at 1C, and (c) the first 30
cycles of the TiO,-modified LiMn,O4 at 1C.

tial inflection points at 4.25, 4.10 and 3.91V versus Li/Li*
respectively, which were also found to exhibit different super-
lattices [20,21]. In our experiment, we observe the potential
inflections at 4.2, 4.1 and 3.9V versus Li/Li* in the discharge
curves. These are consistent with the above results. From Fig. 5b
and c, we can see both the initial discharge curves of pristine
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LiMn;04 and TiO,-modified LiMn,O4 give two well-shaped
plateaus. However, the cyclability of the pristine LiMn;O4 dete-
riorates seriously and the first potential plateau disappears after
10 cycles and the second plateau also leans rapidly, which causes
the capacity fade quickly. In the contrary, the two plateaus
in discharge curves of TiOj-modified LiMn;O4 are shaped
well and can be obviously recognized after 30 cycles. We
can attribute this distinction to the difference of the structure
stability and Li* conductivity between pristine LiMnyO4 and
TiO,-modified LiMn,O4 during charge/discharge. In the pris-
tine LiMn, Oy, the relatively slower Li* transfer compared to the
electronic reaction rate causes the distortion of the phases dis-
cussed above and the disordering of Li*, resulting in bad cycla-
bility at elevated temperature. However, in the TiO,-modified
LiMn; Oy, the surface layer LiTi,Mny_,04 with a expedite Li*
insertion and extraction can keep the spinel structure stable
which consequently presents a better electrochemical perfor-
mance. Furthermore, the formation of solid layer LiTi,Mny_,O4
changes the surface proprieties of the spinel LiMn,O4 and might
partly suppress the dissolution of the Mn ions from the spinel
into the electrolyte and the corresponding phase transitions,
which can also improve the electrochemical performance of
LiMn;Oy.
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Fig. 6. Differential discharge capacity—voltage relationship after different cycles
between 3.0 and 4.25 V at 55 °C of: (a) the pristine LiMn;Oy4 at 1C, (b) the TiO,-
modified LiMn;Oy4 at 1C.

3.5. Differential of the capacity curves

In order to better understand the performance of TiO;-
modified LiMn,O;, at high-temperature and high potential, we
compared the differential capacity curves which were obtained
by differential analysis of the discharge curves in Figs. 3 and 5.
Fig. 6 shows the differential curves of cells cycled at 55 °C with
the charge/discharge rate of 1C. Two peaks can be observed
corresponding to the two plateaus in the discharge curves in
Fig. 5b and c. In Fig. 6a (pristine LiMn;QOy4), the ‘1th’ curve
has the first peak potential of 4.06 V with the peak intensity of
516 mAh g~! V~! and the second peak potential of 3.95 V with
the peak intensity of 485 mAh g~! V~!. However, with the fur-
ther cycling both peaks shift to lower potential and the peak
intensity decreases rapidly. Especially the first peak decreases
more quickly than the second peak, and after 25 cycles the first
peak disappears. In contrast to Fig. 6a, the curves in Fig. 6b
(TiOz-modified LiMn;O4) have better performances. The ‘1th’
curve has the first peak potential of 4.09 V with the peak intensity
of 561 mAhg~! V! and the second peak potential of 3.98 V
with the peak intensity of 476 mAhg~! V~!. The first peak
potential has even unnoticeable changes and both of the two-
peak intensities decrease obviously slower than those of pristine
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Fig.7. Differential discharge capacity—voltage relationship after different cycles
between 3.0 and 4.8 V at room temperature of: (a) the pristine LiMn,O4 at 1C,
(b) the TiO,-modified LiMn,Oy4 at 1C.
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LiMn;O4 during the cycling. After 30 cycles the discharge curve
still has the first peak intensity of 210 mAh g~! V~! and the sec-
ond peak intensity of 236 mAhg~! V=1,

Fig. 7 shows the differential capacity curves of the pristine
LiMn;0O4 and the TiO;-coated LiMn, Oy after different cycles
between 3.0 and 4.8 V at room temperature at 1C. In Fig. 7a the
‘1th’ curve has the first peak potential of 4.04 V with the peak
intensity of 413mAhg~! V~! and the second peak potential
of 3.92 V with the peak intensity of 410mAhg~! V~!. While
in Fig. 7b, the ‘1th’ curve has the first peak potential of 4.07 V
with the peak intensity of 540 mAh g~! V! and the second peak
potential of 3.95 V with the peak intensity of 466 mAh g~! V~1,
After 40 cycles the curve still has the higher peak potential and
peak intensity in Fig. 7b than that in Fig. 7a. Furthermore, the
two peaks are separated better in Fig. 7b than in Fig. 7a.

From Figs. 6 and 7, we can see the discharge peak potential
and the peak intensity are both enhanced by TiO, modifying
compared to the pristine LiMn;Og4. The result is consistent with
the discussion in Figs. 3 and 5. Most importantly, the first peak
intensity at the elevated temperature of 55 °C is improved most
obviously among all the improved properties by the sol-gel
method of TiO, modifying. Differently said, the electrochem-
ical performance of LiMnyOy4 is improved more obviously at
elevated temperature than at high working potential by TiO,
modification.

4. Conclusions

The surface of spinel LiMn,O4 was modified by TiO,
and a layer of LiTiyMn,_,O4 was formed on the surface of
LiMn;O4 particles. TiO2-modified LiMnyO4 shows excellent
electrochemical properties after high potential and elevated-
temperature cycling by improving Li* conductivity and stabiliz-
ing the phase structure. Among the whole improvement of the
LiMn;O4 electrochemical performance at high working poten-
tial and at elevated temperature by TiO, modifying, the high
potential plateau is improved most distinctly. Therefore, surface
TiO, modifying on LiMnyOy is a very promising treatment of
LiMn,Oy4 for lithium-ion batteries.
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