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bstract

The electrochemical stability and conductivity of LiPF6 and lithium bis(oxalato)borate (LiBOB) in a ternary mixture of ethylene carbon-
te (EC), ethyl methyl carbonate (EMC) and diethyl carbonate (DEC) were compared. The discharge capacities of LiMn2O4/Li cells with the
wo electrolytes were measured at various current densities. At room temperature, LiMn2O4/Li cells with the electrolyte containing LiBOB
ycled equally well with those using the electrolyte containing LiPF6 when the discharge current rate was under 1 C. At 60 ◦C, the LiBOB-
ased electrolyte cycled better than the LiPF6-based electrolyte even when the discharge current rate was above 1 C. Compared with the
lectrolyte containing LiPF , in LiMn O /Li cells the electrolyte containing LiBOB exhibited better capacity utilization and capacity retention
6 2 4

t both room temperature and 60 ◦C. The scanning electron microscopy (SEM) images and the a.c. impedance measurements demonstrated
hat the electrode in the electrolyte containing LiBOB was more stable. In summary, LiBOB offered obvious advantages in LiMn2O4/Li
ells.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Spinel lithium manganese oxide (LiMn2O4) is considered a
romising cathode material for lithium secondary batteries, but
ts poor cyclic ability, especially at high temperatures (above
5 ◦C), remains a problem [1]. One of the factors is related
o spinel dissolution—the electrolyte salt LiPF6 will decom-
ose at elevated temperatures. HF is generated as a product
f the decomposing reaction and will dissolve manganese [2].
s a lithium salt, lithium bis(oxalato)borate (LiBOB) has some
nique properties that no other lithium salt possesses. It can
ffectively stabilize graphite structure in pure propylene car-
onate (PC) [3]. The lithium-ion cells containing the LiBOB
lectrolyte exhibits excellent cycling capability even at 70 ◦C

4]. Moreover, the dissolution of Mn in a LiBOB electrolyte
s far lower than in a LiPF6 one [5]. Therefore, it appears
hat LiBOB is a superior candidate for use in lithium cells

∗ Corresponding author. Tel.: +86 10 62334863; fax: +86 10 62332570.
E-mail address: bitaoyu@163.com (B.-T. Yu).

u
E
L
o
a
t
b

378-7753/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2007.01.038
ith LiMn2O4 cathodes than LiPF6. In order to investigate
horoughly the possibility of using LiBOB in LiMn2O4 batter-
es, in this article, the electrochemical and thermal stability of
iBOB-based electrolytes, and the rate discharge performance
nd cyclic ability of LiMn2O4/Li cells with LiBOB-based elec-
rolyte were studied. The results were compared with those of
iPF6.

. Experimental

.1. Preparation of the cells

LiBOB was synthesized and purified in our laboratory,
hen dissolved in mixed solvents EC/EMC/DEC (1:1:1 by vol-
me) to get a 0.8 mol L−1 electrolyte. LiPF6 was dissolved in
C/EMC/DEC (1:1:1 by volume) to get a 1 mol L−1 electrolyte.
ithium manganese oxide (LiMn2O4) was employed as the cath-

de active material. Celgard 2400 polyethylene/polypropylene
cted as the separator. All reagents were battery grade. The
est cells were assembled and sealed in an Ar-filled glove
ox.

mailto:bitaoyu@163.com
dx.doi.org/10.1016/j.jpowsour.2007.01.038
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.2. Measurements

A CH Instrumental Electrochemical Workstation (CHI660A)
ith a three-electrode system incorporating a planar Al working

lectrode, a planar Li auxiliary electrode, and a Li foil refer-
nce electrode was used for the cyclic voltammetry (CV) at the
canning rate of 5 mV s−1.

Electrochemical impedance spectroscopy (EIS) measure-
ents were performed with a CH Instrumental Electrochemical
orkstation (CHI660A) to study the impedance of the inter-

ace film between the electrolyte and the electrode. The working
requency was from 0.001 Hz to 100 kHz.

Thermogravimetric/differential thermal analysis (TG/DTA)
f the electrolytes was performed on a Setaram Labsys TG/DTA
nalyzer (France). The electrolytes were heated at 5 ◦C min−1

rom 25 to 400 ◦C in a N2 atmosphere.
The test cells were cycled on a Land BT-10 Tester (Wuhan,

hina) between 3.3 and 4.35 V. The test cells all were
iMn2O4/Li cells.

The test cells were dissected after testing, and their posi-
ive electrodes were taken out. The electrodes were soaked in
nd then rinsed with pure DEC repeatedly to remove the elec-
rolyte. The washed electrodes were dried at room temperature,
fter which they were carefully transferred from the glove box
o a vacuum chamber for SEM with a JSM-5600 LV scanning
lectron microscope, JEOL.

. Results and discussion

The electrochemical stabilities of the two electrolytes –
.8 mol L−1 LiBOB EC/EMC/DEC (1:1:1) electrolyte and
mol L−1 LiPF6 EC/EMC/DEC (1:1:1) – were investigated by
yclic voltammetry. The results were shown in Fig. 1. The result
ndicated that the electrochemical stability of the 0.8 mol L−1

iBOB EC/EMC/DEC (1:1:1) electrolyte was higher than that

f the 1 mol L−1 LiPF6 EC/EMC/DEC (1:1:1). The current of
oth plots began emergent at 3.0 V versus Li/Li+. The current
ensity of 1 mol L−1 LiPF6 EC/EMC/DEC (1:1:1) electrolyte
tarted to increase dramatically when the potential was higher

ig. 1. Current–potential curves of different electrolytes at a scan rate of
mV s−1 at 25 ◦C.
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Fig. 2. The TG/DTA plots of LiBOB and LiPF6 electrolyte.

han 4.5 V, while the current density of the 0.8 mol L−1 LiBOB
C/EMC/DEC (1:1:1) electrolyte grew more slowly and was
lways lower than that of the LiPF6 electrolyte. The oxidation
otential of the LiBOB-based electrolyte was higher than 4.3 V,
he operating potential window of lithium-ion batteries. It is evi-
ent that the LiBOB-based electrolyte was quite suitable for use
n lithium-ion batteries.

LiBOB possesses much better thermal stability than LiPF6,
hich starts to decompose at 80 ◦C [5]. LiBOB would not
ecompose until 300 ◦C. Obviously, LiBOB would have an
dvantage over LiPF6 at high temperatures. The thermal sta-
ilities of the two electrolytes were compared in our laboratory
nd the result was showed in Fig. 2. Both electrolytes have three
ndothermic peaks at the DTA plots. The three endothermic
eaks of the LiBOB electrolyte were at 100, 230, and 310 ◦C,
espectively; while those of the LiPF6 electrolyte were at 70,
00, and 230 ◦C. The peaks at 100 ◦C (of both electrolytes)
ere caused by the evaporation of the volatile solvents DEC and
MC, and the peaks at 230 ◦C were caused by the evaporation
f EC. The peak at 310 ◦C corresponded to the decomposing of
iBOB, while the peak at 70 ◦C corresponded to the decompos-

ng of LiPF6. The weight loss of the LiBOB electrolyte started
ater than that of the LiPF6 electrolyte. According to the TG
nd DTA analyses, the thermal stability of 0.8 mol L−1 LiBOB
C/EMC/DEC (1:1:1) was higher than that of 1 mol L−1 LiPF6
C/EMC/DEC (1:1:1).

The discharge capacities of the LiMn2O4/Li cells with the
wo electrolytes were compared at various current densities.
ig. 3a shows the comparison of the discharge capacities at
oom temperature. The discharge capacity of the cells con-
aining the LiBOB electrolyte was lower than that of the cell
ontaining the LiPF6 electrolyte. However, when the ambient
emperature was 60 ◦C, the discharge capacity of the cell with the
iBOB-based electrolyte improved greatly (Fig. 3b). At lower
urrent densities the discharge capacity of the cell containing
he LiBOB-based electrolyte was as good as the LiPF6 one.
t higher current densities the discharge capacity of the cell
ontaining the LiBOB-based electrolyte was higher than that
f the LiPF6 one. The LiMn2O4/Li cells were able to main-
ained the discharge capacity at 110 mA h g−1 even when the
urrent density was 2 C. After 25 cycles, the discharge capac-
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Fig. 3. (a) The discharge capacity of the LiMn2O4/Li cells at different discharge
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Fig. 4. (a) The discharge capacity retention of the LiMn2O4/Li cells at 0.5 C
d
L

a
L
r
t

t
t
e
c
a
w
r
m
t
i
a
t
a

ates at room temperature. (b) The discharge capacity of the LiMn2O4/Li cells
t different discharge rates at 60 ◦C.

ty came back to the initial discharge capacity when the current
ensity became 0.2 C. But the discharge capacity of the cell with
he LiPF6-based electrolyte could not maintain well. After 25
ycles, the discharge capacity was lower than that of the initial
ne.

Fig. 4a summarizes the capacity versus cycle number for the
ells containing LiBOB and LiPF6 as electrolyte salts at room
emperature. Each cell was tested for 100 cycles in order to
bserve the capacity fade clearly. In the first 30 cycles or so,
he electrolyte with LiPF6 showed better electrode utilization.
etween the 30th and the 100th cycle, the cell containing LiPF6

tarted to show fading capacity, while the LiBOB-based elec-
rolyte maintained constant capacity up to 100 cycles, and the
ap between the two widened as the cycle number increased.
fter 100 cycles the capacity retention efficiencies were 91.7%

nd 79.3% for LiBOB and LiPF6, respectively. The difference
n the performance of the two cells with the two electrolytes was

ore pronounced when the cells were placed into the elevated

emperature of 60 ◦C, as shown in Fig. 4b. The LiPF6-based cell
xperienced a rapid deterioration. (The same phenomenon can
e observed for almost any cells with LiPF6 cycled at elevated
emperatures.) For the cell containing LiBOB, a rather encour-

e
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e
c

ischarge rate at room temperature. (b) The discharge capacity retention of the
iMn2O4/Li cells at 0.5 C discharge rate at 60 ◦C.

ging result emerged: the fading rate in the capacity for the
iBOB-based cell was very low. After 100 cycles, the capacity

etention was 90.5%, which was much higher than the 67.3% of
he cell containing LiPF6.

It was assumed that the difference in the behavior of the
wo electrolytes at room temperature and 60 ◦C was due to
he difference in the stability of the cathode material in the
lectrolytes. Amine et al. [5] has demonstrated that the con-
entration of Mn dissolved from LiMn2O4 powders stored in
LiPF6-based electrolyte at 55 ◦C for 4 weeks was 64 ppm,
hile it was only 0.05 ppm in a LiBOB-based electrolyte. The

esult of SEM also showed that the LiMn2O4 electrode was
ore stable in the LiBOB electrolyte than in the LiPF6 elec-

rolyte. Fig. 5 shows the SEM images of the LiMn2O4 electrode
n the LiBOB-based electrolyte and the LiPF6-based electrolyte
fter 30 cycles at 60 ◦C. The SEM image of the LiMn2O4 elec-
rode in the LiBOB-based electrolyte showed a smooth surface,
ccompanied by fine particles. In contrast, on the surface of the
lectrode in the LiPF -based electrolyte, there were large parti-
6
les and large gaps among them. This indicated that the LiBOB
lectrolyte was not able to erode the electrode, thus allowing
ells containing LiBOB salt to work satisfactorily at elevated
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ig. 5. SEM images of the LiMn2O4 electrode in two electrolytes (a) in LiBOB-
ased electrolyte (b) in LiPF6-based electrolyte.

emperatures; whereas, the electrode would be dissolved in the
iPF6 electrolyte in the same temperature range.

In order to understand the resistance of the interface film
ormed on the cathode surface in the LiBOB electrolyte, the
mpedances of the LiMn2O4/Li cells were measured. Fig. 6
ives the Cole–Cole plots of the cells containing the two dif-

erent electrolytes. The locus of each of the Cole–Cole plots of
he freshly assembled cells consisted of two distinct regions,
.e., a semi-arc in the high frequency region and a sloping
ine in the low frequency region. The locus of each of the

ig. 6. The a.c. impedance spectra for LiMn2O4/Li cells at 0.5 C discharge rate
t 30 ◦C. LiBOB (solid) LiPF6 (hollow).
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ole–Cole plots of the cells after one cycle (and those after
0 cycles) consisted of two overlapping semicircles at the high
nd medium frequency ranges, and a sloping line at the low
requency range. These represented, respectively: the resistance
nd capacitance of the interface film formed on the cathode sur-
ace, the charge-transfer resistance, the double-layer capacitance
nd the Warburg impedance arising from the semi-infinite dif-
usion of the lithium ions in the electrode. One can easily see
hat the radius of the first semicircle of the cell containing the
iBOB electrolyte was bigger than that of the cell containing the
iPF6 electrolyte at either open circuit voltage or later cycles.
his indicated that the resistance of the interface film of the cell
ontaining the LiBOB electrolyte was higher than that of the
ell containing the LiPF6 electrolyte. This further implied that
he surface film in the LiBOB electrolyte was thicker and more
table than that in the LiPF6 electrolyte. This may be the reason
hy the LiMn2O4/Li cells containing LiBOB had better capac-

ty retention and performance at lower discharge rates. In short,
he poor performance of the cell containing the LiBOB elec-
rolyte at high discharge rates was closely related to two factors.
ne was the low conductivity of the LiBOB electrolyte and the
ther was the high resistance of the interface film in the LiBOB
lectrolyte.

. Conclusions

The electrochemical stability and thermal stability of
he 0.8 mol L−1 LiBOB EC/EMC/DEC (1:1:1 by volume)
lectrolyte was higher than that of the 1 mol L−1 LiPF6
C/EMC/DEC (1:1:1 by volume) electrolyte. When used in
iMn2O4/Li cells, the rate capability of the LiBOB-based elec-

rolyte was lower than that of the LiPF6-based electrolyte at room
emperature. However, at 60 ◦C the LiBOB-based electrolyte
ycled better than the LiPF6-based electrolyte even when the cur-
ent density was higher than 1 C, due to the good thermal stability
f LiBOB. The LiBOB-based cell maintained stable perfor-
ance at both room temperature and 60 ◦C. The SEM result

nd the a.c. impedance analysis indicated that the LiMn2O4
lectrode was more stable in the LiBOB-based electrolyte than
n the LiPF6-based electrolyte. Overall, LiBOB was more suit-
ble than LiPF6 as electrolyte salts that are used with LiMn2O4
lectrodes, especially at elevated temperatures.

cknowledgment

The authors would like to thank the National Natural Science
oundation of China (50472093) for their kind support in this
eries of researches.

eferences

1] G.G. Amatucci, C.N. Schmutz, A. Blyr, C. Sigala, A.S. Gozdz, D. Larcher,
J.M. Tarascon, J. Power Sources 69 (1997) 11.

2] T. Inoue, M. Sano, J. Electrochem. Soc. 145 (1998) 3704.

3] K. Xu, S. Zhang, B.A. Poese, T.R. Jow, Electrochem. Solid-State Lett. 5

(2002) A259.
4] K. Xu, S. Zhang, T.R. Jow, Electrochem. Solid-State Lett. 5 (2002) A26.
5] K. Amine, J. Liu, S. Kang, et al., J. Power Sources 129 (2004) 14.


	Comparison of the electrochemical properties of LiBOB and LiPF6 in electrolytes for LiMn2O4/Li cells
	Introduction
	Experimental
	Preparation of the cells
	Measurements

	Results and discussion
	Conclusions
	Acknowledgment
	References


