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a  b  s  t  r  a  c  t

Tris(trimethylsilyl)  borate  (TMSB)  used  as  new  electrolyte  additive  to improve  performance  of  LiFePO4

based  lithium-ion  battery  is investigated  in  this  paper.  The  effects  of  the  TMSB  on  the LiFePO4 electrode
are  investigated  via  a combination  of  electrochemical  impedance  spectroscopy  (EIS),  cyclability,  scan-
ning electron  microscope  (SEM)  and  X-ray  photoelectron  spectroscopy  (XPS).  It  is found  that  the LiFePO4

battery  with  a composite  LiPF6-based  electrolyte  containing  1 wt%  TMSB  additive  exhibits  higher  dis-
◦

eywords:
lectrolyte additive
ithium-ion battery
ris(trimethylsilyl) borate
iFePO4

charge  retention  and  better  cycling  performance  than  the battery  without  TMSB  additive  at  both  30 C
and 55 ◦C. SEM  and  XPS  measurements  show  the  changes  of  surface  morphology  and  formation  of solid
electrolyte  interface  (SEI).  EIS  results  indicate  that  the  interfacial  impedances  of  the  batteries  after  cycled
at 55 ◦C  with  the  electrolyte  containing  TMSB  additive  are  significantly  smaller  than  the  batteries  with-
out additive.  The  improved  performances  are ascribed  to the  enhancement  of the  thermal  stability  of  the
electrolyte  and  the  modification  of  SEI  component  on  the  LiFePO4 electrode.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

With the increasing demands for portable electronic devices,
lectric vehicles (EVs) and hybrid EVs applications, numerous stud-
es have been done to develop lithium-ion battery (LIB) with high
ate capacity and long cycle life [1,2]. However, most of the works
ere under the strategy of improving Li+ ions moving in the

lectrode materials [3,4]. Actually, the electrolyte used in the LIB
s a crucial factor influencing the performance of the batteries.
ince the first commercialization of LIB by Sony in 1990, most
f the current commercial electrolytes are based on dissolving
ithium hexafluorophosphate (LiPF6) salt into some alkyl carbon-
te solvents, such as ethylene carbonate, dimethyl carbonate and
iethyl carbonate. However, the thermal and hydrolytic stability
f LiPF6 is very poor. It is more sensitive to even trace amount
f moisture, which will lead to the decomposition of the LiPF6
nto the electrolyte: LiPF6 (sol) → LiF (s) + PF5 (sol) [5–7]. The gen-
rated LiF will reduce both conductivity and numbers of free Li+

ons, and the PF5 produced from both the thermal and hydrolytic
ecompositions will easily cause the alkyl carbonate solvents to

e polymerized, which then will reduce the performance of the
IBs [8,9]. Although many salts such as LiAsF6 [10], LiClO4 [11] and
iBF4 [12] have been synthesized in recent years, none of them

∗ Corresponding author. Tel.: +86 21 34202613; fax: +86 21 54742567.
E-mail address: lilei0323@sjtu.edu.cn (L. Li).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.10.101
can surpass LiPF6 due to its superior combination of high conduc-
tivity in various organic solvents, a wide electrochemical stability
window, and its ability to passivate Al and prevent current col-
lect corrosion of the cathode [13,14]. Therefore, it is important to
improve the stability of LiPF6-based electrolyte for lithium batter-
ies.

Use of electrolyte additives is one of the most economic and
effective methods to improve the performance of LIB with LiPF6-
based electrolyte. Tasaki and Nakamura suggested that promotion
of ion pair dissociation of LiPF6 may  prevent thermal decompo-
sition of LiPF6 [15]. From their molecular dynamic simulations,
it was found that the average distance between Li+ cation and
F atom in the PF6

− anion in the presence of anion receptor
was much larger than the absence of the anion receptor. This
enlarged distance will suppress the reactivity of the Li+ cation
and F atom. Therefore, the anion receptor used as the elec-
trolyte additive is a more attractive approach to improve the
stability of the LiPF6-based electrolyte [14–18]. Sun et al. synthe-
sized tris(pentafluorophenyl)borane (TPFPB) as an anion receptor
additive for LIB electrolytes [14]. Due to the electron deficient char-
acteristic of fluorinated boron of TPFPB, the boron-based anion
receptor additive improved the thermal stability of the LiPF6-based
electrolyte. The LiMn2O4/Li cell with the LiPF6-based electrolyte

containing 0.1 mol  dm−3 TPFPB additive exhibited superior capac-
ity retention and cycling efficiency at 55 ◦C than the cell without
additive. Recently, some researchers found that TPFPB as elec-
trolyte additive into the LiPF6-based electrolyte also improved the

dx.doi.org/10.1016/j.jpowsour.2011.10.101
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lilei0323@sjtu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.10.101
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ower capability [16,17] and high rate performances of the LIBs
18].

In this paper, a new boron-based anion receptor,
ris(trimethylsilyl)borate (TMSB), was used as electrolyte addi-
ive to improve the performance of LiFePO4 based lithium-ion
attery with the LiPF6-based electrolyte. The effects of the TMSB
n the improvement of electrolyte thermal stability and cycle
ife of the LiFePO4 based lithium-ion battery were investigated
ia a combination of electrochemical impedance spectroscopy
EIS), cyclability, scanning electron microscope (SEM) and X-ray
hotoelectron spectroscopy (XPS).

. Experimental

Battery-grade TMSB was obtained from Fujian Chuangxin
cience and Technology Develops Co., Ltd., China, and used
ithout further purification. Battery-grade EC, DMC  and LiPF6
ere purchased from Shenzhen Capchem Chemicals Co., Ltd.,
hina, and used without further purification. The electrolytes of

 mol  dm−3 LiPF6 in a 1:1 (weight ratio) EC/DMC with and with-
ut 1 wt% TMSB additive were prepared in an argon-filled glove
ox, in which the oxygen and water content were less than

 ppm.
LiFePO4 electrode materials with carbon treatment were pur-

hased from Pylon Technologies Co., Ltd., China. The LiFePO4
lectrodes were prepared by mixing the LiFePO4 powder (90 wt%),

 wt% carbon black and 5 wt% poly(vinylidene fluoride) (PVDF) in
-methylpyrrolidone (NMP) solvent. The mixed slurry was then
oated onto aluminum foil collector and vacuum dried at 120 ◦C
or 2 h. The dried electrode was compressed by a roller at room
emperature to make a smooth and compact film structure. Then
he electrode disks (1.5386 cm2) were punched out of the larger
oated foil sheets and weighted. LiFePO4/Li half cells were fab-
icated with 2016-coin type cells in the argon-filled glove box
sing Celgard 2400 as separator. The charge–discharge behavior
f the cells was tested on Land CT2001A tester (Wuhan, China)
t the constant current mode over the range of 2.5–4.2 V. The
onstant current modes of 1.0 C and 0.5 C were carried out at
0 ◦C and 55 ◦C, respectively. At the initial and last cycled gal-
anostatic measurement, electrochemical impedance spectroscopy
EIS) was observed immediately at the full charged condition.
IS was investigated by coupling the potentiostat with an Auto-
ab frequency response analyzer locked in an amplifier and an
mpedance phase analyzer. A sinusoidal amplitude modulation
f ±10 mV  was used over a frequency range from 0.1 Hz to 1 M
z.

To analyze the composition and microstructure of the electrodes
fter charge–discharge cycling measurements, the cells were dis-
ssembled in a glove box under Ar atmosphere. The LiFePO4
lectrodes were washed with anhydrous DME  solvent 5 times
o remove residual EC and LiPF6 followed by vacuum drying for

 h at room temperature. Scanning electron microscope (SEM,
ltra 55, Carl Zeiss) was used to investigate the morphology of

he electrodes. X-ray photoelectron spectroscopy (XPS) tests were
arried out on a RBD upgraded PHI-5000C ESCA system (Perkin
lmer) with Al K� radiation (h� = 1486.6 eV). The X-ray anode
as run at 250 W and the high voltage was kept at 14.0 kV with

 detection angle at 54◦. The pass energy was fixed at 93.90 eV
o ensure sufficient resolution and sensitivity. Binding energies
ere calibrated by using the containment carbon (C1s = 284.6 eV).
eak assignment was made based on detailed curve fitting of the
ecorded spectra using Gaussian-Gauss2 peak shapes and a Shirley
unction background correction, together with reference measure-

ents.
Fig. 1. Cycling performance of LiFePO4/Li cells using 1 mol dm LiPF6 in EC/DMC
(1:1, w w−1) as electrolyte with and without 1 wt% TMSB additive at 30 ◦C.
Charge–discharge rate was 1 C in the potential range of 2.5–4.2 V.

3. Results and discussion

The LiFePO4/Li half cells were constructed containing
1 mol  dm−3 LiPF6 in EC/DMC (1:1, w w−1) composite electrolytes
without or with the presence of 1 wt% TMSB additive. Fig. 1 shows
the cycling performance of the cells at 30 ◦C with the different
electrolytes. The cells were tested by constant current mode of
1.0 C over the range of 2.5–4.2 V. The cell with the LiPF6-based
composite electrolyte without additive displayed around 25%
capacity loss at the 180th cycle, while the cell containing TMSB
additive showed only 14% capacity loss at the same cycle number.
Fig. 2 shows the cycling performance of the cells with the different
electrolytes at 55 ◦C. The cells were tested by constant current of
0.5 C during 2.5–4.2 V. The capacity fading of the cell without TMSB
additive decreased to 76% of the initial capacity after 80th cycle,
while the cell containing TMSB additive showed high capacity
retention as 94% at the same cycle number. The cells with the com-
posite electrolyte containing TMSB additive exhibit much more
Cycle number

Fig. 2. Cycling performance of LiFePO4/Li cells using 1 mol dm−3 LiPF6 in EC/DMC
(1:1, w w−1) as electrolyte with and without 1 wt% TMSB additive at 55 ◦C.
Charge–discharge rate was 0.5 C in the potential range of 2.5–4.2 V.
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Fig. 3. Impedance spectra of full charged LiFePO4/Li cells using 1.0 mol  dm−3 LiPF6
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Fig. 5, it is clearly found that capacity of the cell without additive
ell  at 30 ◦C, (c) after 80 cycles 0.5 C charged–discharged cell at 55 ◦C. Frequency
ange: 0.1–106 Hz.

mpedance, charge–discharge curves analyses and surface analyses
f LiFePO4 electrodes of the cells with the different composite
lectrolytes, as described below, provided insight into the sources
f the difference in capacity retention.
AC impedance data of the LiFePO4/Li cells with the differ-
nt composite electrolytes are shown in Fig. 3. The impedance
as measured after the cells were full charged and the
Fig. 4. F 1s spectra of LiFePO4 electrodes after 80 cycles at 55 ◦C using 1.0 mol dm−3

LiPF6 in EC/DMC (1:1, w w−1) electrolyte (a) without and (b) with 1 wt% TMSB addi-
tive.

voltage was about 4.2 V. The interfacial impedances of the cells
after the formation cycle at 30 ◦C with and without TMSB additive
are 0.51 � and 0.63 �,  respectively. It indicates that the interfacial
impedances with different electrolyte are nearly same after the first
charged condition at 30 ◦C. After 180 cycles at 30 ◦C, the interfacial
impedance of the cell with TMSB additive (7.82 �)  was  smaller than
the cell without the additive (12.10 �).  Clearly, the increase of the
cell impedance after 80 cycles at 55 ◦C was significant than the cell
after 180 cycles at 30 ◦C. As shown in Fig. 3(c), after 80 cycles at
55 ◦C, the interfacial impedance of the cell with TMSB (39.26 �)  is
greatly smaller than the cell without additive (127.72 �). Lee et al.
reported that the additive based on electron deficient borate or
borate compounds with alkyl groups would coordinate with anion,
which would suppress the thermal decomposition of LiPF6 [14].
Chang and Chen found that the defined amount of TPFPB could
dissolve the LiF from the SEI on the LiFePO4 and then lower the
interfacial impedance of the LiFePO4/Li half cell at high temperature
[16]. Both F1s spectra of the LiFePO4 electrodes after 80 cycles at
55 ◦C with the different composite electrolytes are shown in Fig. 4.
There are four peaks in both spectra. One peak at 686.50 eV is corre-
sponding to LiF [19], the other three peaks at 687.45 eV, 688.50 eV
and 689.92 eV may  attribute to the salt and salt residues such as
LixPFy [20,21], LixPFyOz [22] and the C–F of PVDF [21], respectively.
From Fig. 4, it is easily found that the intensity of the LiF (686.5 eV)
peak of the LiFePO4 electrode without TMSB additive is very higher
than that of the electrode containing TMSB additive. It indicates that
more LiF produced from the reaction were covered onto the surface
of the LiFePO4 electrode in the additive-free electrolyte. It is well
known that the LiF is a nonconductor for both electrons and lithium
ions. Therefore, the LiF covered onto the electrode would increase
the interfacial impedance. This is the reason why the interfacial
impedance of the cells with TMSB additive was  smaller than that
the cells without TMSB in our experiments. Therefore, we  believe
that the added TMSB may  participate in the formation of the pas-
sivation films on the LiFePO4 electrode, dissolve the LiF formed
during the SEI formation of the cell, and assists in the transportation
of the lithium ions through the passivation films.

The charge–discharge curves of the LiFePO4/Li cells cycled at
30 ◦C and 55 ◦C are shown in Fig. 5 and Fig. 6, respectively. In
faded more quickly than that the cell containing TMSB additive.
Since both the resistances of the cells cycled at 30 ◦C are almost
same, (see Fig. 3 (b)), the charge–discharge profiles of the cells with
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Fig. 5. Charge–discharge curves at 30 ◦C of LiFePO4/Li cells using 1.0 mol  dm−3 LiPF6

in EC/DMC (1:1, w w−1) electrolyte with and without 1 wt% TMSB additive: (a) 5th
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Fig. 6. Charge–discharge curves at 55 ◦C of LiFePO4/Li cells using 1.0 mol dm−3 LiPF6

cycling test of the coin-type cells. Fig. 7 shows SEM micro-graphs
ycle, (b) 80th cycle and (c) 160th cycle.

he different composite electrolytes show nearly same. Compared
ith the cell cycled at 30 ◦C, there were significant changes of the

harge–discharge profiles of the cells cycled at 55 ◦C. The change of
harge–discharge platform of the cell without additive was larger

han the cell containing TMSB additive (see Fig. 6). Unlike the cell
ith the composite electrolyte without additive, the cell with the
in EC/DMC (1:1, w w−1) electrolyte with and without 1 wt% TMSB additive: (a) 5th
cycle, (b) 40th cycle and (c) 80th cycle.

composite electrolyte containing TMSB additive exhibited negligi-
ble polarization and smooth charge–discharge profiles.

To further investigate the effect of the TMSB on the LiFePO4
electrode, surface analysis of the electrodes was  obtained after the
of a pristine LiFePO4 electrode and the electrodes after cycled with
the different electrolytes at 55 ◦C. From the SEM measurements,
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Fig. 7. SEM micrographs of LiFePO4 electrode: (a) pristine, (b) after 80 cycles at
5
5
a

i
s
t
m
a
c
t
f
t
i
f
w
s

[

[

5 ◦C in 1.0 mol  dm−3 LiPF6 EC/DMC (1:1, w w−1) electrolyte, (c) after 80 cycles at
5 ◦C in 1.0 mol  dm−3 LiPF6 EC/DMC (1:1, w w−1) electrolyte containing 1 wt% TMSB
dditive.

t can be found that there were LiFePO4 particles with an average
ize of a few �m and nano-sized conductive carbon into the pris-
ine LiFePO4 electrode. Compared with the pristine electrode, the

orphology of the LiFePO4 electrodes without TMSB after 80 cycles
t 55 ◦C shows a significant change. There are many film materials
overed onto the surface of the electrode. These film materials on
he electrode surface may  be a kind of SEI which was produced
rom electrolyte decomposition on the electrode surface, forming
hick residue films. These thick film materials would increase the

nterfacial resistance of the cells, and thus result in lower the per-
ormance of the cells. The morphology of the LiFePO4 electrodes
ith TMSB after 80 cycles at 55 ◦C as shown in Fig. 7 (c) appears

imilar to the morphology of the pristine electrode. These SEM

[

[

rces 202 (2012) 341– 346 345

micro-graphs indicate that TMSB will effectively prevent the LiPF6
composite electrolyte from decomposing onto the surface of the
LiFePO4 electrode, which resulted in improving performance of the
cells.

In our experiments, we think there are two main functions of
TMSB additive to improve performance of the cells. Since TMSB
is an electron-deficient boron compound, it will easily combine
with electron-rich materials such as PF6

− and F−. The combina-
tion of TMSB-PF6

− will enhance the ion pair dissociation of Li+ and
PF6

−, which then will improve the thermal stability of LiPF6 salts.
In addition, it is well known that the LiPF6 will be easily thermal
or hydrolytic decompositions to the LiF and PF5. The generated LiF
salt would reduce both the conductivity and numbers of free Li+

ions, which then increase the resistance of the cell and bring about
the fading of the cell capacity. The combination of the TMSB-F−

will improve the dissolvability of the LiF in the electrolyte, which
will result in lower the interfacial impedance and improving the
performance of the lithium battery.

4. Conclusion

It is demonstrated that TMSB can be an effective electrolyte
additive to improve the cycling performance of LiFePO4 based
lithium battery with the LiPF6-based electrolyte. When 1 wt%  TMSB
was added to the 1.0 mol  dm−3 LiPF6 in EC/DMC (1:1, w w−1)
electrolyte, the capacity fading of the cycled cells is obviously
reduced, especially at elevated temperature. EIS show the inter-
facial impedance of the cycled LiFePO4/Li cell with TMSB is lower
than the cell without additive, especially cycled at 55 ◦C. The
charge–discharge curves indicated that TMSB can effectively sup-
press the polarization of charge–discharge platform at 55 ◦C. One
of the reasons is that TMSB will improve the dissolvability of the
LiF in the electrolyte, which result in lower interfacial impedance.
Another reason is the combination of TMSB-PF6

− will not only
enhance the ion pair dissociation of Li+ and PF6

−, but also improve
the thermal stability of LiPF6 salt. Therefore, TMSB would be a
promising additive in improving cycling performance of lithium-
ion battery.
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