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Electrochemical Behaviors of New Lithium Salt LiBC,0,F, in
EC+DMC Solvents

GAO Hong-Quan LAI Yan-Qing ZHANG Zhi-An" LIU Ye-Xiang
(School of Metallurgical Science and Engineering, Central South University, Changsha 410083, P. R. China)

Abstract: The thermal stability of lithium difluoro(axalato)borate (LiODFB) was analyzed by thermal gravimetric-
differential thermal analysis (TG-DTA). The electrochemical performance and interfacial characteristics of the LiODFB/
ethylene carbonate (EC)+dimethyl carbonate (DMC) electrolyte were studied by constant current charge-discharge and
electrochemical impedance spectroscopy (EIS). Results show that LIODFB has higher thermal stability and that the
lithium-ion cells using LiODFB salt in EC+DMC solvents exhibit excellent electrochemical performances. Compared
with the LiPF/EC+DMC electrolyte, the lithium-ion cells using LiODFB-based electrolyte have very good capacity
retention at 55 C. At 0.5C and 1C (1C=250 mA - g™'") discharge rates, the difference between the rate capability of the
two cells is tiny. LIODFB is reduced at about 1.5 V (vs Li/Li*) and forms a robust protective solid electrolyte interphase
(SEI) film on the graphite surface. EIS tests show that these lithium-ion batteries which use the LiODFB-based
electrolyte have a slightly higher interfacial impedance. Therefore, as a new salt, LIODFB is a promising alternative
lithium salt for the replacement of LiPF; in lithium ion battery electrolytes.

Key Words: Lithium-ion battery; Electrolyte; Lithium difluoro(axalato)borate; Electrochemical
performance; Interfacial property

Recent advances in cathode and anode materials have refo- systems. Whereas, attributes such as cell potential and energy
cused attention on electrolytes as the technological bottleneck density are related to the intrinsic property of the positive and
limiting the operation and performance of lithium-ion battery negative electrode materials, cell power density, calendar-life
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and safety are dictated by the nature and stability of the elec-
trolyte and the electrode-electrolyte interface™. Lithium-ion bat-
tery electrolytes of commercialization typically consist of lithium
hexafluorophosphate (LiPF;) dissolving in mixture solvents of
ethylene carbonate (EC)+dimethyl carbonate (DMC). The high
dielectric constant cyclic EC enables the dissolution of lithium
salts to sufficient concentrations, and possesses good compati-
bility with graphite electrode, but is rather viscous. The linear
DMC, on the other hand, is low dielectric constant but its low
viscosity and broader temperature window promote rapid ion
transport. So they are chosen as components of most lithium-ion
battery electrolytes of commercialization. The commonly used
LiPF; is the salt of the main choice for lithium-ion batteries of
commercialization because of its high solubility and excellent
conductivity in alkyl carbonate solvents. Whereas, LiPF; is sen-
sitive to trace amounts of moisture, resulting in by-products such
as PF;, POF;, HF and LiF and LiPF, is of poor thermal stability.
It starts to decompose at 40 “C, and decomposes totally at 80 TH,
Thus the side reactions of LiPF, make it difficult to meet the
requirements of high energy density and long cycle life for hybrid
electrical vehicle (HEV) application, especially in summer when
the ambient temperature around lithium ion batteries for electri-
cal vehicles will rise upto 70 “C. Therefore, studies on new salts
to replace LiPF, are attracting more and more attention now'>.,

In 2006, Zhang' reported the chemical structure of LiODFB
(molecular formula: LiBC,O,F, as shown in Fig.1) that possesses
the combined advantages of LiBOB (LiB(C,0,),) and LiBF,, and
shows good electrochemical performances. He found that Li-
ODFB could provide a high cycling efficiency for metallic lithi-
um plating and stripping on the surface of Cu, and showed
good passivation towards Al at high current rate. Recently, in
high propylene carbonate (PC)-containing solutions, it is found
that LIODFB used as electrolyte salt can provide stable SEI film
and low cell impedance, which results in a dramatic improve-
ment on both capacity retention and rate performance. Lithium
ion batteries with LIODFB have excellent cycling performance
even at 60 C®”. Furthermore, it is found that the addition of
small amount of LiODFB to the LiPF;-based electrolyte can sig-
nificantly improve both the capacity retention and the power
retention of lithium ion batteries. But at the same time it will
slightly increase the interfacial impedance of the cells™. So, thor-
ough research on this salt needs to be done in order to get its
widely commercial application.

LiODFB is attracted attention as soon as it was found because
of its excellent electrochemical performances™-'. But at present
research on it was just started, the electrochemical performances
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Fig.1 Molecular structure of LIODFB

of LiODFB in traditional solvents have not been reported. There-
fore, LiODFB was dissolved in EC+DMC mixed solvents and
was used as electrolyte. The performance behaviors of the Li/
graphite (G) half cells and G/LiCo,;Ni,;;sMn, 40, full cells using
different two lithium salts were studied, and their interfacial
characteristics were analyzed.

1 Experimental
1.1 Preparation of electrolyte

LiPF;, LiODFB salts and EC, DMC solvents for application in
batteries were purchased from Ferro Performance Materials
Company, USA.

The solvents were purified further through RE-3000 rotary
evaporator (made in Shanghai Yarong Company, China) and dried
over 4A molecular sieves until the water content was lower than
2.0x107 (mass fraction), as determined by METTLER-TOLEDO
DL32 Karl-Kisher titration (Mettler-Toledo Instruments Co. Ltd.,
Switz).

The base electrolytes used in this work, 1.0 mol L~ LiPF, in
mass ratio of EC:DMC being 1:1 and 1.0 mol -L~ LiODFB in
mass ratio of EC:DMC being 1:1, were prepared in an Ar-filled
glove box.

1.2 TG-DTA of the electrolyte salts

A SDTQ-600 simultaneous thermogravimetric analyzer (TA
Instruments, USA) was used to analyze thermal stability and
thermal behavior of LiODFB and LiPF; powders during heating.
The samples LiODFB about 18.9960 mg and LiPF, about
24.1340 mg were heated from room temperature to 400 C at a
heating rate of 10 C-min™ in nitrogen and argon mixture flow.
1.3 Constant current charge-discharge tests

The working electrode of half cells was composed of 94%
(mass fraction) graphite and 6% poly (vinylidene difluoride)
(PVDF) binder. The counter and reference electrodes of half
cells were lithium foils. The separator was a Celgard 2400 mi-
croporous polylene membrane. The half cells were assembled
using 2025 type coin cells and an appropriate amount of elec-
trolyte in an Ar-filled glove box. The charge-discharge perfor-
mances of Li/G half cells were evaluated at a constant current of
25 mA - g™ (0.1C) with a voltage window 0-2.0 V(vs Li/Li*)
using a LAND CT2001A charge/discharge instrument (Wuhan
Jinnuo Electronics Co. Ltd., China).

The positive electrode of full cells was composed of 84%
(mass fraction) LiCo,;NisMn,;0, 8% carbon black and 8%
PVDF binder. The negative electrode of full cells was composed
of 94% (mass fraction) graphite (G) and 6% PVDF binder. The
separator was a Celgard 2400 microporous polylene membrane.
The full cells were assembled using 2025 type coin cells and an
appropriate amount of electrolyte in an Ar-filled glove box. The
initial charge-discharge capacity and cycling performance of G/
LiCo;Ni;;Mn 0, cells were evaluated using a LAND CT2001A
charge/discharge instrument. The charge cut-off and the dis-
charge cut-off voltages were 4.2 and 2.5 V at a constant current
of 0.1C, respectively. At the same case, the cells were cycled 100
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times at high temperature (55 C) and were cycled 20 times at
0.5C and 1C rates at 25 C.
1.4 Electrochemical impedance tests

EIS was measured with 2025 type coin cells which were as-
sembled according to the method in Section 2.3 in the PAR-
STAT 2273 electrochemical measurement system (Perkin Elmer
Instrument, USA). The Li/G half cells using two kinds of differ-
ent electrolytes were first discharged to 0.2 V with a constant
current of 25 mA- g™ (0.1C) before the electrochemical impedance
of the cells was measured in the frequency range from 10 mHz
to 100 kHz.

The G/LiCo;Ni;;Mn 0, full cells using two kinds of different
electrolytes were first cycled between 3.0 and 4.0 V for two cycles
with a constant current of 0.1C. Then the cells were constant-
voltage-charged to 3.8 V before the electrochemical impedances
were measured in the frequency range from 10 mHz to 100 kHz.

2 Results and discussion
2.1 Thermal stability analyses of LiPF; and LiODFB

The DTA-TG-DTG curves of LiPF, and LiODFB are given in
Fig.2. In order to more directly analyze the thermogravimetry
changes, the derivative thermogravimetry (DTG) curves of LiPF,
and LiODFB are showed. The general information about their
thermal behaviors, in terms of stability range, peak temperature
and percentage mass loss, are presented in Table 1. As seen
from Table 1, LiPF,; show a two-step decomposition mode and
LiODFB is three-step.

The first mass loss, which generally completes before 100 C
is related to the free acid removal. As seen in DTA-TG-DTG
curves of Fig.2(A), the DTA profile of LiPF; salt shows that there
is endothermic peak at about 76.85 C between 43.19 and 82.75
C. Mass loss is about 4.25% at the stage which is the hydrogen
fluoride removal. The thermal decomposition reaction is LiPF,*
HF—LiPF,+HF 1 ¥ Similarly, in DTA-TG-DTG curves of
LiOD FB, there is less endothermic peak at about 68.54 T in
DTA curve of Fig.2(B) between 56.20 and 71.46 ‘C. Mass loss is
about 1.28% at the stage. Because the preparation techniques
of LiODFB are not clear now, mass loss could be relate to the
free acid in products. A low content of this acid in lithium
salts is demanded for high-quality lithium-ion battery because
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Table 1 Decomposition temperature of TG-DTA

TG curve DTA curve

Salt Stage W Mass loss(%) T,JT
LiPF, 1 43.19 82.75 4.25 76.85
I 143.75 252.28 78.42 228.63
LiODFB 1 56.20 71.46 1.28 68.54
I 219.33 295.47 41.93 276.29
I 295.47 337.22 16.12 322.37

T;, T,, and T; represent the initial decomposition temperature, the peak

temperature of DTA, and the final decomposition temperature, respectively.

the existence of free acid promotes severe corrosions of the cur-
rent collectors, and leads to further deterioration of the battery
perforrmance. The present work shows that the amount of the
free acid in LiODFB salt is lower than that in LiPF,.

The main mass loss stage for the salt compounds is the de-
composition of their base materials. From DTA curve of LiPF,,
it can be seen that there is obvious strong endothermic peak at
about 228.63 C in the temperature range of 143.75-252.28 C
and over. Mass loss is about 78.42% at the stage which is due to
the completely decomposition reaction of LiPF,: LiPF,—LiF+
PF; 1 1%, Similarly, there is a big and acuate endothermic peak
about 276.29 C in DTA curve of LiODFB between 219.33 and
295.47 C. Mass loss is about 41.93% at the temperature range.
Subsequently, there is less endothermic peak at about 322.37 C
in DTA curve of LiODFB between 295.47 and 337.22 C. Mass
loss is about 16.12% in TG curve of LiODFB. These mass losses
and endothermic peaks may be attribution to unique structure of
LiODFB as shown in Fig.1. As indicated by its structure, LIODFB
contains the same moieties as LiBOB and LiBF,. The decompo-
sition reaction of LiBOB at 302 C is 2LiB(C,0,),—Li,C,0,+
B,O, T +3CO, T +3CO™. The decomposition reaction of LiBF, at
162 C is LiBF,—LiF+BF,". Therefore the decomposition pro-
cess of LIODFB may contain two decomposition reactions above.

From the above analysis, it can be seen that LiODFB has
higher thermal stability and much less free acids and can not
produce the poisonous PF; which high reacts with organic sol-
vents in electrolyte. The released CO, may avoid thermal run-
way and possibly provides safety protection against abuse oper-
ations!.

2.2 Elevated temperature cycling performances of G/
LiCo43NisMny30, cells
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Fig.2 TG-DTA-DTG curves of LiPF; (A) and LiODFB (B)
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120 V(vs Li/Li*) is observed for the cell using LiPF,-based elec-

= trolyte. This peak can also be observed for cells using LiODFB
E 100 5 srssadn o i, e i " at a slightly higher potential. This peak is believed to be the result
§ % i of the reduction of the alkyl carbonate solvents during passiva-
§D col M tion reaction on the graphite surfaces™. However, an extra strong
£ peak is observed at about 1.5 V (vs Li/Li*) for the cell using
é 601 —e—TLjPF, LiODFB. The peak is believed to be caused by the reduction
é —a— LIODFB and polymerization of ODFB~. Liu et al." thinks that the SEI
g 40r film formed in the electrolyte without LiODFB has more inor-
“ ganic components (such as Li,CO; and LiF) that are less sensitive
200 2‘0 4'0 6'0 3‘() 1(')0 to the temperature, while the SEI film formed with the elec-

Cycle number

Fig.3 Capacity retention of G/LiCo,:Ni;3;Mn;z0; full cells
using different electrolytes at 0.1C rate and 55 °C

Fig.3 shows the capacity retention of G/LiCo,;Ni,zMn 0,
full cell at 55 C with a constant current of 0.1C. Tt shows that
LiODFB-based electrolyte has improved cycling performance.
When the LiPFbased electrolyte is used, the cell’ s capacity
fades very fast. After 100 cycles, the loss of capacity is close
to 31% at 55 C. When the LiODFB-based electrolyte is used,
the cell’s capacity fades with only 8% after 100 cycles. The ini-
tial coulombic efficiency of the cell using the LiODFB-based
electrolyte is higher than that of the cell using the LiPF,-based
electrolyte. It can be showed that the cells using the LiODFB-
based electrolyte have not only excellent cycling performance
but also higher initial coulombic efficiency. These are related to
higher thermal stability of LiODFB salt. Then these advantages
of LiODFB are analyzed from interfacial phenomenon with
LiPF, counterpart.

2.3 Interface property of Li/G half cells

The SEI film layer plays the important role in protecting the
graphite surfaces during subsequent cycling; the composition,
morphology, and stability of the SEI film are known to critically
affect the cycle- and storage-life of a lithium-ion cell"*'"., Fig.4
shows the differential capacity profiles of Li/G half cells using
different electrolytes. The cells were cycled at 25 C with a con-
stant current of 0.1C. Only the initial data showing the formation
of SEI film are shown in Fig.4. Only one small peak about 0.65
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Fig.4 First charge differential capacity profiles of Li/G half

cells with different electrolytes

trolyte with LiODFB has more organic components that are
more sensitive to temperature and has lower impedance at ele-
vated temperature. This is beneficial to both remaining higher
cycling capacity retention and less initial capacity loss of the
cells at high temperature (Fig.3).

Graphite negative interfacial impedance is the main contributor
to full cell impedance!. In order to further confirm electrolyte
salt effect on interface impedance of surface graphic negative,
AC impedances of Li/G half cells using different electrolytes are
studied and shown in Fig.5. In all case, the EIS shows either one
semicircle or two partially overlapped semicircles, followed by a
straight sloping line at the low frequency end. The high frequency
semicircle of EIS is resistance of the SEI film on the surface of
graphite. The medium frequency semicircle is the charge-transfer
resistance. The following straight sloping line at low frequency
end is mainly related to diffusion process of lithium ions on the
electrode-electrolyte interface. In the potential regions where no
electrode reactions take place, the resistance which corresponds
to the medium frequency semicircle is so high that its related
semicircle disappears, and in this case, the EIS shows only one
semicircle followed by a straight sloping line. SEI film can be
studied by different semicircles, as shown by Nyquist profiles of
EIS in Fig.5. The data show that the cells using LiPF; have a
lower interfacial impedance, about 12 €) at 0.2 V. The cells using
LiODFB-based electrolyte have a slightly higher impedance,
about 17 Q) at 0.2 V, because alkyl carbonate electrolytes form a
preliminary SEI film on the graphic surface in the 0.6-0.7 V
range before graphic lithiation at 0.2 V", But LIODFB at 1.5 V
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Fig.5 Nyquist profiles of AC impedance of Li/G half cells

with different electrolytes
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Fig.6 First charge differential capacity profiles of G/
LiCo43Ni;sMny;:0; full cells with different electrolytes

causes the reduction and polymerization and participates in the
SEI film formation that lead to improve thickening of film and
increase impedance of film™®!, which is disadvantageous to im-
prove power capability of the cells.
2.4 Interface property of G/LiCo.zNiy;Mny;0, full cells
The differential capacity profiles of G/LiCo;NizMn,;0, full
cells using different electrolytes are shown in Fig.6. The cells
were charged at 25 ‘C with a constant current of 0.1C, and only
the initial data below 3 V during the first charge are shown in
Fig.6 to demonstrate the impact of LiODFB on the SEI film
formaton. A small peak is observed at about 3.0 V for each elec-
trolyte profile and the peak position is almost the same. This
peak can be further related to the peak at 0.65 V in half cells
(Fig.4). The peak with large intensity is observed at about 2.2 V
for the cell containing LiODFB, but not for the cell containing
LiPF,. LiODFB dose not participate in the electrochemical re-
action on the positive electode through the electrochemical reac-
tion"”. Hence, it can be concluded that the peak at 2.2 V is be-
lieved to result from the SEI film layer formed by the LiODFB,
and the peak is also related to the extra peak at 1.5 V in half cell
containing LiODFB. This shows that LIODFB forms a protective
film on the negative electrode during the initial charge-discharge
process from being attacked by other cell components.
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Fig.7 Nyquist profiles of AC impedance of G/
LiCo4:Ni;sMn;30; full cells with different electrolytes
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Fig.8 Cycling performances of G/LiCo,;3Ni;;Mn;;0; full cells
using different electrolytes at different discharge
rates and 25 °C

Nyquist profiles of AC impedance of G/LiCo,;Ni,zMn,;0, f
ull cells with different electrolytes are shown in Fig.7. The full
cell using LiODFB-based electrolyte has an impedance of
about 27 (), which is 17% slightly higher than that of the full
cell using LiPF-based electrolyte (about 23 ()), as shown in Fig.
7. Therefore, this suggests that the power capability of the G/
LiCo,5Ni;sMn,30; full cells could be slightly reduced by com-
pletely replacing LiPF, with LiODFB.
2.5 Rate performances of G/LiCo,;Ni;;Mn,;0, full cells

In order to further confirm rate performance, Fig.8 shows the
electrochemical performances of the G/LiCo,;3NizMn 0, full
cells using the two different electrolytes at 0.5C and 1C dis-
charge rates. At 0.5C and 1C discharge rates, the rate capability
of the cell with the LIODFB-based electrolyte is almost the same
as that of the cell with the LiPF,-based electrolyte, and the gap
between the two cells was tiny. The initial discharge capacity of
the cell using the LiPF-based electrolyte is higher, about 128.6
mAh -g™. After 20 cycles, the discharge capacity is still 100.7
mAh -g~, the capacity retention is 78.3% . While about 117.6
mAh - g~ of the initial discharge capacity of the cell using the
LiODFB-based electrolyte decreases to 94.1 mAh g™ after 20
cycles, the capacity retention is 80.0% . The capability fade of
the latter is even slower than that of the former. It is very clear
that the cells using LiODFB provides a slightly higher
impedance of SEI film that leads to a slightly lower rate capacity,
and a protective film on surface of anode that leads to better
coulombic efficiency and cycling capacity retention. In summary,
the cells using the LiODFB-based electrolyte can provide better
comprehensive performances.

3 Conclusions

(1) LiODFB has higher thermal stability and much less free
acid content, and released CO, possibly provides good safety of
cells.

(2) The cells using LiODFB-based electrolyte have lower
capacity fade than the cells using LiPF-based electrolyte after
100 cycles at 55 C, and higher initial capacity retention at the
elevated temperature.
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(3) At 0.5C and 1C discharge rates, the rate capability of the

cells with the LiODFB-based electrolyte is almost the same as
that of the cells with the LiPF.-based electrolyte after 20 cycles,
and the gap between the two cells is tiny.

(4) Interface properties of the cells show that LiODFB is

reduced and forms a thickening and protective SEI film on the

negative electrode. Although this can increase the impedance of

SEI film, the cells still can provide a preferable rate perfor-

mance. More work is needed to carry out in the lithium battery

of commercialization in the future.
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