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a b s t r a c t

An equimolar mixture of fluoroborate salts: LiBF4 and lithium difluoro(oxalate)borate LiBF2(C2O4)
(MIX-LiFBs) was obtained from a simple one-step reaction of lithium oxalate and boron fluoride.
Voltamperommetry shows that the salt obtained is stable in the potential range of 4.9 V. Impedance mea-
vailable online 10 November 2009
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surements of liquid electrolytes involving imidazolium ionic liquid and aliphatic carbonates have been
carried out, which show the highest ionic conductivity of the order of 10−3 S cm−1 (and low activation
energy of 0.14 eV) when using carbonates as the solvent. The mixture of fluoroborate salts MIX-LiFBs
used as a component of solid polymer electrolytes provides much higher ionic conductivity values at
high salt concentrations in “polymer-in-salt systems”. The conductivity of solid polymer electrolytes was
considerably increased by adding a low-molecular-weight organic plasticizer.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

Reversible lithium-ionic batteries are currently produced on
large scale mainly as equipment for powering portable elec-

ronic devices, but simultaneously intensive research is carried
ut on the development of large, high power batteries for
owering hybrid electric vehicles (HEVs), plug-in HEVs and
atteries for electric vehicles (EVs) [1–4]. One of the basic
lements of batteries is the electrolyte, which must fulfill
any strict requirements as high conductivity, low impedance

f passivation layers, as well as chemical and electrochemi-
al stability over a wide range of temperature. Lithium salt
olutions in polar, aprotic organic solvents such as linear or
yclic aliphatic carbonates are most often used as the elec-
rolyte, and LiPF6 as the salt. However, many problems appear
n such systems connected with the thermal and hydrolytic
nstability of the mentioned salt, the decomposition products

f which cause deterioration of the electrode material [5–7].
he commonly used propylene carbonate (PC), which very well
olvates anions, was noticed to undergo co-intercalation caus-
ng exfoliation of graphite electrodes that significantly shortens

∗ Corresponding author. Tel.: +48 22 234 7379; fax: +48 22 234 7279.
E-mail address: ewazyga@ch.pw.edu.pl (E. Zygadło-Monikowska).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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the life of the battery [8]. In order to protect the electrode
material, very good results were achieved when using lithium
dioxalatoborate (LiBOB) as the salt, which provides a stable
protection layer on the anode by forming a robust solid elec-
trolyte interface (SEI) on the electrode surface. Furthermore, LiBOB
is thermally stable and exhibits excellent overcharge tolerance
[9–11].

Recent studies show that the properties of lithium diflu-
oro(oxalato)borate (LiBF2C2O4) exceed those of LiBOB, and also it is
capable of stabilizing SEI on the surface of graphite anode, but resis-
tance of this SEI layer is much smaller. Compared with LiBOB, it is
better soluble in aliphatic carbonates giving less viscous solutions,
and has been presented as the salt for improved electrolyte of a Li-
ion battery [12–16]. In the range of low temperature it was found
that electrolytes with LiBF4 show better characteristics than that
with LiPF6, although the conductivity is significantly lower, which
is attributed to the reduced charge-transfer resistance of LiBF4 cells
[17,18].

Our idea consists in the application of LiBF2(C2O4) in a mixture
with LiBF4 (MIX-LiFBs) as an electrolyte for lithium-ion batteries.

Such a mixture of equimolar composition is formed in the reaction
of boron fluoride with lithium oxalate when at least a twofold molar
excess of BF3 is used. The reaction proceeds quantitatively, practi-
cally without the participation of side products, according to the
following scheme:

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ewazyga@ch.pw.edu.pl
dx.doi.org/10.1016/j.jpowsour.2009.10.083
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The proposed reaction mechanism results from our many years
f studies on the reactions of carboxylate salts with boron fluoride.
he obtained mixture of fluoroborate MIX-LiFBs was used as a com-
onent of liquid electrolytes involving various organic solvents as
ell as ionic liquids. Ionic liquids find now considerable interest as

omponents of lithium electrolytes due to their special properties
o which are included: high conductivity, non-volatile, incom-
ustibility, as well as great thermal, chemical and electrochemical
tability [19–22]. As the ionic liquid we used the proposed by us imi-
azolium salt with an oligooxyethylene substituent and BF4

− anion
s the counterion [23], of the chemical structure shown below:

The impedance of solid polymeric electrolytes and polymeric
ystems plasticized with the addition of organic solvents is also
iscussed in this paper.

. Experimental

The mixture of LiBF2(C2O4) with LiBF4 (1:1) was obtained by
he procedures described earlier, by subjecting lithium oxalate
Merck) with a 2.5-fold excess of BF3 etherate (Aldrich) in anhy-
rous THF [24]. A clear solution resulted from the reaction,
rom which the MIX-LiFBs salt was isolated by distilling off the
olvents and unreacted BF3 etherate, and next purified by recrys-
allization from THF. The chemical structure of MIX-LiFBs was
haracterized by FTIR (Nicolet 6700) (pellet in KBr), 11B NMR
referenced to pirazabol (2.6 ppm in C6D6) and 19F NMR (refer-
nced to CF3COOH) in solutions in DMSO-d6 (Varian 400 MHz).
SC was carried out on TA Q200 calorimeter in hermetically

ealed pans for volatile samples under a nitrogen flow. The
easurements were conducted from −100 to 300 ◦C with heat-

ng rate of 10 ◦C min−1. The glass transition temperatures were
etermined from the modulated differential scanning calorime-
ry (MDSC) thermogram during heating cycle with heating rate of
0 ◦C min−1.

The electrolytes were prepared by dissolving the MIX-LiFBs
n anhydrous acetonitrile and adding an appropriate amount of
onic liquid (IL) and/or polymeric matrix: poly(ethylene oxide)
PEO) (Mw = 5 × 106, Aldrich) or poly(acrylonitrile-co-butyl acry-
ate) [p(AN-BuA)]. Then, acetonitrile was removed under reduced
ressure. In the case of electrolytes involving mixtures of anhy-
rous ethylene, propylene and dimethyl carbonate (EC, PC and
MC, respectively) at 1:1:3 ratio, acetonitrile was not used as a co-

olvent. Ionic conductivity of the electrolytes was determined from
he impedance measurements carried out in cells with stainless
teel electrodes using VMP3 potentiostat/galvanostat (Bio-Logic,

rance) in the frequency range from 10 �Hz to 500 kHz when the
nfluence of temperature was studied in the range from 20 to 80 ◦C.

Cyclic voltammetry of the mixture of MIX-LiFBs in DMC solution
as obtained using an Autolab potentiostat/galvanostat (Model

GSTAT128N). Platinum was employed as the working electrode
Fig. 1. FTIR spectra of MIX-LiFBs and C2O4Li2 in KBr pellet.

(d = 1.5 mm) and counter electrode and Ag/0.1 M AgNO3 (acetoni-
trile) as the reference. The scan rate was 50 mV s−1. The true
potential was established with butyl-ferrocene (Aldrich).

3. Results and discussion

In Fig. 1 is presented the FTIR spectrum of lithium oxalate and its
product of reaction with BF3 etherate in molar proportion 1:3. The
absorption bands of carbonyl groups in the difluorooxalylborate
anion �C O(sym) = 1765 cm−1 and �C O(asym) = 1815 cm−1, and there
is a new absorption band �B–F = 1014 cm−1 present in both salts.

The NMR spectra confirm the course of reaction leading to the
formation of an equimolar mixture of salts. Fig. 2a shows the 11B
NMR spectrum in which are present two signals of the same inten-
sity, one signal at 3.22 ppm, which on the basis of analysis with
the use of a standard was assigned to LiBF4, and the second one
at 7.53 ppm was assigned to LiBF2(C2O4). In the 19F NMR spectrum
(Fig. 2b) two signals, at 148.23 ppm and at 150.71 ppm in proportion
2:1 are observed.

DSC studies show that the obtained mixture of salts forms a
complex, multiphase system, in which transformations connected
with the glassy transition and melting of the crystalline phase are
observed and thermal decomposition is visible. In Fig. 3 is pre-
sented a thermogram obtained for the first heating cycle from
−100 to 300 ◦C in conventional DSC measurement. There we can
see melting peaks at 31.1 ◦C with small enthalpy equal to 3.4 J g−1

and at 109.7 ◦C with �H = 49.7 J g−1, and at about 199 ◦C begins
thermal decomposition with probable liberation of carbon diox-
ide formed during oxalate ring cleavage. In Fig. 3 is presented also

a thermogram obtained from MDSC measurement where we can
observe three glass transition temperatures, Tg1 at −57.5 ◦C, Tg2 at
−43.3 ◦C and Tg3 at −1.0 ◦C. An explanation of this type of trans-
formations requires further studies involving a mixture of salts
LiBF4 and lithium difluoro(oxalate)borate of other than equimolar
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Fig. 2. 11B (a) and 19F (b) NMR spectra of the products of lithium oxalate with BF3 etherate reaction in molar proportion 1:3 in DMSO-d6.
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increases again, in this case the mechanism of ion transporta-
tion is changed and the ions are involved in hopping between
the ionic clusters. Definitely the highest conductivity is charac-
terized by the solution in the mixture of carbonates. Due to low
Fig. 3. Thermograms

ompositions. A very desirable situation, especially from the point
f view of electrolytes of high salt concentration (polymer-in-salt
nes), would be the obtaining of an eutectic mixture of low melt-
ng point. Generally, it can be assumed that the MIX-LiFBs mixture
tudied is thermally stable up to 200 ◦C, a temperature much above
hat of the battery operation.

The electrochemical stability of the mixture of MIX-LiFBs in
MC solution was determined by cyclic voltammetry (Fig. 4). The
btained electrochemical oxidation potential is ca. 4.9 V vs. Li+/Li
or the solution of MIX-LiFBs in 0.1 M DMC, this is a slightly greater
otential window than that obtained for the LiBOB solution in PC
f 4.5 V [9].

The overall ionic conductivity of the obtained mixture of
IX-LiFBs in the form of solutions of various concentration

n the imidazolium ionic liquid containing an oligooxyethylene
ubstituent (IL) and in a system of solvents typically used in
ithium-ionic batteries—EC + PC + DMC (1:1:3) has been studied
Fig. 5). MIX-LiFBs in IL forms a viscous liquid, at 90 wt.% of
alt the electrolyte is a solid of melting point Tm = 71.8 ◦C. The
ighest conductivity of electrolytes with IL is characterized by

he system with small concentration of salt equal to 10 wt.%, at
oom temperature, the � value is of the order of 10−5 S cm−1

nd is slightly higher than that with neat LiBF4. For higher con-
entration of 50 wt.% the conductivity is significantly reduced;
robably due to high viscosity the mobility of ions is decreased,
MIX-LiFBs mixture.

which is illustrated by higher activation energy (Ea = 0.82 eV).
For very high concentration of salt of 90 wt.%, the conductivity
Fig. 4. Cyclic voltammogram for the mixture of MIX-LiFBs with the concentration
0.1 M in DMC solution on platinum as the working (d = 1.5 mm) and counter elec-
trode and Ag/0.1 M AgNO3 as the reference with a scan rate of 50 mV s−1 measured
at room temperature.
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ig. 5. Ionic conductivity of electrolytes in the form of solutions of MIX-LiFBs and
iBF4 in IL and mixture EC + PC + DMC.

iscosity, at the 10 wt.% concentration it is of the order of
0−3 S cm−1 over the entire temperature range studied with low
a equal to 0.14 eV.

Solid polymer electrolytes with MIX-LiFBs and PEO as polymeric
atrix are characterized by low conductivity (Fig. 6), similarly as
ith neat LiBF4. The conductivity significantly increases in sys-

ems with high salt concentration and for p(AN-BuA) it reaches
alues of 10−5 S cm−1 at room temperature and 10−4 S cm−1 at
0 ◦C. However, as seen, high conductivity is associated with the
eature of MIX-LiFBs, because for other salts such high values were
ot obtained; the system with LiBF4 shows conductivity lower by
early three orders of magnitude.

Fig. 7 shows that the conductivity of the MIX-LiFBs polymer
lectrolytes increased after introducing IL by about three orders
f magnitude at temperatures below Tm of PEO, affording values
lightly higher than that of LiBF4. The conductivity of these systems
onsiderably increases after the addition to them of polar solvents
uch as the PC + EC mixture. At the content of these solvents of
he order of 20–50 wt.%, the membranes are flexible solids. Their
mbient temperature conductivity reaches values of the order of

−3 −4 −1
0 –10 S cm and slightly increases with a rise of temperature,
hich is typical for electrolytes in which charge transfer occurs

n the liquid phase. Such transport is characterized also by lower
ctivation energy (∼0.4 eV) than that in solid PEO and lithium salt
omplexes.

ig. 6. Ionic conductivity of solid polymer electrolytes with MIX-LiFBs and PEO or
(AN-BuA) as polymer matrix.
Fig. 7. Ionic conductivity of solid polymer electrolytes with MIX-LiFBs and PEO or
p(AN-BuA) plasticized with IL or EC + PC mixture.

4. Conclusions

A salt in the form of an equimolar mixture of lithium diflu-
oro(oxalate)borate [LiBF2(C2O4)] and LiBF4 was obtained in a very
simple and economic method from lithium oxalate and boron tri-
fluoride etherate. It was found that this mixture forms a multiphase
system with several phase transitions of the vitrification and melt-
ing type. The obtained MIX-LiFBs is characterized by relatively high
thermal stability up to about 200 ◦C and wide potential window of
4.9 V. The solutions of MIX-LiFBs in typical carbonate solvents used
in lithium-ion batteries are highly conductive and electrochem-
ically stable. The ionic conductivity of solutions in imidazolium
ionic liquid with short oxyethylene substituent, due to high vis-
cosity is significantly lower, in the order of 10−5 S cm−1 at room
temperature. High conductive solid polymer electrolytes with MIX-
LiFBs were obtained for systems of high salt concentration called
“polymer-in-salt” systems, with the acrylonitrile and butyl acrylate
copolymer as polymer matrix. Even a small amount of polar sol-
vent added to solid polymeric electrolytes is an effective method
of increasing ionic conductivity. Considering that LiBF2(C2O4), as
appears from the literature, gives a stable SEI layer of relatively
low impedance, and that from the present studies it appears that
in a mixture with LiBF4 an electrolyte of high conductivity can be
obtained, MIX-LiFBs is a promising electrolyte for application in
lithium-ion batteries.
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