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a b s t r a c t

The cycling performance of Li4Ti5O12 and LiMn2O4 electrode materials has been studied in half and
complete Li-ion cells with two new polyfluorinated boron cluster lithium salts (Li2B12FxH12−x) as the
electrolytes. The results were compared with those obtained for the standard electrolyte, 1 M LiPF6 dis-
solved in ethylene carbonate and dimethyl carbonate (EC:DMC; 1:1, v/v). Three different technologies
were employed for electrode fabrication: powder mixture, self-standing films and films deposited on
vailable online 20 September 2009
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the current collector. The latter exhibit the most interesting behavior and best performance. Cells assem-
bled using the new electrolyte salts show excellent reversibility, coulombic efficiency, rate capability and
cyclability comparable with the standard electrolyte. These features confirm the feasibility of using these
polyfluorinated boron cluster-based salts as new stable Li-ion battery electrolytes.

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

Lithium-ion batteries are now the most advanced technology
or rechargeable power in portable electronics and are used in a

yriad of devices such as cellular phones, laptop computers, orga-
izers, cameras, etc. Since first being commercialized in Japan by
ony in 1991 [1], Li-ion batteries have improved in performance,
eliability and safety. This has created opportunities for new appli-
ations in areas such as transportation (electric and hybrid cars),
pace (satellites) [2] and medicine (implantable devices) [3,4].

The cycle life of a rechargeable Li-ion battery depends on the
ong-term reversibility of the cell chemistries. A critical factor in

aintaining this reversibility is the electrochemical and chemical

tability of the electrolyte, a requirement which is often disre-
arded. Various kinds of salts have been utilized as solute in both
iquid- and gelled-type electrolytes for lithium batteries. These salts
nclude LiClO4 [5,6], LiMFx (M = B, P, As and x = 4 or 6) [7,8], LiCF3SO3
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(LiTf) [9,10], LiN(CF3SO2)2 (LiTFSI) [11,12], LiN[(C2F5SO2)2] (LiBETI)
[13–16], and LiBOB [17,18]. With the exception of LiClO4 and LiBOB,
all of the salts have fluorinated anions. These electrolytes salts are,
in general, highly soluble in aprotic solvents such as ethylene car-
bonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC),
or mixtures of them, and provide high ionic conductivities [19].

Recently, polyfluorinated boron cluster salts, such as lithium
polyfluorododecaborates (Li2B12FxZ12−x wherein x ≤ 12 and Z = H,
Cl or Br) [20–23], have been developed for use as electrolyte salts.
These new electrolytes offer several putative advantages such as
high electrochemical, thermal, and hydrolytic stability, as well as
the possibility of using low salt concentration. Another important
feature of these salts is their ability to provide intrinsic protection
against overcharge through redox-shuttle chemistry [21].

Such a system could greatly simplify the sophisticated pro-
tection circuitry currently in every cell of a battery pack. Indeed,
in view of a recent battery manufacturers’ recall of millions of
lithium-ion cells for laptop computers, the need for safer, alterna-
tive material has re-emerged not only for electrode materials but
also electrolyte salts and solvents.

The primary objectives of this study were to measure the per-

formance and stability of this new family of electrolyte salts,
and to assess the feasibility of applying them in rechargeable Li-
ion systems (as compared to standard electrolytes). This report
presents tests results for two of these new boron cluster-based
salts: Li2B12F12, a single-component salt; and Li2B12F8H4, a salt

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pearlsrm@airproducts.com
dx.doi.org/10.1016/j.jpowsour.2009.09.023
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ixture with that average composition. Electrolyte solutions were
valuated in both half and full Li-ion cells. Stability, cyclability and
oulombic efficiency were measured for these cells. In view of their
urrent stage of commercial development, Li4Ti5O12 and LiMn2O4
ere selected as electrode materials to evaluate based on their safer

peration voltage, price and non-toxicity. In order to ensure that
est results were independent of the chosen electrode fabrication

ethod and to detect any compatibility problem with ordinary
lectrode components, three differing technologies were used to
ake the Li4Ti5O12 electrodes. All tests were also repeated with a

tandard electrolyte solution as a control.

. Experimental

.1. Materials synthesis, structural and morphological
haracterization

The two electrolyte salts, Li2B12F12 and Li2B12F8H4, were pre-
ared and purified as reported elsewhere [20]. Stoichiometric
iMn2O4 was synthesized by heating a stoichiometric mixture of
i2CO3 (99%, Aldrich) and electrochemically prepared manganese
ioxide (EMD) in air at 800 ◦C for 72 h, with two intermediate grind-

ngs and a final slow cooling (20 ◦C h−1) [24,25].
Li4Ti5O12 was prepared as reported elsewhere [26,27] by dis-

ersing stoichiometric amounts of TiO2 (<5 �m, 99.9%, Aldrich) and
i2CO3 (99%, Aldrich) in a mixture of alcohol/deionized water/sugar
99%, Alfa Aesar). These components were combined using a weight
atio of 3.3:1.3:1. After the solvent was removed, the resulting
owder was ground and heat-treated in air at 750 ◦C for 12 h to
ecompose the Li2CO3, and then at 850 ◦C for 24 h. Several tech-
iques were used to characterize the resulting oxide powders. The
hase purity was assessed through X-ray powder diffraction (XRD)
y using a Rigaku Rotaflex Ru-200B Spectrometer with Cu K� radi-
tion source (� = 0.15418 nm). Cell parameters were refined with
he program FULLPROF [28].

Grain morphology and particle size were determined by scan-
ing electronic microscopy (SEM) using a Philips 515 with 5 nm
esolution (which can be operated between 0.2 and 30 kV). The
pecific surface area of the prepared sample was measured by N2
as adsorption and desorption (Micrometrics ASAP 2000) using the
runauer–Emmett–Teller (BET) method.

.2. Electrode preparation and battery assembly

Electrochemical experiments were performed using two-
lectrode SwagelokTM cells [29]. Three different fabrication
ethods were used to prepare the electrodes. In all trials, cells were
ade and tested at the same time as the two test electrolytes and

he control to ensure that external parameters (e.g., diurnal tem-
erature variations in the test room) were identical for the different
lectrolytes. The first method, known as “powder,” consists of mix-
ng a sample of oxide powder (Li4Ti5O12 or LiMn2O4) with 15 wt% SP
arbon (kindly supplied by MMM, Belgium). The loading of active
aterial was in the range of 8–10 mg.
The second method, referred to as “PTFE”, allows the man-

facture of self-standing electrodes by preparing a mixture of
5 wt% oxide powder, 10 wt% acetylene black carbon powder and
wt% polytetrafluoroethylene (PTFE) binder (60% PTFE dispersed in
ater, Aldrich). The resulting paste was spread into 5 cm × 10 cm

heets about 35 �m thick, from which 0.95 cm2 circular electrodes

ere cut. The electrodes were vacuum-dried at 120 ◦C prior to
se. The typical loading of active material was in the range of
0–30 mg cm−2.

Alternatively, “cast” electrodes were obtained by doctor-blade
oating a slurry containing 84 wt% oxide powder, 8% acetylene
wer Sources 195 (2010) 1479–1485

black powder and 8 wt% binder (polyvinylidene difluoride, PVDF)
dissolved in N-methylpyrrolidone (NMP) onto the current collec-
tor. The current collector was 18 �m thick copper foil (GoodFellow).
Circular 0.95 cm2 electrodes were cut and also dried at 120 ◦C in
vacuum prior to use. The typical loading of active material was in
the range of 3–5 mg cm−2. The thickness of the dried electrodes
was 15–20 �m, these electrodes were thinner and thus suitable for
higher rate cycling (C/2).

Two sheets of Whatman GF/D borosilicate glass fiber, used
as a separator, were soaked with electrolyte. Three electrolyte
solutions were used: 0.4 M Li2B12F12 in ethylene carbon-
ate/dimethylcarbonate (EC/DMC 1:1 volume), 0.4 M Li2B12F8H4 in
EC/DMC (1:1 volume) and 1 M LiPF6 in EC/DMC (1:1 volume; Merck
Battery Grade). The first two of these, new salts evaluated in this
study, are referred to as “BF” and “BFH”, respectively. The last elec-
trolyte solution is denoted as “standard”.

Lithium half cells were assembled with either Li4Ti5O12 or
LiMn2O4 as working electrodes, and Li metal foil (0.38 mm thick,
Aldrich) as a counter electrode. In full Li-ion cells, balanced amounts
of Li4Ti5O12 and LiMn2O4 were used as the respective negative and
positive electrodes. The specific capacity and rate of the full battery
were always referred to the mass of the positive electrode.

The cells were charged and discharged in different poten-
tial windows (depending on the case) at various C-rate regimes
between C/2 and C/20 by using a VMP Potentiostat/Galvanostat
(Bio-Logic) operating in a galvanostatic mode. All tests were per-
formed at room temperature.

3. Results and discussion

3.1. Materials characterization

The XRD pattern of the prepared LiMn2O4 sample (Fig. 1a)
exhibits the characteristic diffraction peaks of the LiMn2O4 phase
(refined cell parameter: a = 0.82336(2) nm) (JCPDS file no. 35-0782),
with perhaps a very slight amount of Li2MnO3 impurity. A typi-
cal SEM micrograph is shown in Fig. 1b, where it can be seen that
the product is composed of fine submicron primary particles that
form 10–15 �m agglomerates. The measured BET surface area is
12 m2 g−1.

The XRD pattern of the prepared Li4Ti5O12 sample is shown in
Fig. 2a. The main diffraction peaks of the Li4Ti5O12 spinel phase are
present, along with some minor extra diffraction peaks at 2� = 27.4◦,
37.3◦ and 54.3◦ that are attributed to the presence of a small amount
of rutile-phase TiO2. The refined lattice parameter of Li4Ti5O12
is a = 0.83562(2) nm, which is consistent with results reported by
Ohzuku et al. [30]. The synthesis employed here allows the prepa-
ration of homogeneous compounds with finer particle sizes, as the
decomposition of the added sugar during heat treatment inhibits
particle agglomeration. The SEM micrograph in Fig. 2b shows typi-
cal 0.8–1 �m particles. The measured BET surface area is 8 m2 g−1.

3.2. Electrochemical analysis

3.2.1. Half cell tests
To isolate potential electrode manufacturing or electrolyte com-

patibility problems, all LiMn2O4 and Li4Ti5O12 electrodes were first
individually tested in lithium half cells with the new BF and BFH
solutions as well as the standard LiPF6 electrolyte.

Fig. 3a–c shows the voltage vs. composition profiles for gal-

vanostatic tests of LiMn2O4 electrodes (PTFE Technology) in the
4.3–3.8 V voltage range at C/20. Two large, well-known and
reversible plateaus [31,32] – at 4.05 and 4.1 V upon lithium
extraction/reinsertion – are observed in the curves for all three
electrolyte salts. Relatively similar reversible capacities, such as
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Fig. 1. XRD pattern (a) and SEM m

10–120 mAh g−1, are in close agreement with the usual val-
es reported under these conditions [21]. Polarization values are
lightly different (80 mV being the largest and 45 mV the smallest)
nd increase in the sequence: standard < BF < BFH. This variation
an be explained by differences in the conductivity of these solu-
ions attributed to their slightly higher viscosity and lower degree
f dissociation, or by differences in interfacial capacitance for each
f these salts [22].

However, the most significant difference is observed for the BFH
lectrolyte, for which a higher capacity is observed during the first
xidation. The overall stability of the electrodes can be deduced
rom the capacity vs. cycle number plot (Fig. 4), from which excel-
ent coulombic efficiency can be inferred. Indeed, the fact that the
xtra capacity delivered by the cell with BFH electrolyte upon the
rst oxidation is mostly irreversible results in capacity values very
imilar to those for cells using BF and standard electrolytes after
0 cycles. This additional, largely irreversible capacity is therefore

ikely related to some irreversible oxidation of low-fluorination
omponents of the BFH anion mixture, such as Li2B12F4H8 and
i2B12F5H7, which can occur within the voltage range of this test. As
lready stated, the effect of electrode technologies (powder, PTFE
nd cast) on the electrochemical properties and cycling perfor-
ance of Li4Ti5O12 cells was studied. In all cases, half cells prepared

sing BF, BFH and the standard LiPF6 salts were tested in the voltage
ange between 1.2 and 1.9 V. Figs. 5 and 6 show the performance
f powder electrodes consisting of a simple mixture of the active

aterial and SP carbon; Figs 7 and 8, and 9 and 10 correspond to

TFE and cast electrode technologies, respectively. As previously
xplained, the later electrode technology was considered more
uitable for higher rate cycling, and tests were carried out at C/2.

Fig. 2. XRD pattern (a) and SEM micrographs (
raphs (b) of the LiMn2O4 spinel.

The observed voltage-composition profiles of Li4Ti5O12 are sim-
ilar in all cases (all electrode fabrication methods, electrolyte salts
and rates) and evolve consistently with the well-known insertion
mechanism involving a phase transition. During discharge, the volt-
age quickly drops to below 1.8 V and decreases steadily to a flat
operating voltage of about 1.50–1.55 V. This plateau corresponds
to the reversible two-phase transition. As with LiMn2O4, polariza-
tion values are slightly different, being smaller for the standard
LiPF6 electrolyte. Again, this variation is probably due to the higher
viscosity or lower conductivity of BF and BFH electrolytes. The max-
imum value observed for cast electrodes with BFH electrolytes,
85 mV, is very close to the value observed for LiMn2O4. In these
titanate half cells, however, no supplementary redox process is
observed for any of the electrolytes tested. This indicates that no
oxidizable or reducible species are active in the voltage window
tested. In all cases, the capacity of the voltage plateau accounts for
about 90% of the overall discharge capacity.

The values for initial capacity (first reduction) and coulombic
efficiency (calculated taking the capacity on the second charge
as reference) are given in Table 1. These results fall within the
expected range [29] and seem to be much more dependent on the
electrode technology than on the electrolyte used. In all cases, very
similar values are obtained for the three electrolytes. The highest
capacity is delivered by cast electrodes, which have the same sur-
face area but much lower electrode load; the lowest capacity is
delivered by PTFE self-standing films, which are thicker and have

higher loading. This fact can be simply explained by the differ-
ences in current density, which, even for the lower rates used,
is much higher for PTFE electrodes (0.2 mA cm−2, as compared
to 0.08 mA cm−2 for cast and 0.1 mA cm−2 as a mean value for

b) of the Li4Ti5O12 spinel, (*) rutile TiO2.
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Fig. 5. Voltage vs. composition profiles obtained for Li4Ti5O12 (powder) electrode
in half cells cycled at C/5 rate using (a) BF, (b) BFH, and (c) standard electrolytes.
ig. 3. Voltage vs. composition profiles obtained for LiMn2O4 (PTFE) electrode in

alf cells cycled at C/20 rate using (a) BF, (b) BFH, and (c) standard electrolytes.

owder). Cycling experiments thus demonstrate that the excellent
apacity values are, in all cases, retained upon cycling. Again, the
igh coulombic efficiency upon cycling indicates that all electrodes
re highly stable, and no degradation was observed for any of the
lectrolytes tested.

While the electrochemical performance is roughly similar in

ll cases and no particular compatibility problems with electrode
onstituents were detected, more detailed investigation reveals
everal small possible differences. Indeed, capacity values are
lways somewhat higher for BF electrolyte than for the standard
iPF6 salt, a trend that was observed for all three electrode technolo-

ig. 4. Comparison of cycling behavior of lithium cells prepared using LiMn2O4

PTFE) electrode and different electrolytes: BF, BFH, and standard LiPF6.
harge/discharge rate: C/20.

Fig. 6. Comparison of cycling behavior of lithium cells prepared using Li4Ti5O12

(powder) electrode and different electrolytes: BF, BFH, and standard LiPF6. Dis-
charge/charge rate: C/5.

Table 1
Initial capacity and coulombic efficiency of Li/Li4Ti5O12 half cells.

Electrode-rate Electrolyte Initial capacity
(mAh g−1)

Coulombic efficiency
(%)/cycle number

Powder-C/5 BF 167 99/15
BFH 167 100/15
Standard 161 98/15

PTFE-C/5 BF 159 99/15
BFH 151 99/15
Standard 157 99/15

Cast-C/2 BF 174 100/40
BFH 171 98/25
Standard 171 98/40
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ig. 7. Voltage vs. composition profiles obtained for Li4Ti5O12 (PTFE) electrode in
alf cells cycled at C/5 rate using (a) BF, (b) BFH, and (c) standard electrolytes.

ies and which is maintained upon repeated cycling. Conversely,
he capacity and efficiency delivered by the BFH electrolytes seem
o be less consistent. While comparable to the capacity and effi-
iency of the standard LiPF6 for the cast and PTFE electrodes, the
FH electrolytes perform more closely with the BF electrolytes for
owder electrodes.
.2.2. Test in full cells
Once the performance of individual electrodes in half lithium

ells had been established, assembly of full Li4Ti5O12/BF, BFH or
iPF6 standard/LiMn2O4 lithium-ion cells was considered. Both

ig. 8. Comparison of cycling behavior of lithium cells prepared using Li4Ti5O12

PTFE) electrode and different electrolytes: BF, BFH, and standard LiPF6. Dis-
harge/charge rate: C/5.
Fig. 9. Voltage vs. composition profiles obtained for Li4Ti5O12 (cast) electrode in
half cells cycled at C/2 rate using (a) BF, (b) BFH, and (c) standard electrolytes.

PTFE and cast electrode technologies were tested in view of their
industrial interest. It should be noted that, while PTFE technology
allowed suitable cell balancing between Li4Ti5O12 and LiMn2O4 by
adjusting the composition and thickness of the slurries used for
electrode preparation, this was not the case for cast electrodes.
Indeed, the thickness of LiMn2O4 cast electrodes required to bal-
ance cast Li4Ti5O12 could not be prepared while still maintaining

proper adhesion. Under these circumstances, it was decided to
directly adopt LiMn2O4 powder electrode technology to balance the
Li4Ti5O12 cast electrodes. The voltage window for these full Li-ion
cell tests was adjusted according to the electrochemical window of

Fig. 10. Comparison of cycling behavior of lithium cells prepared using Li4Ti5O12

(cast) electrode and different electrolytes: BF, BFH, and standard LiPF6. Dis-
charge/charge rate: C/2.
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ig. 11. Charge–discharge curves for Li4Ti5O12 (cast)//LiMn2O4 (powder) full cells
ycled at C/20 rate using (a) BF, (b) BFH, and (c) standard electrolytes.

he electrolyte salts employed. This range included voltages up to
.4 V vs. Li for BF, and up to 4.6 V vs. Li for BFH and LiPF6. The cell
oltages were 1.8–2.9 V for BF, and 2.1–3.1 V for both BFH and the
iPF6 standard.

Figs. 11 and 12 present the potential-composition profiles and
apacity vs. cycle number plots of the Li4Ti5O12 (cast)/BF, BFH
r standard/LiMn O (powder). The corresponding profiles for
2 4
i4Ti5O12 (PTFE)/BF, BFH or standard/LiMn2O4 (PTFE) are depicted
n Figs. 13 and 14. In all cases, the cells were cycled at a constant rate
f C/20 relative to LiMn2O4. As expected from the specific charac-
eristic of the selected anode and cathode materials, the complete

ig. 12. Specific charge capacity vs. cycle number profiles of Li4Ti5O12

cast)//LiMn2O4 (powder) full cells cycled at C/20 rate using (a) BF, (b) BFH, and
c) standard electrolytes.
Fig. 13. Charge–discharge curves for Li4Ti5O12 (PTFE)//LiMn2O4 (PTFE) full cells
cycled at C/20 rate using (a) BF, (b) BFH, and (c) standard electrolytes.

cells operate with a two-slope voltage profile, averaging around
2.5 V. In addition, all cells exhibit acceptable polarization. The cor-
responding values for initial capacity and coulombic efficiency are
given in Table 2.

The initial delivered capacity values are similar to those usually
quoted in the literature [33]: 100–120 and 120–130 mAh g−1 for
Li Ti5O (cast)//LiMn O (powder) and Li Ti5O (PTFE)//LiMn O
4 12 2 4 4 12 2 4
(PTFE), respectively. These differences in capacity, together with
the irreversible capacity in the first cycle, are certainly coming
from LiMn2O4 electrodes (see Fig. 3) and could be overcome by
first cycling these electrodes in half lithium cells to ensure effective

Fig. 14. Specific charge capacity vs. cycle number profiles of Li4Ti5O12

(PTFE)//LiMn2O4 (PTFE) full cells cycled at C/20 rate using (a) BF, (b) BFH, and (c)
standard electrolytes.



C.M. Ionica-Bousquet et al. / Journal of Power Sources 195 (2010) 1479–1485 1485

Table 2
Initial capacity and coulombic efficiency of Li4Ti5O12/LiMn2O4 cells.

Electrode Electrolyte Initial capacity (mAh g−1) Coulombic efficiency (%)/cycle number

Li4Ti5O12 (cast)//LiMn2O4 (powder) BF 110 84/15
BFH 100 91/15
Standard 120 77/15
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Li4Ti5O12 (PTFE)//LiMn2O4 (PTFE) BF
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alancing of the cells [33]. In the case of Li4Ti5O12 (cast)//LiMn2O4
powder) cells, these losses are higher, and some electrolyte degra-
ation seems to occur for BF salts. However, the capacity retention
pon cycling is quite good (Fig. 12) and, in agreement with
he results obtained for half cell Li4Ti5O12 cast electrode tests,
eversible capacities and coulombic efficiencies seem to be slightly
etter for BF electrolytes.

Li4Ti5O12 (PTFE)//LiMn2O4 (PTFE) cells exhibit lower irre-
ersible capacity on the first cycle. Interestingly, an additional
rreversible redox process seems to take place on the first charge,
n agreement with what was observed when testing LiMn2O4
PTFE) electrodes in half cells (Fig. 3b). For the standard LiPF6
ell, there was a systematic shift of the electrochemical curve
owards more negative potentials, which may be due to elec-
rolyte decomposition. Such a reaction does not seem to take
lace for BFH and BF salts. As shown in Fig. 14, the capacity
etention of Li4Ti5O12 (PTFE)//LiMn2O4 (PTFE) cells is roughly
imilar for the three electrolytes. A progressive decay of the deliv-
red capacity is also observed, fading about 1–2% per cycle. At
he end of 25 charge/discharge cycles, the calculated coulom-
ic efficiencies were estimated as follows: 76% for BF, 54% for
FH and 66% for the standard LiPF6. Since these losses were not
bserved when separately testing the electrodes in half cells, it
ust be concluded that they are related to the full cell assem-

ly. It is expected that these losses will be overcome by optimizing
echnological parameters such as battery configuration, electrode
hickness and balancing, which are currently being tested in a
eparate study. Nonetheless, and in agreement with the results
resented previously, the best electrochemical performance is
btained when using BF as electrolyte salt. All test results pre-
ented in this study, albeit obtained at a laboratory scale, show the
eneficial properties of Li2B12F12 and support is application as an
lectrolyte salt.

. Conclusion

The main goal of this study was the investigation of
he laboratory-scale electrochemical performance of two new
uorinated boron cluster lithium salts as electrolytes for
iMn2O4//Li4Ti5O12 lithium-ion cells using different electrode
echnologies. In tests using both half cell and full cell configura-
ions, these fluorinated cluster salts demonstrated comparable or
ven superior performances in terms of capacity and coulombic
fficiency when compared with the standard LiPF6 salt. Slightly
igher polarization was observed with the new salts, however,

robably due to the differences in electrolyte conductivity. Results
rom this study confirm that such polyfluorinated boron cluster
alts are, indeed, good candidates for use in advanced, safe lithium-
on batteries. Particularly promising is Li2B12F12, which allows
elivery of highest capacity with lower polarization compared to

[
[
[

[
[

0 76/25
1 54/25
7 66/25

Li2B12F8H4. The cell performance reported here can certainly be
further enhanced by optimizing technological parameters and cell
design.
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