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Abstract

A new effective Gel Polymer Electrolyte membrane based on two polymers, the polyethylene oxide (PEO), a poly(vinylidene fluoride-
hexafluoropropylene) (PVdF-HFP) copolymer and a plasticizer, the dibutylphtalate (DBP), was realized. This separator membrane was made
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y adjunction, through lamination, of an industrially made DBP/PVdF-HFP film and a homemade DBP/PEO thin film. Once the plast
emoved and the separator gelled by the electrolyte, the PEO enables the formation of a good interface with the lithium while the P
lm brings the mechanical strength to the membrane. The electrochemical behavior of lithium batteries based on this bi-layer se
nvestigated versus temperature, cycling potential and cycling rate. Owing to the promising results obtained with laboratory ce
rototype was successfully assembled, and its cycling and rate performances were reported.
2005 Elsevier B.V. All rights reserved.
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. Introduction

To face the rapid increase in the portable device market,
oday’s accumulator must sorely improve. While providing
reat safety benefits, Li-ion batteries are reaching their in-

rinsic limits in terms of energy and power density. To cir-
umvent such a limitation, possible solution could be the
se of metallic lithium systems. Nevertheless, this type of
ccumulators, well known for ages due to their huge po-

ential, present safety problems associated to the irregular
ithium deposition on the lithium metal electrode surface
pon subsequent charges, which lead to dendrites forma-

ion. Such dendrites enhance the risk of short-circuit, which
ould promote a thermal runaway of the batteries and, in the
orst cases, lead to cell explosion. To circumvent this is-
ue, Armand et al. suggested the use of a dry solid polymer
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electrolyte consisting of poly(ethylene oxide) (PEO) an
lithium salt[1]. Such an approach, which limits the dendr
growth, comes with the inconvenience of operating the
teries at 60◦C so that the PEO–lithium salt electrolyte me
brane can reach sufficient ionic conductivity. In 1994, foll
ing a different approach, Bellcore developed a porous p
mer membrane mainly based on poly(vinylidene fluor
co-hexafluoropropylene) (PVdF-HFP)[2]. Once soaked i
liquid electrolyte, the polymer is plasticized[3], and the sep
arator presents a high ionic conductivity, a good mecha
strength and no leakage. Nevertheless, even if this sy
gathers the required qualities to be used as a separa
lithium metal batteries, the polymer composing the m
brane does not seem to be stable versus lithium owing t
presence of fluorine atoms[4].

To bypass the above issues, we have combined the a
tages of dry and plasticized polymer membranes[5]. More
specifically, a PEO film was laminated with a membr
based on PVdF-HFP. Once solvated by the liquid electro
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the PEO gel ensures a good interface with the lithium, while
as in Bellcore technology, the porous PVdF-HFP film brings
the mechanical strength to the separator, and acts as a liquid
electrolyte reservoir. This kind of membrane, composed of
a “soft” buffer between the lithium and a “hard” separator,
was termed bi-layer separator, and will be denoted hereafter
by the acronym BLS. We had previously studied the intrin-
sic physical properties of the BLS by means of DSC and
X-ray diffraction [6], and found (1) a loss of the PEO crys-
tallinity upon addition of liquid electrolyte into the mem-
brane, (2) an ionic conductivity of the BLS membrane of
about 10−3 S cm−1 similar to the one reported for a Bellcore
separator alone[2], (3) a thermal stability of the BLS separa-
tor versus lithium metal foil over a wide range of temperatures
(−40◦C to 70◦C) by means of impedance spectroscopy, and
finally (4) the feasibility of cycling lithium batteries for more
than 200 cycles without capacity fading or short-circuits.

Acknowledging these previous findings, this paper
focuses on the cycling performance of rechargeable
Li/BLS/cathode plastic batteries using cathode materials op-
erating over various potential windows such as Li4Ti5O12
(mean potential 1.55 V)[7,8] or LiFePO4 (mean potential
3.5 V) [9–13]. Both materials have been intensively studied
by several groups because of the positive attributes to fab-
ricate “drugstore” LiFePO4/Li4Ti5O12 cells. We found that
lithium metal batteries, based on BLS separator, can be cycled
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The resulting slurry was spread onto a glass plate result-
ing in a 50�m plastic film after solvent evaporation. Within
these conditions, a Li4Ti5O12composite cathode having 3 mg
of active material per cm2 presents a capacity of about
0.5 mAh cm−2.

2.3. Battery assembly

Cathodes were first laminated together with a pre-
treated aluminum grid on one side. Then, a second lam-
ination step was performed in order to stick the PVdF-
HFP side of the BLS membrane onto the positive elec-
trode. Afterwards, once the DBP extracted by means of
several washes into ether solutions, the half-cells were
transferred into the glove box, where they were impreg-
nated with a solution of ethylene carbonate–propylene
carbonate mixture (EC/PC 1:1 in weight ratio) contain-
ing a 1 M dissolved lithium salt LiN(CF3SO2)2 (lithium
bis(trifluoromethanesulphonyl)imide commercially known
as LiTFSI). A lithium foil, pre-laminated on a copper grid,
was then placed on top of the cathode/BLS half-cell to
produce a battery. In contrast to Bellcore’s technology, no
lamination step was performed after impregnation of the
components because of the capillarity forces created by the
PEO/liquid electrolyte gel. Finally, batteries were sealed in
hermetic coffee bags, taken out of the glove box, and cy-
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ver 500 cycles without capacity fading or short-circuits,
emonstrated the possibility of scaling-up our process b
lizing a 1 Ah prototype without altering the electrochem
erformances.

. Experimental

.1. Bi-layer separator preparation

Thirty-five micrometers PVdF-HFP, SiO2 and dibutylph
alate (DBP)-based membranes were made according
ellcore process using a 3/2/4 weight ratio, respectively[14].
EO thin films were obtained by first mixing in aceto

rile high molecular weight PEO (Mw = 4× 106 g mol−1 from
ldrich) and DBP in a 1:1 weight ratio, and then by cas

he solution on a Mylar® film using a doctor blade appara
apped at 0.15 mm. After room temperature solvent rem

he resulting 10�m thick film was laminated with a Bellco
VdF-HFP separator film to form the BLS membrane.

.2. Composite cathodes preparation

Li4Ti5O12 material was provided by Telcordia techn
gy, while the LiFePO4 was synthesized and in situ coa
y carbon by a method developed in our laboratory[12,13].
hatever the active material, 2 cm× 2 cm composite cath

des were prepared, outside the glove box, from a mi
f active material (56 wt.%), PVdF-HFP copolymer (15
BP (23%) and carbon black (6%) dissolved in acet
led under different conditions without any external pres
pplied.

.4. Electrochemical measurements

Batteries were cycled at two different temperatures, 2◦C
nd 55◦C, using a Mac Pile system (Biologic, Cla
rance) operating in a galvanostatic mode. Each cell u
ent a first slow discharge (j =−0.2 mA cm−2) and charg
j = 0.1 mA cm−2) to form the active material. This step w
ollowed by a continuous cycling corresponding to a 2-h
harge (D/2), and a slow charge (C/10) to prevent lithium den
rite formation. For high capacity batteries, a 1-A ampl
as used. Power tests were led by a VMP system (Biol
laix, France).

.5. Cells characterizations

The batteries were cross-sectioned in an argon filled g
ox, and placed in a movable airlock system enabling t
ut into the scanning electron microscope (SEM) cham
ithout any air exposure[15,16]. Observations were pe

ormed by means of a Philips XL-30 field emission g
EM.
Accelerating rate calorimetry (ARC) measurements w

erformed with a calorimeter (Thermal Hazard Technol
letchley, England) apparatus to evaluate exothermic
way processes. The experimental conditions did invo
eating process from 50◦C to 350◦C by steps of 5◦C with
rate of 0.02◦C min−1. After 5◦C heating up, there was
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Fig. 1. Cycling test at RT for a BLS lithium battery atD/2 (discharge) and
C/10 (charge) rates using Li4Ti5O12 as the positive active material and a
100�m lithium foil (black curve) and a 360�m lithium foil (grey curve).

rest period (15 min) intended to allow the sample to reach
thermal equilibrium.

3. Cycling tests results

Li/BLS/Li 4Ti5O12 batteries were cycled between 1.2 V
and 2 V at aD/2–C/10 rate that corresponds to a cur-
rent density of j =−0.25 mAh cm−2 in discharge and
j = 0.05 mAh cm−2 in charge (Fig. 1). After a weak initial de-
crease, the cell capacity remains constant over approximately
300 cycles. Afterward, the capacity continuously decreases,
and finally drops down to a few milliamperehours without any
evidence for batteries short-circuit. This huge decay was sug-
gested to be rooted in the consumption of all of the lithium. To
confirm this hypothesis, cells were assembled with a 360�m
lithium foil instead of 100�m, and were cycled under simi-
lar conditions. No sharp drop in capacity could be observed,

strongly indicating that the amount of lithium used as the neg-
ative electrode governs the cycling performance of the cell.
Cell 1 was cross-sectioned in a glove box, and was then trans-
ferred into the SEM chamber by means of a movable airlock
system. As shown inFig. 2, the initial 100�m lithium foil
completely vanishes to the expense of a 300�m lithium moss
that was shown to be electrochemically inactive confirming
previous reports[17,18]. Thus, in light of such experimental
observations, the decay observed inFig. 1could also be inter-
preted as nested in the growth of a “blocking lithium moss”
electrode.

Owing to its high surface area, this irregular lithium depo-
sition was prone to enhance the cell safety hazards. In order
to check its reactivity, ARC measurements were performed
on an uncycled BLS battery, used as a reference, and a cy-
cled BLS battery containing some lithium moss. Batteries
were placed in isotherm conditions for temperatures rang-
ing from 100◦C to 300◦C. For each temperature, the sample
temperature increase rate was recorded by a probe in con-
tact with its surface. A peak centered around 180◦C, cor-
responding to the lithium melt, was detected for both cells
(Fig. 3). An additional contribution at 140◦C was observed
for the cycled battery, and attributed to the lithium moss
presence. However, this peak appears at a temperature quite
higher than the security limit required for an industrial pro-
duction. Furthermore, it is worth noting that the accelerating
r ry
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Fig. 2. SEM picture of a cross
ate never exceeds 1◦C min−1. Under this value, the batte
ould be considered to be in thermal equilibrium with
xternal environment implying that the lithium moss form
ion upon cycling does not seem to be too critical in term
afety.

The same type of battery was prepared by substitutin
i4Ti5O12 active material for LiFePO4, and using 100�m

ithium foil (Fig. 4). The cell was cycled between 2 V a

n of the battery presented (Fig. 1).
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Fig. 3. Accelerating rate calorimetry measurements performed on an uncy-
cled BLS lithium battery ( ) and a cycled BLS lithium battery (�).

3.7 V in order to prevent the aluminum collector corro-
sion induced by the LiTFSI used[19,20]. While using the
same lithium foil thickness, but with LiFePO4, instead of
Li4Ti5O12 as cathode, the cell lifetime, in terms of cycling,
was at least multiplied by 2, indicating the influence of the
active material on the lithium cycling rate. Finally, we should
note that cycling tests could be performed with such separa-
tor/liquid electrolyte system up to 3.7 V without any inter-
ference due to electrolyte or PEO degradation. In short, it
appears that the BLS membrane prevents short-circuits from
occurring although the lithium deposition is irregular upon
cycling. The mossy lithium produced was shown to be un-
reactive under 140◦C providing a decent temperature range
for battery use.

In light of such encouraging results, we embarked in the
realization of industrial validation tests. To test self-discharge
capabilities, Li4Ti5O12/BLS/Li batteries were placed in a
55◦C regulated furnace, and stored for weeks. During this
time, their potential remained constant meaning that no self-
discharge process took place. After each storage period, the
cells were discharged and charged at aD/2–C/10 cycling rate.
As reported (Fig. 5), even after 9 weeks of high temperature
storage, batteries capacity retention remained unchanged, in
good agreement with previous experiments that showed the
great thermal stability of the BLS membranes up to 70◦C
[6].

F d
C

Fig. 5. Evolution of a Li4Ti5O12/BLS/lithium battery capacity retention
stored at 55◦C over weeks.

Similar 55◦C cycling tests atD/2–C/10 rate were per-
formed on Li4Ti5O12 cells (Fig. 6). Under these conditions,
more than 500 cycles could be achieved before the appear-
ance of a drastic capacity fading as compared to the 300
cycles as previously obtained at room temperature (Fig. 1).
Such a difference is most likely nested in the lithium plat-
ing/stripping efficiency increase with increasing the temper-
ature[18]. Some experiments are actually in progress in order
to check this hypothesis.

Signature tests were also pursued to determine the power
rate capacity of Li4Ti5O12 and LiFePO4 batteries. The test
protocol was as follows. The cell was first discharged and
charged using low current density,j =−0.2 mA cm−2 and
0.1 mA cm−2, so as to determine the cell nominal capaci-
ties, respectively (Fig. 7a). Then, a high rate discharge, cor-
responding to the use of the whole cell capacity in 30 min (2D
rate), was applied. Once the limit potential of 2 V reached,
the battery was held under open circuit voltage conditions
(OCV) during 30 min. The same sequence was repeated sev-
eral times, dividing the applied current by 2 for each step in
order to obtain the Ragone plot presented (Fig. 7b). Power
and energy values were expressed as a function of the active
material weight. The power rate traces for the two batteries
are quite similar to those reported for LiCoO2/C Li-ion bat-
teries, and indicate that all of the cell capacity can be used at a
D rate. The shift between the Ragone plots for Li4Ti5O12/Li

F )
a nd
a

ig. 4. Cycling test at RT for a BLS lithium battery atD/2 (discharge) an
/10 (charge) rates using LiFePO4 as the positive active material.
ig. 6. Cycling test at 55◦C for a BLS lithium battery atD/2 (discharge
ndC/10 (charge) rates using Li4Ti5O12 as the positive active material a
100�m lithium foil.
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Fig. 7. (a) Description of the power test protocol used and (b) Ragone plot
obtained for a Li4Ti5O12/BLS/lithium battery and a LiFePO4/BLS/lithium
battery.

and LiFePO4/Li cells is simply nested in the 2 V difference
between their mean redox potentials.

Power rate tests were also performed upon cycling, i.e. ev-
ery 15 cycles according to the sequence described inFig. 8a,
and as marked with a star inFig. 8b. Over the 200 first cycles
(the maximum we have looked at so far), no capacity decay
was observed independently of the power tests performed.
Such data suggest that BLS lithium batteries are able to sus-
tain high pulse current density applications while preserving
their cycling performance.

F d and
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t

Overall, lithium batteries based on BLS membranes ap-
pear to present all of the required qualities in terms of cycla-
bility, self-discharge, temperature stability and high current
density acceptance, thus our incentive to implement such a
separator concept to the assembly of 1 Ah capacity prototype
cells.

4. Large size prototypes

The Li4Ti5O12/BLS/Li 1 Ah battery configuration, which
consists in several cells in parallel, has been inspired
from the supercapacitor prototype developed by Bell-
core [21] (Fig. 9a). To reach the required capacity, eight
60 mm× 150 mm tapes of composite electrode (e.g. over-
all cathode surface of 720 cm2) were placed in front of
the lithium metal electrode on a packed together final bat-
tery stacking that, once activated by adding electrolyte,
was sealed into a hermetic coffee bag so as to produce
a 100 mm× 230 mm battery (Fig. 9b). The assembled cell
was discharged and charged at a low current density of
j =−0.2 mA cm−2 and 0.1 mA cm−2, for about six cycles, re-
spectively (Fig. 10). Nevertheless, the large capacity of 1 Ah
was reached, owing to the thickness of the composite posi-
tive electrodes close to 150�m, our prototypes did present
a low
c

des
t sur-
f acity
w cy-
c
a rved.

F
t

ig. 8. (a) Description of the alternate cycling/power test protocol use
b) capacity retention of a Li4Ti5O12/BLS/lithium battery. ( ) Represent
he moment where a power test was performed.
n important polarization reaching 250 mV even at this
ycling rate.

To overcome this polarization issue, positive electro
hickness was divided by almost 3 while maintaining the
ace area constant so that the prototype theoretical cap
as slightly lower than 400 mAh. As before, the cell was
led at low current drains for the first 22 cycles (Fig. 11). With
thinner positive electrode, no capacity decay was obse

ig. 9. (a) Schematic representation of the 1 Ah Li4Ti5O12/BLS/lithium bat-
ery configuration and (b) picture of the 1 Ah battery.
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Fig. 10. (a) Composition vs. potential curve and (b) capacity retention of
the first seven cycles of the 1 Ah Li4Ti5O12/BLS/lithium battery.

Fig. 11. Capacity retention of a 400 mAh Li4Ti5O12/BLS/lithium battery.

Note that increasing the current density to reach aD/2–C/10
rate did not affect the cell capacity retention at least for the
first 15 cycles we tried. Finally, we experienced that by thin-
ning the electrode to 50�m, the polarization value dropped
to 100 mV.

Overall, besides the polarization issues, the realization of
high capacity laboratory prototypes clearly conveys the easy
scalability of BLS-based lithium batteries, since the 1 Ah cell
behaves as the 2 mAh laboratory specimens. Needless to say
that numerous improvements could be industrially performed
in the prototype assembly, as we are presently doing, in con-
junction with a battery manufacturer.

5. Conclusions

We have shown different experiments confirming the pos-
itive attributes of a bi-layered PEO/PVdF-HFP separator.
Based on this membrane design, plastic batteries, having a
capacity ranging from 2 mAh to 1 Ah, were assembled and
cycled at aD/2–C/10 rate without any short-circuit evidence.
The cycling lifetime of such cells was shown to be solely
governed by the excess amount of lithium used as negative
electrode. Upon cycling, irregularly plated during the battery
charge, part of the lithium was becoming electrochemically

inactive and forming a moss. The reactivity of this “dead
lithium” was investigated by ARC measurements, which did
not reveal any accident until a temperature of 140◦C, provid-
ing them a safe margin as compared to the (−20◦C; 70◦C)
temperature domain, in which these batteries are supposed
to be used. In addition, while presenting decent rate ca-
pabilities together with the feasibility of being used under
pulse application, BLS lithium batteries do not present a self-
discharge or capacity fading process even after a long stay
at 55◦C.

Nevertheless, the loss of active lithium over cycling stands
as the main problem. Investigations are in progress to im-
prove the lithium deposition efficiency, and therefore, bat-
tery attractiveness with respect to energy density and cycling
retention. The benefit that such a system could present over
Li ion cells is presently cancelled by the fact that we must
operate in large excess of lithium (e.g. decreasing the overall
cell energy density).
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