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Novel architecture of composite electrode for optimization
of lithium battery performance
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Abstract

We show that the polymeric binder of the composite electrode may have an important role on the lithium trivanadate Li1.2V3O8 electrode
performance. We describe a new tailored polymeric binder combination with controlled polymer–filler (carbon black) interactions that
allows the preparation of new and more efficient electrode architecture. Using this polymeric binder, composite electrodes based on Li1.2V3O8
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isplay a room temperature cycling capacity of 280 mAh g (C/5 rate, 3.3–2 V) instead of 150 mAh g using a standard-type (poly(vinylidene
uoride)–hexafluoropropylene (PVdF–HFP) binder) composite electrode. We have coupled scanning electron microscopy (SEM) observations,
alvanostatic cycling and electrochemical impedance spectroscopy in order to define and understand the impact of the microstructure of the
omposite electrode on its electrochemical performance. Derived from these studies, the main key factors that provide efficient charge carrier
ollection within the composite electrode complex medium are discussed.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Polymers are mostly studied for their application as the
lectrolyte solvent of lithium batteries [1], rather than for
heir application as the binder of composite electrodes. As a
esult, for composite electrodes in liquid or gelled electrolyte,
he binder used is almost systematically poly(tetrafluoro ethy-
ene) (PTFE) or poly(vinylidene fluoride) (PVdF) based poly-

ers. Remarkable improvement resulted however from the
se of a copolymer of vinylidene fluoride with hexafluoro-
ropylene (PVdF–HFP) in both electrolyte and composite
lectrode, which lead to the well-known LiPLIonTM tech-
ology [2]. Only very few recent papers give examples of
omposite electrodes made with other polymers [3–6]. Main
oals were to achieve a higher liquid electrolyte uptake by
electing less crystalline polymers thus leading to larger ionic
onductivity, or to decrease capacity fading with chemically

∗ Corresponding author. Tel.: +33 2 40 37 39 32; fax: +33 2 40 37 39 95.
E-mail address: Bernard.Lestriez@cnrs-imn.fr (B. Lestriez).

more stable polymers. In fact, little is known on the exact role
of the polymer binder on composite electrode performance
and we think there is a need for fundamental researches on
model systems.

This study focuses on the polymeric binder used for
lithium trivanadate (Li1.2V3O8) based composite electrodes,
and its influence on the battery performance. Li1.2V3O8 that
offers a theoretical capacity of 360 mAh g−1, was investi-
gated as a very promising positive electrode material dur-
ing the past two decades [7–10]. However, the experimental
capacity generally remains much lower than the theoretical
value. It is actually of only 150 mAh g−1 with standard-type
(PVdF–HFP binder) composite electrode. In this paper, the
Li insertion and cycling behaviors of a given Li1.2V3O8 com-
pound are studied in the same experimental conditions when
varying only the polymeric binder of the composite electrode.

Our approach to tailor new polymeric binders is detailed in
references [11,12]. Carbon black (CB) has a weak self-ability
to form a conductive network around active material parti-
cles, which is detrimental to the obtained capacity [13,14].

378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.

oi:10.1016/j.jpowsour.2005.07.036



D. Guy et al. / Journal of Power Sources 157 (2006) 438–442 439

Good polymer–filler interactions are needed to obtain homo-
geneous dispersion of colloidal CB powder into a polymer
matrix, either in the melt or in solution [15,16]. Assuming
that such a concept could prevail also for composite elec-
trodes, we selected polyethylene oxide (PEO) that is known
to display good polymer–filler interactions with carbon black
[17]. We added a plasticizer to increase PEO polymer–filler
interactions with carbon black to an excellent level [18].
We also combined plastified PEO with PVdF–HFP. Finally,
the liquid electrolyte itself was used as the plasticizer. It is
important to emphasize that generally the electrode binder
is post-plastified by the electrolyte solvent after activation or
assemblage of the battery. In present work, we use a pre-
plastification of the composite electrode during electrode
fabrication.

2. Experimental

A home-synthesized Li1.2V3O8 (at 580 ◦C [19]) was used
as the active material, and carbon black (Super-P, noted
CB), as a conductive agent. The binders were pure polyethy-
lene oxide, plastified PEO and a plastified polymeric blend
of PEO and PVdF–HFP. A mixture of ethylene carbonate
(EC)/propylene carbonate (PC) (1:1, w/w) was used as the
plasticizer. Battery-grade chemicals such as EC (Merck), PC
(
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Fig. 1. Electrochemical data. Discharge capacity at room temperature for
different cells made with composite electrodes A–E. The experimental dis-
charge rates are: (A) C/4, (B) C/3, (C) C/5, (D) C/6 and (E) C/7.

tion of one lithium per formula unit lasted 2.5 h in discharge
and 5 h in charge. The resulting discharge duration is given
by n (in hours) in C/n in the caption of Fig. 1.

Two-electrode measurements of the electronic conduc-
tivity were performed by sandwiching disks of compos-
ite tapes between current collectors under an applied pres-
sure of 17 MPa. The impedance of the samples was mea-
sured at 25 ◦C by means of a frequency response analyzer
(Solartron 1260) in the 1 Hz–200 kHz frequency range. In
these experimental conditions, the electronic conductivity of
carbon black alone was measured to be 10 S cm−1. Scan-
ning electron microscopy (SEM) imaging was performed on
gold–palladium sputtered samples using a JEOL JSM 6400F
apparatus.

3. Results and discussion

The composition of the composite electrodes studied in
this paper is given in Table 1. Electrochemical performance of
composites A–E is shown in Fig. 1. For these electrodes made
with the same Li1.2V3O8 active material and the same CB,
cycling performance considerably changes with the nature
of the binder. For the standard composite A, a constant
cycling capacity of 150 mAh g−1 was displayed. Composite
B
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Merck), acrylonitrile (Aldrich) and lithium bistrifluorosul-
onimide (LiTFSI) were all used as received. PVdF–HFP
Kynar 2801: HFP content 12 wt.%, Atochem) and PEO
Mw = 300,000 g mol−1, Solvay) were dried under vacuum
t 50 ◦C for two days before use.

The composite positive electrodes were prepared by fol-
owing a classical solvent route where acrylonitrile was used
s the dispersing medium. The Li1.2V3O8 and CB powders
ere dispersed in the binder solution using a roller bank for
2 h in order to form a slurry. For some preparations, liquid
lectrolyte could also be added at this step. The slurry was
urther mixed for one day and was then spread on aluminum
isks (1 cm2). These disks were dried at room temperature
or 2 h to evaporate the solvent, dried further under vacuum
t 50 ◦C for 1 h, and then, transferred under dry argon atmo-
phere in a glove box (H2O < 1 ppm) for battery assembly.
or comparison, PVdF–HFP based standard composite elec-

rodes were prepared using cyclopentanone as the dispersing
edium. In all cases the mass loading was about 4–5 mg of

ctive material per cm2.
Two-electrode SwagelokTM test cells [20] using the com-

osite positive electrodes, a porous paper soaked with the
lectrolyte as the separator, and metallic lithium as the nega-
ive electrode, were assembled in the glove box. A mixture of
C/PC (1:1, w/w) containing 1 M LiTFSI was used as liquid
lectrolyte. All voltages given in the text are reported versus
i+/Li. Cell cycling was performed at 20 ◦C, monitored by
VMPTM system in galvanostatic mode. The voltage range
sed was 3.3–2 V. All composite electrodes were studied with
he same current rate, calculated by considering that the inser-
whose binder is PEO, showed a stable discharge capacity of
00 mAh g−1. Adding the plasticizer produced a net increase
f cycle performance. Indeed, for composite C whose binder
s plastified PEO, a constant cycling capacity of 200 mAh g−1

as displayed. Better performance was obtained for a mixed
inder of plastified PEO/PVDF–HFP blend. For this com-
osite D, the cycling performance was 250 mAh g−1. Finally,
ptimum performance was displayed by composite E where
he liquid electrolyte EC–PC LiTFSI (1 M) was used as
he plasticizer. The discharge capacity remained stable upon
ycling at 280 mAh g−1. This electrode even allowed reach-
ng the theoretical capacity 330 mAh g−1 either at low rate
C/200) or at 55 ◦C. The different capacity data readily come
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Table 1
Composition of the composite electrodes before battery assembly

Material DM composition: weight percentage L: α%

Li1.2V3O8 CB PVdF–HFP PEO EC–PC EC–PC LiTFSI 1 M

A 85 10 5
B 54 14 – 32 – –
C 54 14 – 32 13.6 –
D 54 14 16 16 22.0 –
E 54 14 16 16 – 27.8

The dry matter (DM) composition is explained for clarity. In case of α% liquid (L) additive (plasticizer or electrolyte), the electrode composition is
(1 − α)DM + αL.

from a different environment of the active material within
the composite electrode, and they are not due to differences
in cycling rates. As a matter of fact, the power dependence
of most composite electrodes has been studied (not reported
here) and shows that the capacity variation for each electrode
within the range C/3–C/7 is much lower than the capacity
variation observed here when changing the binder. Several
characterization techniques have been combined in order to
shed some light on the origin of the performance improve-
ment.

SEM observation of the surface of composite electrodes
has been performed, and results are reported for composite E
on Fig. 2. A systematic observation of the morphology of sep-
arate components of the composite electrode helped to pro-
vide the interpretation [11]. As a summary, the PEO/CB and
PEO/CB/plasticizer mixtures form dense homogeneous paste
of CB aggregates, which connects the Li1.2V3O8 flat sticks
(composites B and C). PVdF–HFP when processed in room
temperature acrylonitrile appears as poorly plastified isolated
spheres and/or aggregates of spheres. When a combination
of PEO/PVdF–HFP/CB/plasticizer mixture is used (compos-
ites D and E), the poorly plastified PVdF–HFP spheres are
dispersed in a continuous 3D network of PEO/CB/plasticizer
connecting the Li1.2V3O8 grains together (see Fig. 2). No
difference in the morphology of composites D and E was
detected. Porosity was roughly independent of the composi-
t
i
s

pared by solvent-route [21]. Because porosity is quite high
and does not sensitively vary from one electrode to another,
and because ionic conductivity of a composite electrode is
generally related to the overall porosity, we think that ionic
conductivity is probably a second-rate factor to explain the
strong differences in electrochemical performances.

The electrical properties of carbon black polymer compos-
ites are generally explained within the framework of classical
percolation theory and/or inter-particle tunneling conduction
[22]. In this work, the variation of the electrical conductiv-
ity versus CB volume fraction for model CB/binder blends
and for the corresponding composite Li1.2V3O8/CB/binder
electrodes were typical of the percolation theory [23]. A
sharp increase in conductivity was observed for a critical CB
volume fraction that corresponds, according to percolation
theory, to formation of continuous carbon paths through-
out the composite material. The percolation threshold varied
according to the nature of the binder and was the same for
a model blend (without the active material) and its corre-
sponding electrode. The binder pre-plastification was found
to systematically shift the percolation threshold from a CB
volume fraction of 4–5% to less than 2%. According to liter-
ature, the percolation threshold is usually lower for highly
structured carbon black (branched aggregates). Thus, we
believe that the lower percolation threshold observed here for
pre-plastified electrodes could be related to a more efficient
d
e
e

trode E
ion and around 70% for electrodes B–E [12]. This value
s slightly higher but comparable to what has been mea-
ured for calendared LiMn2O4 composite electrodes pre-

Fig. 2. SEM micrographs of composite elec
is-agglomeration of the CB initial aggregates in the pres-
nce of the plasticizer. Fig. 3 shows a comparison between the
lectronic conductivity and the electrochemical performance

and schematic drawing of its architecture.
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Fig. 3. Electrochemical performance and electrical data. Discharge capacity
at room temperature for different cells made with composite electrodes B–E,
and the corresponding electronic conductivity.

of the corresponding electrodes. Except for composite B, the
capacity variations follow the electronic conductivity vari-
ations. Results for composite B suggest, however, that the
electronic conductivity is not the only parameter that gov-
erns the electrode performance.

Complementary information has been obtained from
incremental capacity versus voltage curves. Polarization
defined as Eox − Ered, has been measured at the kinetically
limiting step (2.6 V) [12]. For composite electrodes prepared
with the same active material and studied in the same condi-
tions, a lower polarization means both a low internal resis-
tance of the electrode (i.e. high electronic conductivity) and
faster overall interfacial transfer kinetics. The better charge
transfer kinetics comes probably from better CB/Li1.2V3O8
interface within the composite complex edifice. Fig. 4 com-
pares electrochemical performance with polarization data for
composite electrodes B–E. A good correlation is observed.
It means that for electrode B the limiting factor is the charge
transfer kinetics while for other electrodes it is the electronic
conductivity of the electrode. These results indicate that the
efficiency of CB/Li1.2V3O8 interface appears also as a main
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criterion governing the electrode performance. In the case
of electrodes C, D and E, the non-limited charge transfer
kinetics probably results from the more efficient CB dis-
agglomeration already discussed above. As a matter of fact, a
better CB dispersion leads to a larger available surface area,
which results in average to more numerous electrical contacts
at the CB/Li1.2V3O8 interface.

4. Conclusions

The key roles of the polymeric binder in composite elec-
trodes for lithium battery have been emphasized in the case
of an active material, Li1.2V3O8, which displays an exper-
imental capacity far below the theoretical value when pro-
cessed with the standard-type composite electrode procedure.
A new polymeric binder has been designed based on pre-
plastified PEO with the electrolyte solvent. Well performing
electrode, with efficient electronic conduction network, and
better CB/Li1.2V3O8 interfaces, was achieved from a more
homogeneous and efficient CB distribution due to favorable
plastified PEO/CB interactions. Optimized composite elec-
trode allowed reaching a specific capacity of 280 mAh g−1

instead of 150 mAh g−1 at room temperature. The fairly low
cycling capacity usually obtained up to now for Li1.2V3O8
e
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ig. 4. Electrochemical performance and polarization data. Discharge
apacity at room temperature for different cells made with composite elec-
rodes B–E, and the corresponding polarization, defined as Eox − Ered, mea-
ured at 2.6 V.
lectrodes was thus not due to kinetic self-limitations of the
ctive material itself, but to inefficient environment in the
lectrode.
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