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This communication describes the synthesis of : (i) non-toxic and low cost nanocrystalline electrode materials,
which can be prepared advantageously at low temperature ; (ii) highly conductive electrolyte membranes
formed by the nano-encapsulation within a poly(acrylonitrile)-based polymer matrix of a solution ohLiIPF
organic solvants. The performances of rechargeable PLR (Plastic Lithium Rechargeable) batteries using the
above mentioned components are presented.

Introduction intensively studied. They are based on a lithium metal or a
lithium-inserted graphite as anode, a lithium-ion conducting
Two phenomena call for special attention. electrolyte and a cathode material. The cathode material

(1) Recent advances in portable electronic devices (portanust be both an ionic and electronic conductor having gen-
ble computers, cellular phones, camcorders, etc.) haverally an open structure (layered or tunneled), enabling the
resulted in significant demand for miniaturized powerreversible intercalation of lithium ions. Among the most
sources to power these systems. efficient cathode materials are transition metal dichalco-

(2) Mankind is becoming increasingly aware of the dam-genides or oxides such as Zi&iNiO», LiCoO,, LiMn;0sa,
age to health and the environment cause a by the releasearfd V601353
noxious gases into the atmosphere. Since most of these toxidFor the sake of clarity, the working principle of such a Li
emissions come from fossil fuel burning vehicles, especiallyoattery is illustrated in Figure 1. In Table 1, the efficiencies
in big cities, high-energy, rechargeable power sources arat room temperature of Li batteries are compared with those
needed for the development of long-range electric vehiclexf the more conventional systems of Ni-Cd (nickel-cad-
which would lead to an improvement in air quality. mium) and Ni-MH (nickel-metal hydride). A lithium battery

These two demands have motivated research on electrichhving a weight of 225 kg can power an electric car for
energy systems that will be more powerful and take up 1es200 km at a speed of 120 km/h. For the same vehicle, the
space than conventional batteries. Obviously, these newerformance is much lower for the Ni-MH battery and obvi-
power sources must be non-polluting and non-toxic. Exteneusly even lower for the Ni-Cd battery.
sive research is in progress in the United States, Asia andConsequently, it appears thHahium batteries represent
Europe, and three battery systems have emerged as the mfisgether withfuel cells®! which are not the subject of this
efficient for electric transportation applicatibh. As
reported by Megahed, S. and Scrorati! Bie first system
uses a molten sodium anode, a sulfur-impregnated carbc

. . . . i ductor + 1
felt cathode and a solid sodium ion-conducting electrolyte e conduter + separator)
and 2 electrodes

A non-aqueous electrolyte Functions :

v Storage of electrical energy into
chemical energy

the second one uses a Li-Al anode, an iron disulfide cathod  Conversion into electrical energy
and a molten LiCI-LiBr-KBr electrolyte. However, these

two systems operate at high temperature (above 300 °C dischafge  charge

and are therefore inappropriate for portable electronic - /\/\/\ > . I -~
devices. That is not the case for the third nonaqueous sy S) @

tems, the so-called lithium batteries, which can be used effi Electrolyre Electrolyie

ciently at room temperature and are therefore bein(;% < >/ o - 3
'Basis of the presentation given at International Joint Seminar on ~ 4%® o senton sl L 8 section material

New Trends in Material Chemistry 12-13 March 1999, Seoul Quoted above)
National University, Seoul, Korea Figure 1. Principle of the rechargeable lithium battery.
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Table 1 Performance characteristics (the three main SAFT (%)
technologies, from Internet) e’T le Z e‘T le'
Parameters Ni-Cd  Ni-MH  Li-lon
Weight (kg) 280 260 225 8 8 - 8 8 0
Specific Energy (Wh/kg) 55 70 150 Charge 0
Electric Range (km) 100 130 200 = Li 00 9
Vehicle Maximum speed (km/h) 95 110 120 ©
S O O O
communication) a leap forward in energy density comparel Electrolyte 0009
with the conventional syster®s.Nevertheless, further
enhancement of the performances of electric vehicles i o) Lt 0 0 o
needed, necessitating the production of more powerful ba 0 O Discharge 0 0 o
teries that are lighter and occupy less space than existir 00
ones. Moreover, further miniaturization of portable electron- 0 O
ics requires a substantial reduction in the weight and size ¢ Li, C¢ Li,. MO,
the lithium batteries.
From these two points of view, we argue here thathiine Battery
and flexible lithium batteries, the so-called PLR (Plastic voltage
Lithium Rechargeable) batterigsare likely to fulfill the Charge
Discharge

needs of both the electronic device and electric transport:
tion markets. In the latter case, one can use the well-know
roll-coating technology to achieve powerful PLR systems
that occupy a smaller volume. On the other hand, in the cas
of the electronic market, it is apparent that PLR batteries wil X<0 X=0 X>0
be able to fit the shape of the increasingly miniaturized elec ‘zu MO—'
tronic systems and even be integrated within them. Figure 3. The lithium ion batt(;y ’
A PLR battery can be formed by contacting a lithium ' '

metal strip, a lithium ion conducting polymeric membrane
and a composite cathode membrane obtained by blending dinctuations, which can expand up to 1.5 V, can occur on
active lithium intercalation material with carbon and a poly-cycling343%In addition, a significant excess of cathode mate-
mer binder (Figure 2). The ttonducting polymer electro- rial is often required in order to obtain an acceptable cycle
lyte membrane is obviously a key component of the battenfjfe of the lithium ion batteries, due to the irreversible capac-
since the lithium metal is indeed corroded by almost anyty in the first cyclet For these reasons we have targeted our
electrolyte medium. Clearly, the instability of the lithium research at PLR systems that involve a lithium metal film as
metal/electrolyte interface is the critical problem thatanode with the objective of reducing : (i) the instability of
remains to be successfully addressed in lithium batteries arttle lithium metal/electrolyte interface ; (ii) the probability of
therefore in PLR systems. One way to overcome this probshort-circuit, which may occur during the charging process
lem is to replace the metal with carbon-type (coke or graphdue the dendritic growth of lithium metal on the anode. We
ite) insertion compounds®® The overall process of such believed that these two problems can be circumvented with
batteries, so-called lithium ion batteries, is illustrated in Fig-the appropriate selection and ratio of the components form-
ure 3 and can be expressed-#&s: ing the polymeric electrolyte-membrane. If the polymeric
electrolyte membrane is one of the two key components of
. charge . ) . )

Cs+LIMO, Li+Cs + Li1, MO, 1) the PLR system, the second one is obviously the electrode

ischarge material. We will show here also that nanocrystalline com-

In fact, the use of kCs as the lithium source instead of Li pounds are promising electrode materials for PLR systems.

metal induces losses in specific energy; moreover, voltage ) ] ) ) )
Choice of the Materials - Experimental - Discussion

Charge

Discharge

7 — carbon tissue
— hybrid cathode-film
— Lit+ cond. polymer
% /] — Limetal strip

* Can be fabricated in any shape
and size

Choice, Preparation and Properties of the Polymeric
Electrolyte Membrane

Choice of the materials First of all, let us state that, for
obvious reasons, the polymeric electrolyte membrane must
have a room temperature conductivity as close as possible to

* Very attractive for
— the electric vehicle
— the electronic consumer

market

Figure 2. The PLR battery.

that of the liquid lithium electrolytes so that the PLR battery
will be able to operate efficiently at room temperature. Clas-
sical examples of polymer electrolyte membranes include
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complexes between lithium salts (e.g. LiGIQiPFs, etc.)  approach (ii) to prevent the short-circuit events, which may
and high molecular weight polymers containing ¢dordi-  occur during the charging processes of the battery. We
nating atoms (e.g. poly(ethylene oxide), PEO), where oxyselected PAN because apparently it is the most stable versus
gen is acting as the coordinating at¥#. The main  oxidation and, as thus, will not decompose during the charg-
problem with PLR batteries using such polymer electrolyteing processes of the PLR batterigé$n addition, the PAN
membranes is their inability to operate efficiently at ambianthas polar CN groups that can interact with the liquid electro-
temperature due to the very low room-temperature condudyte, inhibiting its loss. The liquid electrolyte consists of lith-
tivity (< 10%Q-cmrl) of the PEO-based electrolytes. Conse-ium hexafluorophosphate (LiBFdissolved in an appro-
guently, considerable research has been carried out fariate mixture of ethylene carbonate (EC) and propylene
improve the room temperature performances, notably in thearbonate (PC). The polymer-electrolyte interaction would
ACEP collaboration between Hydro-Quebec in Canada, Elbe ensured by the labile hydrogen of PC and the polar CN
and CNRS-Grenoble in Frang® The most successful groups of PAN (Figure 4). Furthermore, the solvents EC and
results so far have been obtained by trapping liquid electrdPC have a high dielectric constastr (0 60), ensuring an
lyte solutions in polymer cagé&Two distinct methods have efficient separation of the tications from the RF anions
been reported: (i) loading the liquid electrolyte into aand leading to a high room-temperature conductivity.
microporous polymer ; (ii) enhancing the viscosity of the Finally, these solvents have a low volatility so they facilitate
liquid electrolyte by adding a soluble (in the electrolyte) manufacturing of the membrane with an accurate control of
polymer until a gel is achieved, which can be easily spreathe ratio EC/PC.
onto Teflon moulds leading to polymeric membranes after When we started our research on PLR systems five years
cooling to room temperature. The most efficient polymerago#® no one, to our knowledge, had used LiPFconjunc-
additives for vyielding electrolyte-membranes with thetion with PAN-PC-EC. The other used mainly LiGl@nd
required electrical and mechanical properties are polLiAsFginstead of LiPEbecause the ClOand Ask™ anions
(methyl methacrylate) (PMMA), poly(vinylidene) fluoride are less easily oxidized than SRherefore, the anodic sta-
with hexafluoropropylene (PVDF-HFP), and poly (acryloni- bility of the electrolytes using LiCl©Qor LiAsFs would be
trile) (PAN)A47 We followed the above-mentioned greater. We observed, however, that the oxidation potential
of PR remained rather high around 4.3/%Li.#8 In fact, in
this work, we did not considered LiCj@ue to its explosive
+CHCH2—)H— character in the presence of organic solvents, nor did we
PAN | consider LiAsk due to the toxicity of arsenic. The highest
CN\ cathodic stability was observed for the electrolyte mem-
\'H C branes using LiPf#8
3 Manufacturing process The manufacturing process of
; pc \ / Ec \ the polymeric electrolyte membrane is illustrated in Figure
\g/ to obtain a solution of appropriate viscosity that could be
Figure 4. Structures of PAN-PC-EC showing the main polymer- easily cast onto the substrate. Membranes having a translu-
solvent interaction. cent elastomeric appearance were finally obtained after cool-

O O+0 5. The reagents were first mixed at the required mass ratio in

EC
0)
Y the inert atmosphere of a dry box and then heated at 110 °C
0)

@ dissolution of LiPF ;¢ + EC +PC at 250C; drying PAN at 60 °C (48 hr.) under vacuum

/4T°—> 110 ©C (20°)
® LiPF4+ EC + PC » @ dissolution of LiPF¢ + EC + PC + PAN*

* An (still confidential) additive A is added to
Sfurther enhance the stability of the
electrolyte membrane/Li metal foil interface
. . . in the PLR systems.
@ casting of the viscous solution

I

casting

Film
(100-150 °C)
Teflon mould — _—/

Figure 5. Manufacturing process of the electrolyte membrane.
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Figure 6. lonic conductivities (Ac measurements) of hybrid electrolyte membranes of composition (molar %): 20 PANZ5HT+PC).
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Figure 7. DSC thermograms of hybrid electrolyte membranes of composition (molar %): 20PAN4BEEC+PC).

ing at room temperature.
Main characteristics.

low temperature. In fact, this drop in the conductivity arises

One can easily guess that the from a crystallization process. The latter is illustrated in Fig-

conductivities of these hybrid electrolytes can be tailored byre 7, which shows the DSC thermograms of various mem-
a judicious selection of the ratio of the different componentsbranes having different proportions of EC and PC. The
Among the numerous compositions that were stutfied; peaks A and B, which appear only for membranes 1, 2 and 3,
have established that the highest conductivity is achieved faccount for a crystallization process (peak A) followed by a
the composition (molar %) : 20 PAN // 5 LiPH40 EC /35 melting process of the crystallized species (peak B). It is
PC. The conductivity is indeed close to that of liquid electro-noteworthy that membrane 4, which does not undergo any
lytes (Figure 68 Also, the membrane has the required visible crystallization process (Figure 7), has the highest
dimensional stability, with a Young modulus of ~1.7 MPa atconductivity (Figure 6). It corresponds to the composition
25 °C#8 Figure 6 shows that this composition is rather(molar %) : 20 PAN // 5 LiP§/ 40 EC / 35 PC. In fact, the
critical : a slight modification of the EC/PC ratio or of the drop in conductivity observed for the other compositions
LiPFs content induces a drop in conductivity, particularly at (Figure 6) which exhibit the crystallization process evi-
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s O LizCO; + Mn(CH;COO0), + aq. HNO;
g R
4
g anodic sweep o -0 . :
=2 — Li"te - Li Paam + Li*+ Mn?" + (NO;)" (xerogel) O gas
. 0 L 3 B
reducing oxydizing
2 -« R vy s . part part
- eversibility of the reaction . .
4 cathodic sweep Y Explosive pyrolysis :
leading to \ quartz ecll
F R nanocrystalline electrode of compostion :
s ’ ‘ ‘ . Liiss [Mio,s Lis 170 4 with 8~0.04 AL ybrid polymer
05 05 15 25 35 200°C
E(Vis. Li)

. . . Figure 9. Manufacturing process of the nanocrystalline Lj
Figure 8. Potential sweep, J=f(E), of a stainless steel electrode Vgllggtrodes gp Y L#dn

Li metal foil sandwiching the membrane* 4 (see Figure 7) having
the highest conductivity (see Figure 6). *the additive A (see Figure
5) is added. line electrode materials (or microcrystalline electrode mate-

rials), depending on wheter the first electrochemical process
denced in Figure 7, would imply that the crystallized specie®f the Li battery is a discharge (or a charge).
involve Li* ions trapped in crystallized EC. On the other We illustrate here these concepts for two different nanoc-
hand, for membrane 4 (Figure 7) having the highest conduaystalline electrode materials based on lithium manganese
tivity, all EC interact efficiently with PC so that no crystalli- oxide :
zation of EC occurs. Figure 8 illustrates the rather good (i) nanocrystalline spinel-type “LiVi®,"48:52
electrochemical stability of membrane 4. The electrochemi- (ii) nanocrystalline rock-salt type “tMnQs”.50:48
cal stability window was determined by running voltamme- Synthesis process
try sweeps of a stainless steel blocking electrode vs a (i) The nanocrystalline spinel electrode prepared at 200 °C

lithium-foil counter-electrode. An original polymeric route which we have recently
The results imply that membrane 4 could be used advantgatentef has been used, as depicted in Figure 9. Homoge-

geously as electrolyte for efficient PLR systems. neous starting materials were obtained from an aqueous
Choice, Preparation and Properties of the Cathode HNO; (1N) solution to which appropriate amounts of poly-

Materials acrylamide (PAam, Aldrich M.W. = 10.000), lithium carbon-

Choice of the materials Commercially available lith- ate (Aldrich 99.997%) and manganese (ll) acetate
ium batteries use layered LiCp@athoded? But the high  tetrahydrate (Aldrich 99+%) were added. First, a gel is
cost and toxicity of cobalt gave impetus to the developmentormed and a xerogel (hybrid polymer) is prepared after
of cheaper, non-toxic electrode materials. From this prospeaemoval of the solvent. The controlled explosive oxo-reduc-
tive, nanocrystalline and/or X-ray amorphous lithium-man-tion reaction —occurring at ~200 °C under oxygen atmo-
ganese oxides are very attractive alternafi¥&€swhat's  sphere (Figure 9) — of the hybrid polymer leads to ultrafine
more, these materials can be easily prepared at low tempererystallites (~50 A) of the spinel phase of composition
ture, leading to low-cost manufacturing processes. Ten years
ago, we showed, using many examples, that the control ¢ — ; ; .
crystallite size is a key factor in determining the electro- ® ""”i‘._,jﬁzgmzpmim

chemical performances of the electrodes. The following p,:ansitonts —» e, ] vy
“electrochemical model” was deducgdNanocrystalline P, - transition Is —> 15, I SN
materials are likely to have an enhanced electrochemic:
activity, compared with that of their microcrystalline homo-
logues, provided that the first electrochemical process thg
intervenes is a discharge of the Li battery. The dischargpn-o 5.6
should begin with an electrochemical grafting of theiduns M -
at/near the crystallite surface. The structural defects or dis
tortions at/near the crystallites, which are more obvious ir poctes ] -

the nanoscale region than in the microscale region, ca Y/ S
indeed act as reversible grafting sites for ibns. The fol- A
lowing second electrochemical step occurs during the dis Energy (V)

charge of the Li battery (when the crystallite structure isFigure 10. MnK-edge KANES spectra for the nano crystalline

adapted) : intercalation of the*Libns into the crystallites. In 'LiMn 204 and the references. The average oxidation state of Mn,
\gHich is higher than 3.5, and the Mn-O, Mn-Mn coordination

this case, the discharge-charge electrochemical process ¢ . ;

) . ; . ] . ) numbers, which are lower than 6, observed for the nanocrystalline
be depicted as : grafting intercalation— deintercalation « ivn,0, have been deduced from XAS analysis. They were
- degrafting. These concepts are important because the¥related to the higher structural disorder which is characteristic of
allow us to foresee when it is preferable to use nanocrystathe nanocrystalline textupé.

ond Mn coord. Number

Normalized absorption coefficient
T
53
]
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Figure 11. TEM micrograph of nanocrystalline ‘LiM@4'. The
average crystallite size is ~50 A.

E (V vs Li)

Li1-3d03d [Mn+3'55%.25Li 25]°¢O4 with 6 O 0.024833 The latter
was deduced from the combination of chemical titration,
XPS#8 and XAS analysi& (Figure 10). The TEM micro-
graph (Figure 11) and XRD pattern (Figure 12) are charac
teristic of the nanocrystalline texture with an average
crystallite size of 50 A.

(ii) The nanocrystalline rock-salt type electrode preparec
at room temperature

As reported by Kim, J. and Manthiram, %.complex

Guy Campet et al.

i 0.05 M of NaMn¥"'0O,.H,0 (ex : 1.5 g NaMnO, in 200m! H,0).

el

¢

| addition of Lil (ex : 2g) in order to reduce Mn*! into ~ Mn!¥ ;

( centrifugation of the solution and removal of the solvent ]

sl

%

l washing of the precipitate with H,O : EtOH (1 : 1) ]

&

!

l drying at ~ 150°C under vacuum to obtain water free ~‘Li,Mn!¥Q,’ l

Figure 13 Synthesis process of the nanocrystalline rock-salt type
‘Li sMn'V O3

3

Discharge Charge
(x increases (x decreases)

7
106 \3

!
0.4

!
0

1
0.8
Capacity x = Li/LiMn204

I
0.4

0

metal oxides are usually prePared by firing the raw_material&igure 14. Discharge/charge behavior (C/5) with the number of
at elevated temperature. This approach cannot yield to thgcles for the PLR cells using nanocrystalline ‘Li@a'.
accessibility of metastable nanocrystalline and/or X-ray

amorphous phases, which may be highly attractive a
electrode materials for lithium batteries, according to
ref0515254 gnd also according to the “electrochemical
model” reported above. Here we used Lil to reduce the pel
manganate ion (MfOs) in Na-containing aqueous
mediunt® to produce a Mi-rich nanocrystalline oxide with
a composition close to IMnOs. The detailed preparation
process is illustrated in Figure 13. The as-prepared samp
was found to be amorphous to X-ray diffraction, as similarly

ain

N
=
]
3
g = 8
g o g &
P c 14
g g |2 =& 32
a N [ — e}
[ 7] o~ o0 s vy
+ S~ ~— e —t N .
= well crystallized LiMn)
e/
eference sample

nanocrystalline ‘LiMnp
mple

.

25

45
2(%), CuK
Figure 12 X-ray diffraction pattern characteristic of the
nanocrystalline structure of ‘LiViDx4’.

55

E (VvsLi)
4

Discharge
(x increases)

Charge
(x decreases)

0.8
Capacity x = Li/LipMnO3
Figure 15. Discharge/charge behavior (C/5) with the number of
cycles for the PLLR cells using nanocrystallineNnOs'.

0 0.4 0.4

observed by Kim, J. and Manthiram, A.. The detailed tex-
tural and structural investigation using XPS, XAS, TEM,
XRD etc. is currently in progress and will be reported later.

Electrochemical Properties of the PLR Batteries

The electrochemical measurements were performed using
a computer-controlled potentiostat/galvanostat (Tacussel,
PGS 201T model) for the PLR cells assembled by sandwich-
ing the polymer electrolyte (membrane 4 in Figure 7)
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between the lithium anode foil and the composite cathode.

The composite cathode was made according to the prepard4.

tion procedure we have propo&&dand the procedure pro-
posed by Sun, Y. K. and Jin, S. H. for their efficient PLR
cells>¢ The as synthesized nanocrystalline “Li@a’ (or

“Li ,MnOs") powder was added to PAN solution in demethyl
sulfoxide (DMSO) as a solvent. The slurry was spread onto
carbon active tissue of ~2000 m2/g surface area (Actitex?
and dried under vacuum for 16 h at 110 °C. The dried com-

posite cathode was then compressed with a roll-presser iy,

the inert atmosphere of a dry box. The cells based on nanoc-
rystalline “LiMn,O," and “Li-MnQOs” were cycled between
cut-off voltages of 2.2-3.2 Mu+ and of 2-4 .+, respec-

tively, at a current density of 1 mA/cm? (C/5). The reversible19.

capacity corresponds to ~ 0.8 mole of Li per mole of elec-
trode material as shown in Figures 14 and 15. This rathe
high and reversible capacity was related to the presence ép
the structural defects arising from the nanoscale structure, i

agreement with the “electrochemical model” reported above,,
The influence of the structural defects has been investigategh

recently using XAS or Li NMRE and also the evolution of

the open circuit voltage of the cell as a function of the24.

inserted L8

Conclusion

The PLR batteries based on the electrolyte membrane g
27.

composition (molar %) : 20 PAN // 5 LiRF40 EC / 35 PC
sandwiched between Li foil and nanocrystalline “LU@4’
or “Li;MnOs” composite cathode appears to be highly 5g
attractive from the industrial point of view, although further
investigation is needed.
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