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Abstract

In this paper we report the strategy followed in our laboratories for the progress of lithium ion batteries. The results show that nanotech-
nology is a very promising tool for achieving breakthrough in electrode and electrolyte materials. The conceptis demonstrated for the case
of metal storage and metal oxide anodes, phospho olivine lithium iron phosphate cathodes and solvent-free, poly(ethylene oxide)-base
polymer electrolytes.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction teries. Graphite has a good cycling stability but a relatively
low specific capacity, i.e. not exceeding 372 mAttgThus,
Today lithium-ion batteries are the power sources of if improvement in energy content is desired, new, high ca-
choice for popular portable electronics, such as cellular pacity alternative electrode materials have to be developed.
phones and note bookk]. However, despite their outstand- In this respect, lithium storage metals appears as very ap-
ing commercial success, these batteries are still open topealing candidates. A number of metals, e.g. Al, Si,.Sn,
improvements. Indeed, the chemistry of lithium-ion batter- are capable of reacting with lithium to reversibly form in-
ies has not changed since their introduction in the market termetallic, lithium alloys compounds.
in the early nineties. Basically, the batteries use a graphite These alloys are in principle almost ideal anodes for
anode, a lithium cobalt oxide, LiCaoQO(or, occasionally a  lithium batteries: they can store and release large amount of
lithium manganese spinel, LiM®4) cathode and a lithium  lithium, assure high voltages when combined with lithium
ion conducting electrolyte, e.g. a solution of Lk an metal oxide cathodes and provide values of specific capac-
ethylene carbonate—dimethylcarbonate, EC-DMC, organic ity exceeding that of graphite by an order of magnit{@le
solution mixture[2]. Although widely used, this is not Examples are given ifiable 1 [4]
necessarily the best cell combination and indeed, improve- Unfortunately, the accommodation of the large amount
ments in energy and power content are requested to meebf lithium is accompanied by severe volume changes in the
the increasing user’s demands. host metal. These in turn induce mechanical strains which
Nanotechnology is the best tool for achieving break- lead the electrode to crack and, eventually disintegrate with
throughs in lithium battery electrode and electrolyte materi- its failure in the round of few cycles. An effective way to
als. In this paper we review the investigations and the resultsimprove the cycling stability of the metal alloy electrodes is
carried out in our laboratories with the aim of developing that of modifying their morphology by reducing their par-

advanced lithium batteries based on hanomaterials. ticle size to few nanometers or by designing special hanos-
tructures.

Indeed, this strategy is expected to have a two-fold effect

2. Anode materials on the performance of the electrodes—(i) improvement in

) o cycling stability, since small particles enable to more easily
As already mentioned, graphite is the most common an- gccommodate the mechanical strains (the absolute volume
ode material used in commercially established lithium bat- changes are smaller than for larger particles, although the
relative changes are the same) and (ii) enhancement of power
* Corresponding author. Tek:39-06-49913530; fax:+39-06-491769.  due to the reduction of the lithium ion diffusion length.
E-mail address: scrosati@uniromal.it (B. Scrosati). The validity of this strategy has been confirmed by various
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Table 1 accommodating the volume changes which accompany the
Theoretical specific capacity for selected lithium storage metals and for gacond alloying proce$$0]. However, if common electrode
graphite morphologies are used, the cycling stability of the tin oxide
Unlithiated Fully lithiated Gravimetric Volumetric electrode is still unsatisfactofiL1].
metal metal capacity capacity | Considerable improvements are obtained when passing
(mAhg™) (mAhcc) to nanostructuressig. 2 sh i -
_ -ig. 2 shows the morphology of tin ox
g‘: "L'iA'Si 235’8 12'3;;3 ide prepared in form of nanofibrils using a specific tem-
21915 . . . e
sn LipoSrs 094 2025 plate _technlq_uq12]. T_e;ts in a I|th|u_m cell derr_lonstrate
Sh LizSb 660 1.881 the high cycling stability and especially, the high power
C, graphite LiG 372 0.760 characteristics of these, advanced, nanostructured tin oxide

electrodes.

authord5-7]. An example of metal storage electrode nanos- 3. Cathode materials

tructure is shown ifrig. 1which refers to a silicon electrode

prepared with a nano pillar surface morpholdgy. Tests Improvements at the cathode side are also critical for the

run in a lithium cell demonstrated that a considerable im- progress of lithium batteries. Indeed, considerable efforts

provement in cycling response is indeed obtained with this are presently directed to the replacement of the high cost,

nanostructured electrod8. partially toxic LiCoQ with more affordable and sustainable
Nanostructures are also highly beneficial for other classesmaterials. Promising candidates are iron phosphates, such

of alternative electrode materials, e.g. for metal oxide elec- as the phospho olivine LiFeRQwhich, in a lithium cell,

trodes. For instance, it is known that tin oxide can electro- may be reversibly delithiated to FeR@3]. This material

chemically react with lithium with a first process involving is an appealing cathode for lithium batteries: it is cheap,

the formation of lithium oxide and tin, followed by a Li-Sn  environmentally benign and it has a reasonably high capac-

alloying—dealloying reversible procef§d. Itis assumed that ity, i.e. approaching that of LiCo(170 mAhg? versus

the “in situ” formed lithium oxide can act as a “buffer” for 220mAhg).

Signal A= SE1 Date :24 Feb 2003
EHT=20.00kv WD= 22mm Photo No.=5214  Time :15:00:25

Fig. 1. SEM image of a silicon electrode having a nano pillar surface morphology. Courtesy of Professor Mino Green, Imperial College, London.
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Fig. 2. SEM image of a tin oxide electrode having a nano fibril morpholdgy.

However, the kinetics of this electrode are controlled by
its poor electronic conductivity and by the low lithium ion
diffusion across the reaction phases. Morphological modi-

fication at the nano scale level appears the proper tool to
control these undesired phenomena. Recent literature work

has shown that strategies such as carbon nano-pa[adihg
nano-fibril textures[15] and carbon nano-dispersidt6]
led to excellent improvements in the utilization of the “per
se” insulating LiFeP@. In this scenario, we have demon-

strated that dispersion in the course of the synthesis of metal
(e.g. Cu or Ag) powders at the nano particle size, produces

LiFePQy electrodes with enhanced electrochemical proper-
ties[17]. It is believed that the nano powders act as nucle-
ation sites for the growth of the LiFeR@articles, as well
as conducting bridges between them, this finally resulting in
an improvement of the infra- and inter-conductivity of the
particles. Indeed, tests in lithium cells have demonstrated
that these metal composite LiFeP®lectrodes can cycle
with good capacity delivery at room temperature and at high
rates,Fig. 3

Another strategy for enhancing the performance of
LiFePQy electrodes is that of preparing them in suitable
nanostructuresFig. 4 illustrates the morphology of a
LiFePQy electrode prepared in form of nanofibrils follow-
ing a procedure similar to that used for the preparation of
nanostructured tin oxide electrodes, §ég. 2

It is expected that the lithium diffusion length is greatly
reduced in the nanofibrils, this allowing fast kinetics and
good utilization rated=ig. 5shows the cyclic response of this
morphologically modified LiFeP@electrode in a lithium
cell using a EC-DMC (1:1)-LiCI® 1 M liquid electrolyte.
It may be seen that high discharge capacity and cyclability
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Fig. 3. Galvanostatic charge-discharge cycles of a Ag-composite LifFePO
electrode in a lithium polymer cell at room temperatre. (A) \Voltage
profiles; (B) capacity vs. cycle number. Electrolyte: EC-PC—kiFVdF

gel. Electrode composition, 83% active material; 12% Super P; 5% PVdF
binder.
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Fig. 4. Nano-fibril morphology of a LiFePQelectrode.
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1601
140"
120 *
1001

Discharge Capacity (mAh/g)
S [} [
o o o
1 1 1

)
S

o

3 4 5 6
C-RATE (C)

o
-
N

Fig. 5. Discharge capacity of a nano-fibril LiFeP@lectrode encased in a carbon matrix in a lithium cell at different rates. Electrolyte: EC-DMC
(1:1)-LiCIO4 1 M.

are delivered at high rates, even in a polymer electrolyte mer electrolyte, so that to allow the development of reli-
cell. able and safe innovative cell structures. The most desirable
polymer electrolytes are solvent-free membranes, e.g. those
based on blends of poly(ethylene oxide) and a lithium salt,
4. Electrolyte PEO-LiX.
However, these electrolytes suffer of a poor ionic con-
In addition to anode and cathode materials, also elec- ductivity at ambient temperature. We have shown that a
trolyte materials play a key role for the progress of lithium promising strategy to improve the transport characteristics
batteries. In this respect, particularly welcome would be the consists in dispersing ceramic powders at nano particle size
replacement of the common liquid electrolyte with a poly- to the PEO-LiX matrix[18]. Indeed, direct experimental
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T/C nano metal particles, may result in the formation of con-
143.52 11146 8399 6018 3935 2096 4.63 duction bridges which allow high capacity utilization and
— high rates for the low cost and environmentally benign iron
Cooling phosphate cathodes. Finally, the dispersion of nanoceramic
1E-3 powders enhances the conductivity of solvent-free polymer
1 electrolytes, this removing a drawback which has penalized
) their use over several years.
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Fig. 6. Arrhenius plot of a P(EQ)LICF3SO; + 10 (w/0) Zr&; nanocom-
posite polymer electrolyte.

results obtained in oufl9,20] and other[21-23] labora-

tories have evidenced that the nano-dispersion increase

several fold the conductivity of the electrolyte. As an exam-

ple of recent data in thls areRig. 6 shows the Arrhemus_ [2] W.A. van Schalkwijk, B. Scrosati (Eds.), Advances in Lithium-lon

pIOt of a nanocomposite electrolyte formed by d|spersmg Batteries, Kluwer Academic Publishers, New York, 2002.

zirconia powders in the (PE@LICF3SO; matrix [24] [3] R.A. Huggins, in: J.0. Besenhard (Ed.), Handbook of Battery Ma-

compared to that of the plain polymer. It can be clearly terials, Wiley-VCH, Weinjeim, 1999, p. 359.

noticed a significant enhancement of the composite sam- [4] ’\G/' \éVaCh“eSv b-lscmfﬁg:i, "\-IAmadeL 1\/| Serra Moreno, B. Scrosati,

H . . it nocr: . r., In pr .

ple cor_1du<_:t|V|ty both above an_d beIow_HD (the PEO. [5] J.Yag;?f\)/}.Winteg:?]%.%esaenilca?ds,t Sol?dteSt’ene E:r?if:ss 90 (1996) 281.

CryStalhzatlon temperature)‘ This _behawor, together with [6] P. Poizot, S. Laurelle, S. Grugeon, L. Dupont, J.-M. Tarascon, Nature

other enhanced important properties, as the cation trans- 407 (2000) 496.

ference number, the metallic lithium/polymer electrolyte [7] J. Graetz, C.C. Ahn, R. Yazami, B. Fultz, Electrochem. Solid-State

interface stability and a lower degree of the chains crys- Lett. 6 (2003) A194.

taIIinity even at temperatures below the PEO melting point, [8] M. Green, E. Figlder, B. Scrosati, M. Wachtler, J. Serra Moreno,
. . . . Electrochem. Solid-State Lett. 6 (2003) A75.

Clearly point to extended interactions betwe_en the ionic [9] Y. Idota, T. Kubota, A. Matsufuji, Y. Maekawa, T. Miyasaka, Science

and molecular components of the polymeric electrolyte 276 (1997) 1395.

and the filler powders, as discussed in details in reference[10] I.A. Courtney, J.R. Dahn, J. Electrochem. Soc. 144 (1997) 2045.
[24]_ [11] T. Brousse, S.M. Lee, L. Pasquerau, D. Defives, D.M. Schleich,
Solid State lonics 113-115 (1998) 51.
[12] N. Li, C.R. Martin, B. Scrosati, Electrochem. Solid-State Lett. 3
) (2000) 316.
5. Conclusion [13] AK. Padhi, K.S. Nanjundaswamy, J.B. Goodenough, J. Electrochem.
Soc. 144 (1997) 1188.
The results described in this work show that nanotechnol- [14] N. Ravet, Y. Chouninard, J.F. Magnan, S. Besner, M. Gauthier, M.
ogy may play an important role for the progress of lithium Armand, J. Power Sources 97/98 (2001) 503.
. . . e . [15] H. Huang, S-C. Yin, L. Nazar, Electrochem. Solid-State Lett. 4
batteries. With suitable morphology modifications, electrode (2001) 170.
and electrolyte materials which so far have been considered[i6] G. Amold, J. Garche, R. Hemmer, S. Strobele, C. Vogler, M.
still inadequate may assume a crucial importance for allow- Wohlfahrt-Meherens, J. Power Sources 119-121 (2003) 247.
ing innovative and powerfu| cell structures. For instance’ [17] F. Croce, A. D’Epifanio, J. Hassoun, B. Scrosati, Electrochem.
L ; Solid-State Lett. 5 (2002) A47.
preparation in suitable nanostructures may confer to metal ) ) i
. . [18] F. Croce, G.B. Appetecchi, L. Persi, B. Scrosati, Nature 394 (1998)
storage and metal oxide electrodes that level of cycling sta- 456,
bility that have so far hinder their use as high capacity an- [19] F. croce, R. Curini, A. Martinelli, L. Persi, F. Ronci, B. Scrosati,

odes. Similarly, morphological changes, as the addition of R. Caminiti, J. Phys. Chem. 103 (1999) 10632.
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