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Abstract

Advances in lithium-ion battery technology since the last International Power Sources Symposium in Amsterdam in September 2003 are

reviewed.

Cost and safety are still seen as important factors limiting further expansion of application of lithium-ion batteries.
Lithium bis-oxalato borate electolyte salt and lithium iron phosphate cathode material are being actively investigated.
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1. Introduction

This paper is a successor in the series presented at the
last International Power Sources Symposium in Amsterdam
in September 2003 [1] and at the preceding symposium in
Manchester in April 2001 [2]. As in these papers, the aim
is not to review every paper which has been published on
lithium-ion batteries, as this would be a vast undertaking, but
instead to focus on those papers of which the authors are
aware which concentrate on the most significant aspects.

It is a relatively short time since the last symposium, so
major advances in that time would not be expected, partic-
ularly as significant steps forward were reported at the last
meeting. These included the possible introduction of a new
electrolyte salt (lithium bis-oxalato borate, LiBOB) and a new
cathode material lithium iron phosphate, LiFePOy, or variants
with other transition metals. Developments and applications
of both of these are in progress.

The major emphasis at the last meeting was on the great
success of lithium-ion batteries for small scale applications
such as portable telephones and computers but on its present
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limitations for larger scale applications, such as electric vehi-
cles, for which it is technically suited. The limitations were
seen as cost and safety, rather than performance as such,
except possibly for military [3] or space [4] applications
where high energy and high power are needed over a wide
operating temperature range, e.g. the US military would like
lithium-ion batteries to approach the energy density of lithium
primary ones [5].

At Manchester in 2001, lithium-ion battery performance
in terms of energy density was predicted to have a limit of
about 250 Whkg™! [2]. A more detailed analysis of battery
construction presented at the Amsterdam meeting produced
a similar figure [6].

2. Anode materials

Anode materials continue to attract attention with the
aim of developing a material capable of absorbing lithium
reversibly with a higher capacity than carbon. Many metal
alloys have been studied in the past [1] but cracking of the
alloy on cycling has always been a problem. This is reduced if
nano-sized particles, e.g. of tin, are used [7]. Nanocomposite
LigTi5O12 has been tested as an anode material for high rate
batteries [3].
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Carbon fibre anodes, instead of carbon (e.g. graphite) pow-
der stuck on to copper backing have been tested for improved
overcharge safety [8].

Most interest has been in lithium-ion batteries but lithium
metal polymer batteries have also been described [9,10].

3. Electrolyte development

The new electrolyte salt, LIBOB (LiB(C>04)2) was dis-
cussed at the last symposium and is now attracting con-
siderable interest because of its ease of manufacture from
cheap, readily-available starting materials, and its reasonable
conductivity in battery solvents. In line with the conclu-
sion at the last symposium that cost is now a major factor,
the potential lower cost of this material is important. Its
properties have been extensively described [11]. Its main
technical advantage is that it is less acidic than the present
electrolyte salt, lithium hexafluorophosphate (LiPFg), and so
is more stable when used with lithium manganese oxide,
‘manganese spinel’ cathode material [12]. The chemistry of
electrolyte salts is being actively investigated, particularly
with reference to variants on LiBOB (see, e.g. [13-15]).
Conductivities of various electrolytes, including those con-
taining LiBOB, have been investigated [16]. Solutions con-
taining LiBOB are less conductive than those containing
LiPF¢ and may not be suitable at low temperatures, due to
low solubility. This is more significant for military applica-
tions.

Polymer electrolytes are now well established [1]. Using
these electrolytes and a pouch cell construction, energy den-
sities of 200-230 Whkg ™! has been reported [17], close to
the estimated limits for lithium-ion battery chemistries [1,6].
Solid electrolytes with a cathode system which generates sul-
phur dioxide have also been proposed [18]. Dry polymers
of a rubbery nature with no liquid or gel component but
with an incorporated lithium salt can operate at 40-60°C
[9]. Nitrogen-containing conductive polymers are also being
investigated [19,20].

The solid state lithium phosphorus oxynitride (LIPON)
electrolyte, which was developed by Bates and co-workers at
Oak Ridge National Laboratory, has been known for several
years. Commercial cells based on this technology are now
reported to have achieved 300 Whkg~! [21].

Lithium-ion batteries are usually described as suitable for
operation up to 60 °C. The stability of lithium-ion battery
electrolytes containing LiPFg has been investigated at tem-
peratures up to 100 °C. Electrolyte decomposition was found
which could be retarded by addition of Lewis base additives
[22].

Another possibility for electrolytes is the use of ionic
liquids [19], such as tetra-alkyl ammonium N(SO,CF3),™
species which have potential windows <0 to >5 V. Solutions
with lithium trifluorosulphonimide show conductivities in the
107* to 1079 Sem™! range, with higher values at higher
temperatures [19]. Ionic liquids are non-flammable, stable

to >300 °C and are non-toxic. However, they are in the early
stages of development at the present.

4. Cathode materials

At the last symposium, the usage of mixed cobalt/nickel
lithiated oxides to replace lithium cobalt oxide as the
standard cathode material for lithium-ion batteries was
predicted. Active research continues, e.g. on lithium
mixed cobalt/nickel/manganese oxides [12]. The use of
lithium nickel/cobalt/aluminium oxide as cathode material in
lithium-ion batteries for hybrid electric vehicles (HEV) has
been reported [23]. A related system is layered Li,(MnNi)O»,
preferably with x> 1. These species do not de-oxygenate
when charged, reducing fire and explosion risks, and produce
extraordinary capacities over the range 2.5-4.6 V. Energy out-
puts are >1 Whg™!, but the potential limits point to ionic
liquid electrolytes and >40°C operation enhances perfor-
mance, e.g. a substantial departure from current technology
is needed [19]. Multi-phased Al-doped spinels offer unprece-
dented high rate performance, especially suitable for hybrid
vehicle batteries, but a non-acidic electrolyte is still required
for long cycle life [24].

Another development, possibly more significant in the
long run, could be the adoption of lithium iron phosphate (or
other lithium transition metal phosphates) to replace lithium
cobalt oxide as the cathode material. This material has the
advantage of possibly lower cost and improved safety. For
these reasons, it is now attracting commercial interest (see,
e.g. [17,25]). However, low conductivity is a technical disad-
vantage, though high rate operation has been reported [26].
Partial substitution of iron by other atoms (doping), coating
with carbon or Fe;P could greatly increase the conductivity
[27]. Other lithium metal phosphates have been investigated
but high polarisation was thought to eliminate pure LiMnPO4
even though it has a higher voltage than LiFePO4 [28]. Met-
als other than Fe or Mn seem less attractive as they are more
expensive and toxic though various vanadium compounds
are being actively investigated. For high rate applications,
nanocomposite LiFePO4 has been tested [3]. Phosphate cath-
ode materials have been reviewed [29].

A different chemistry for lithium rechargeable batter-
ies is the lithium/sulphur system. Energy densities of
300-350 Whkg ™! are reported and development is contin-
uing [30]. Other work on the lithium—sulphur system will be
reported at this symposium [31].

Vanadium oxide cathode materials are used in the lithium
metal polymer battery [9,10].

5. Battery safety
Battery safety is a matter of crucial importance to the

lithium battery industry. The massive sales of lithium-ion
batteries depend on consumer confidence in these batteries



A. Ritchie, W. Howard / Journal of Power Sources 162 (2006) 809-812 811

and this has been achieved. However, for larger size batter-
ies, e.g. for electric vehicles, the safety problems for the large
batteries required are greater than for the small batteries used
in telephones or computers. Charging lithium-ion batteries
to above 4.6 V cell™! when using lithium metal oxide cath-
odes and flammable liquid electrolyte cathodes can lead to
unsafe events [1], possibly due to lithium deposition or to
oxidation of solvents at these high potentials. Lithium iron
phosphate may be safer as complete oxidation of this material
occurs at a lower voltage (3.4 V), and the oxidation product
of lithium iron phosphate is the stable material, ferric phos-
phate, according to the reaction:

LiFePO4 + 6C — LiCg + FePOy

LiBOB has been seen as a safe battery electrolyte for
large scale lithium-ion batteries [32]. The thermal stability of
18,650 cells with LiBOB electrolyte has been investigated but
reaction of the charged positive electrode occurred at 40 °C
lower than for LiPFg electrolyte [33].

In order to achieve battery safety without relying solely on
external electronics, internal electronics within the cell have
been used to provide overcharge and short circuit protection

[5].

6. Battery cost

Cost was emphasised at the last symposium as the major
challenge for lithium ion-batteries in the future. LiBOB
could be cheaper than LiPFg as a battery electrolyte salt and
moreover could enable the cheaper lithium manganese oxide
spinel, LiMn;Qy4, to be used instead of the expensive lithium
cobalt oxide, LiCoO;. Lithium iron phosphate could be a
cheaper cathode material. It has been estimated that use of
lithium iron phosphate as cathode material could reduce the
cathode cost from 50% to 10% of the battery cost [17].

If new cathode materials, such as phosphates, are intrinsi-
cally safer than lithium cobalt oxide, then it might be possible
to save on the sophisticated electronics which are currently
needed to ensure lithium-ion battery safety, though this would
need thorough investigation.

7. Battery applications

The high power capabilities of lithium-ion batteries make
them useful in combination with other power sources, such
as zinc-air batteries [34,35] or fuel cells [36,37]. The high
energy content of Zn-air primary batteries makes them pos-
sible battery chargers for Li-ion portable batteries.

For Autonomous Undersea Vehicles and Unmanned Vehi-
cles, high energy contents of 195 Whkg~! and 300 Wh1~!
have been achieved [23].

Hybrid electric vehicles are now commercially available
using nickel-metal hydride batteries. Lithium-ion batteries
have the potential for higher energy density, higher power

density and longer calendar and cycle life. High power
lithium-ion batteries have been developed for this applica-
tion [23].

Lithium metal polymer rechargeable batteries have been
developed for telecommunications applications [9,10].

8. Conclusions

In the relatively short time since the last International
Power Sources Symposium, progress on lithium-ion batteries
has been generally incremental with considerable interest in
the new lithium electrolyte salt (LiBOB) and in the new cath-
ode material, lithium iron phosphate (LiFePOy4). Developing
technologies include layered LiMnNi oxides, ionic liquids
and N-containing polymer electrolytes.

The conclusions at the last symposium that cost and safety
are the main factors limiting the usage of lithium-ion batteries
in larger sizes, such as for electric vehicles, remain.

References

[1] A.G. Ritchie, Recent developments and likely advances in lithium
rechargeable batteries, Power Sources 19, in: Proceedings of the 23rd
International Power Sources Symposium, September 2003, Amster-
dam, J. Power Sources 136 (2004) 285-289.

[2] A.G. Ritchie, Recent developments and future prospects for lithium
rechargeable batteries, Power Sources 18, in: Proceedings of the
22nd International Power Sources Symposium, Manchester, J. Power
Sources 96 (April 2001) 1-4.

[3] J.M. Miller, B. Glomski, C. Silkowski, S. Huggett, M. Heath, P. Sholtes,

S. Walker, C. Xu, J. Chew, M. Wixom, Ultra-high-rate batteries based on

nanostructured electrode materials, in: Proceedings of the 41st Power

Sources Conference, June 2004, pp. 393-396.

M.C. Smart, S. Hossain, B.V. Ratnakumar, R. Loutfy, L.D. Whit-

canack, K.B. Chin, E.D. Davies, S. Surampudi, S.R. Narayanan, Perfor-

mance characterisation of lithium-ion cells possessing carbon-carbon
composite-based anodes capable of operating over a wide temperature
range, in: Proceedings of the 41st Power Sources Conference, June

2004, pp. 397-400.

T. Jeffrey, J. Hinde, The development of high energy density lithium-

ion cells, in: Proceedings of the 41st Power Sources Conference, June

2004, pp. 438-441.

M. Broussely, G. Archdale, Li-ion batteries and portable power source

prospects for the next five to ten years, Power Sources 19, in: Proceed-

ings of the 23rd International Power Sources Symposium, Amsterdam,

September 2003.

A. Nimberger, B. Markovsky, E. Levi, E. Sominsky, A. Gedanken,

D. Aurbach, Electrochemical behaviour of tin oxide nanoparticles as

material for negative electrodes of li-ion batteries, in: Proceedings of

the 41st Power Sources Conference, June 2004, pp. 386-388.

G.W. Au, L.M. Cristo, S. Hossain, Safe design composite material in

negative electrode for lithium ion cell, in: Proceedings of the 41st Power

Sources Conference, June 2004, pp. 445-447.

[9] C. Robillard, A. Vallée, H. Wilkinson, The impact of lithium-metal-
polymer battery characteristics on telecom power system design, see
Avestor web site (Www.Avestor.com).

[10] C. Saint-Pierre, T. Gauthier, M. Hamel, M. Leclair, M. Parent, M.S.
Davis, AVESTORO lithium-metal-polymer batteries proven relia-
bility record based on customer field trials, see Avestor web site
(www.Avestor.com).

[4

—

[5

—_

[6

=

[7

—

[8

—_


http://www.avestor.com/
http://www.avestor.com/

812 A. Ritchie, W. Howard / Journal of Power Sources 162 (2006) 809-812

[11] Chemetall, Novel halide-free conducting salts for lithium batteries, in:
20th International Seminar and Exhibit on Primary and Secondary Bat-
teries, March 2003.

[12] K. Amine, I. Belharouak, J. Liu, S.-H. Kang, A. Kahaian, D. Vissers, G.
Henrikson, Advanced cathode materials for high power applications,
Abstract 51, IMLB 12 Meeting, 2004.

[13] W. Xu, C.A. Angell, LiBOB and its derivatives: new weakly coordi-
nating anions and the exceptional conductivity of their non-aqueous
solutions, Electrochem. Solid-State Lett.

[14] W. Xu, C.A. Angell, A fusible orthoborate salt with high conductivity
in solutions, Electrochem. Solid-State Lett. 3 (2000) 366-368.

[15] W. Xu, A.J. Shusterman, C.A. Angell, LIMBOB, an unsymmetrical
nonaromatic orthoborate salt for nonaqueous solution electrochemical
applications, J. Electrochem. Soc. 151 (2004) A632—-A638.

[16] M.S. Ding, T.R. Low, Change of conductivity with salt molality. solvent
composition and temperature and its mechanisms for PC-DEC and PC-
EC solutions of LiBF,4, LiPFg, LIBOB, Et4NBF, and Et;NPFg, in:
Proceedings of the 41st Power Sources Conference, June 2004, pp.
528-531.

[17] S.D. Gupta, J.K. Jacobs, R. Bhola, Developments in lithium-ion
SuperPolymer® batteries for portable power applications, in: Proceed-
ings of the 41st Power Sources Conference, June 2004, pp. 98-100.

[18] A.Gilmour, Rechargeable electrochemical cells having electrolyte gen-
erated in situ from an all solid state assembly, in: Proceedings of the
41st Power Sources Conference, June 2004, pp. 116-117.

[19] W.F. Howard Jr., Next-generation chemicals for lithium rechargeable
batteries, Adv. Battery Technol. 40 (2004) 18-23.

[20] R.E. Frech, D.T. Glatzhofer, Conductive polyamine-based electrolyte,
U.S. Patent Appl. 2002 160270, 31 October 2002.

[21] S.K. Nieh, J.L. Arias, V.F. Krasnov, R.M. Murphy, Development of a
300 Wh/kg solid-state rechargeable lithium battery, in: Proceedings of
the 41st Power Sources Conference, June 2004, pp. 337-340.

[22] B.L. Lucht, C.L. Campion, W. Li, B. Ravdel, J.F. DiCarlo, R. Gitzen-
dammer, K.M. Abraham, Suppression of decomposition reactions of
lithium-ion battery electrolytes, in: Proceedings of the 41st Power
Sources Conference, June 2004, pp. 442—444.

[23] N. Raman, G. Chagnon, S. Hafner, K. Nechev, A. Romero, M. Saft,
Development of High Power Li-lIon Battery Technology for Hybrid
Electric Vehicle (HEV) Applications, in: Proceedings of the 41st Power
Sources Conference, June 2004, pp. 435-437.

[24] W.F. Howard Jr., S.W. Sheargold, P.M. Story, R.L. Peterson, Stabilized
spinel battery cathode material and methods, U.S. Patent 6,558,844,
6th May 2003.

[25] Future safe ion technology from Saphion, Batteries International, 326,
July 2004.

[26] S. Franger, C. Bourbon, F. Le Cras, Optimised lithium iron phosphate
for high rate electrochemical applications, J. Electrochem. Soc. 151
(2004) A1024-A1027.

[27] P.Onnerud, R. Chamberlain, D. Novikov, J. Treger, S. Dalton, J. Shi, M.
Rona, C. Lampe-Onnerud, LiIMPO4 cathode material designed for use
in lithium-ion batteries with application to electric and hybrid-electric
vehicles, in: Proceedings of the 41st Power Sources Conference, June
2004, pp. 481-484.

[28] M. Yonemura, A. Yamada, Y. Takei, N. Sonoyama, R. Kanno, Compar-
ative kinetic study of olivine LiyMPO4 (M =Fe, Mn), J. Electrochem.
Soc. 151 (2004) A1352-A1356.

[29] A. Yamada, M. Hosoya, S.-C. Chung, Y. Kudo, K. Hinokuma, K.-Y.
Liu, Y. Nishi, Olivine-type cathodes—achievements and problems, J.
Power Sources 119-121 (2002) 232-238.

[30] E.B. Tudron, J.R. Akridge, V.J. Puglisi, Lithium—sulphur rechargeable
batteries: characteristics, state of development and applicability to pow-
ering portable electronics, in: Proceedings of the 41st Power Sources
Conference, June 2004, pp. 341-344.

[31] G. Ivanov, Proceedings of the 24th International Power Sources Sym-
posium, Brighton, April 2005.

[32] Li-Ion Starter Battery, Solvent-free lithium polymer starter battery,
http://www.bbw.admin.ch/html/pages/abstracts.html/fp/fp5/5en99.
0583.html.

[33] J.Jiang, H. Fortier, J.N. Reimers, J.R. Dahn, Thermal stability of 18650
size Li-ion cells containing LiBOB electrolyte salt, J. Electrochem. Soc.
151 (2004) A609-A613.

[34] A.Suszko, T.B. Attwater, P.J. Cygan, L.P. Jarvis, The making of a hybrid
system: performance matrix of Zn-air/lithium-ion hybrid variants, in:
Proceedings of the 41st Power Sources Conference, June 2004, pp.
496-499.

[35] M. Matthews, Hybrid power systems and components: land warrior
hybrid power sources development, in: Proceedings of the 41st Power
Sources Conference, June 2004, pp. 537-540.

[36] B. Fiebig, D. Houy, H. Maheshwari, N. Williams, A self-regulating
hydrogen fuelled Flatstack[] fuel cell/Li-ion battery hybrid power
source for the objective force warrior, in: Proceedings of the 41st Power
Sources Conference, June 2004, pp. 500-503.

[37] B.M. Dweik, M. Hamdan, Integrated hybrid (fuel cell/capacitor/
battery) powerpack and related advanced portable fuel cell systems,
in: Proceedings of the 41st Power Sources Conference, June 2004, pp.
533-536.


http://www.bbw.admin.ch/html/pages/abstracts.html/fp/fp5/5en99.0583.html

	Recent developments and likely advances in lithium-ion batteries
	Introduction
	Anode materials
	Electrolyte development
	Cathode materials
	Battery safety
	Battery cost
	Battery applications
	Conclusions
	References


