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a b s t r a c t

Lithium batteries are characterized by high specific energy, high efficiency and long life. These unique
properties have made lithium batteries the power sources of choice for the consumer electronics mar-
ket with a production of the order of billions of units per year. These batteries are also expected to
find a prominent role as ideal electrochemical storage systems in renewable energy plants, as well as
power systems for sustainable vehicles, such as hybrid and electric vehicles. However, scaling up the
lithium battery technology for these applications is still problematic since issues such as safety, costs,
wide operational temperature and materials availability, are still to be resolved. This review focuses
first on the present status of lithium battery technology, then on its near future development and
finally it examines important new directions aimed at achieving quantum jumps in energy and power
content.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

The present energy economy based on fossil fuels is at a serious
isk due to a series of factors, including the continuous increase
n the demand for oil, the depletion of non-renewable resources

nd the dependency on politically unstable oil producing countries.
nother worrying aspect of the present fossil fuel energy econ-
my is associated with CO2 emissions, which have increased at a
onstant rate, with a dramatic jump in the last 30 years, the CO2

∗ Corresponding author.
E-mail address: bruno.scrosati@uniroma1.it (B. Scrosati).
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level has almost doubled passing from 1970 to 2005, this resulting
in a rise in global temperature with associated series of dramatic
climate changes.

The urgency for energy renewal requires the use of clean energy
sources at a much higher level than that presently in force. The
CO2 issue, and the consequent air pollution in large urban areas,
may be only solved by replacing internal combustion engine (ICE)
cars with ideally, zero emission vehicles, i.e. electric vehicles (EVs)
or, at least, by controlled emission vehicles, i.e. full hybrid electric
vehicles (HEVs) and/or plug-in electric vehicles (PHEVs).
Accordingly, investments for the exploitation of renewable
energy resources are increasing worldwide, with particular atten-
tion to wind and solar power energy plants (REPs), which are the
most mature technologies. The intermittence of these resources

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:bruno.scrosati@uniroma1.it
dx.doi.org/10.1016/j.jpowsour.2009.11.048
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domain. The figure shows that the electrolyte domain extends from
about 0.8 V vs. Li to 4.5 V vs. Li and that the MCMB anode operates
well outside the stability of the electrolyte and the cathode is just
at its limit.
ig. 1. HEV market evolution. By kind permission of Dr. Christophe Pillot, Avicenne
éveloppement.

equires high efficiency energy storage systems. Electrochemical
ystems, such as batteries and super capacitors, that can efficiently
tore and deliver energy on demand in stand-alone power plants,
s well as provide power quality and load levelling of the electrical
rid in integrated systems, are playing a crucial role in this field.
ndeed, the advantage of the use of electrochemical storage sys-
ems has been demonstrated for both wind and photovoltaic REPs
1]. The efficacy of batteries in REPs is directly related to their con-
ent in energy efficiency and lifetime. Indeed, in virtue of their high
alue of energy efficiency, lithium batteries are expected to provide
n energy return factor higher than that assured by conventional
atteries, e.g. lead-acid batteries [2].

In addition to REPs, lithium ion batteries are also seen as the
ower sources of choice for sustainable transport because they
re considered the best options which can effectively guarantee
he progressive diffusion of HEVs, PHEVs, and BEVs at high levels
3]. In HEVs the synergic combination of ICE with an electrochem-
cal battery provides high fuel utilization with proven benefits
or fuel economy and therefore, for pollution emission control, as
ell as favouring driving performances which are similar if not

uperior to those of pure gasoline cars. Indeed, the production of
attery-powered HEVs has very rapidly passed from demonstration
rototypes to very successful commercial products, see Fig. 1.

However, problems of various natures still prevent the large-
cale diffusions of lithium ion batteries for REP and EV applications.
everal countries, including Japan, United States and Europe, are
llocating large investments to support R&D programs aimed
o solve these problems and thus promote the development of
dvanced, efficient lithium batteries [4].

The purpose of this review is to report the R&D approaches
hich are considered to be the most promising for leading to impor-

ant breakthroughs in the lithium battery technology. We will first
eport on the present status of this technology, discuss the evolu-
ions which are expected to lead to near-term new batteries and
onclude with the illustration of future trends.

. Lithium ion batteries
Lithium ion batteries are light, compact and work with a volt-
ge of the order of 4 V with a specific energy ranging between
00 Wh kg−1 and 150 Wh kg−1. In its most conventional structure,
lithium ion battery contains a graphite anode (e.g. mesocarbon
icrobeads, MCMB), a cathode formed by a lithium metal oxide
Fig. 2. Scheme of a common lithium ion battery.

(LiMO2, e.g. LiCoO2) and an electrolyte consisting of a solution of
a lithium salt (e.g. LiPF6) in a mixed organic solvent (e.g. ethylene
carbonate–dimethyl carbonate, EC–DMC) imbedded in a separator
felt [5]. Fig. 2 shows a typical lithium ion battery configuration.
In most common cases these batteries are based on the C/LiPF6 in
EC–DMC/LiMO2 sequence and operate on a process:

yC+LiMO2� LixCy + Li(1−x)MO2, x ∼0.5, y = 6, voltage ∼3.7 V (1)

involving the reversible extraction and insertion of lithium ions
between the two electrodes with a concomitant removal and addi-
tion of electrons.

Due to the high value of the energy content, lithium ion batteries
have triggered the growth of the market of popular devices, such
as mobile phones, lap-top computers, MP3s and others. Indeed,
lithium ion batteries are today produced by billions of units per
year, see Fig. 3.

At first sight, the electrochemical process which drives the
lithium ion battery appears quite simple, apparently consisting
of the reversible exchange of lithium ions between the two elec-
trodes. However, in practice the operation of this battery requires
the ongoing of key side processes. In Fig. 4A we can see that the
redox process at the MCMB anode evolves around 0.05 V vs. Li and
that of the LiCoO2 cathode evolves at about 4 V vs. Li. The onset of
the current in the electrolyte reveals the occurrence of either reduc-
tive or oxidative decomposition processes that define its stability
Fig. 3. Evolution of the lithium ion battery sale in the consumer electronic and HEV
market.
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ig. 4. (A) Cyclic voltammetry profiles (potential vs. Li/Li+) of lithium ion battery c
arbon; electrolyte: EC–DMC, LiPF6. (B) Voltage operation ranges of the C/LiCoO2 e
lectrolytes.

This is also clearly visible form Fig. 4B that shows the voltage
anges of the MCMB anode and the LiCoO2 cathode in compari-
on with the stability window of the most common organic liquid
lectrolytes. We can then conclude that the C/LiCoO2 battery is
hermodynamically unstable in these electrolytes. However, in

ractice, the battery operates under a kinetic stability: the initial
ecomposition of the electrolyte results in the formation of a pro-
ective film on the anode surface, this providing the condition to
ssure the continuation of its charge and discharge processes. More
angerously serious are the oxidative processes at the cathode side.

ig. 5. Operational principle of SEI formation in a C/LiCoO2 lithium ion battery. Taken
epartment of Energy, USA, http://www.sc.doe.gov/bes/reports/files/EES rpt.pdf.
nents: anode and cathode (green), electrolyte (blue). Counter electrodes: super P
de combination in comparison with the stability domain of most common liquid

Under proper conditions the battery operates below the oxidative
limit of the electrolyte. However, if by unexpected events, such as
accidental overcharge, this limit is exceeded, no protecting film is
formed on the cathode and the electrolyte continues to oxidize, this
greatly contributing to accelerate cell failure.
Overall, both the anode and the cathode decomposition pro-
cesses imply consumption of active masses and of electrolytes,
accompanied by gas evolution, see Fig. 5. This results in a loss of
the battery capacity (initial irreversible capacity) and in safety haz-
ards. Both capacity loss and gas evolution are of course undesired

from “Report of the Basic Energy Science Workshop on Electric Energy Storage”,

http://www.sc.doe.gov/bes/reports/files/EES_rpt.pdf


2422 B. Scrosati, J. Garche / Journal of Power Sources 195 (2010) 2419–2430

F l alloy
v tine m
( .

p
t

3

v
a
p
w
O
o
w
l
s

b
e
t
b
I
c
n
a
b
s
a
o
T
a
a

d

ig. 6. Volume change effects associated to the charge and discharge process of meta
olume change during discharge (upper left); comparison of volume changes: pris
low left) and SEM image of LiM before and after cycling (right). Taken from Ref. [7]

henomena which must be carefully controlled (especially during
he production process) to assure proper battery performance [6].

. Near-term progress of the lithium ion battery technology

Scaling up the chemistry of common lithium ion batteries in
iew of their application for sustainable vehicles, or for renew-
ble energy plants, is problematic. Barriers of various natures still
revent this important step. They include safety, cycle life, cost,
ide temperature operational range and materials availability.
n the other hand, the intrinsic benefit of lithium technol-
gy and its use in these key evolving markets, have triggered
orldwide efforts to solve these problems in order to place the

ithium ion battery in a dominant position in both EV and REP
ectors.

It is now universally accepted that breakthroughs in lithium
attery technology require innovative chemistries for both the
lectrode and the electrolyte components. The goal is to iden-
ify materials having performances higher than those offered
y the anode and the cathode used in the common versions.

ndeed, the chemistry of lithium ion batteries has not changed
onsistently since their introduction in the market in the early
ineties. As already mentioned, most production still relies on
graphite anode and a lithium cobalt oxide cathode, separated

y a liquid solution of a lithium salt, e.g. LiPF6, in an organic
olvent mixture, e.g. EC–DMC. Generally, the performance of
ny device directly depends on the properties of the materials
n which it is formed; this is also true for lithium batteries.

hus, steps ahead for rechargeable lithium batteries can only be
chieved by a breakthrough in electrode and electrolyte materi-
ls.

Accordingly, worldwide research and development efforts are
irected toward the replacement of the present battery compo-
electrodes in lithium cells. The figure shows: scheme of Li ion insertion and related
aterial (dark coloured columns) Li+ intercalated material (light coloured columns)

nents with materials having higher performance in terms of energy,
power, cost, reliability, lifetime and safety.

The approaches to reach this goal are focused along two main
directions:

(1) the replacement of graphite and of lithium cobalt oxide with
alternative, higher capacity, lower cost anode and cathode
materials;

(2) the replacement of the organic carbonate liquid electrolyte
solutions with safer and more reliable electrolyte systems.

3.1. Improvements in specific energy

So far the specific energy of lithium ion batteries has been
increased mainly by fabrication improvements, by using progres-
sively lighter cases (e.g. passing from stainless steel to aluminium),
or by the optimization of the cell design such as to increase the
loading of active electrode materials. A limit has now been reached
beyond which further increases in specific energy require modifi-
cation of the cell chemistry.

Lithium metal alloys, e.g. lithium–silicon (Li–Si), and lithium–tin
(Li–Sn), alloys, are among the most promising negative electrodes
to replace common carbon based materials. These alloys have a
specific capacity which largely exceeds that of lithium–graphite,
i.e. about 4000 mAh g−1 for Li–Si and 990 mAh g−1 for Li–Sn, versus
370 mAh g for Li–C. Unfortunately, lithium alloys cannot be used
as such in lithium cells, the main issue being the large volume
expansion–contraction which occurs during the charge–discharge

processes; these volume changes induce mechanical stresses with
the resulting disintegration of the electrode with consequent fail-
ure in the round of cycles [7], see Fig. 6.

The problem has been circumvented by optimizing the electrode
morphology with the development of nanostructured configura-
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ig. 7. Structure and performance of the Sn–C composite electrode. (A) TEM image s
he C matrix; (C) capacity delivery versus charge–discharge cycles, and (D) evolution
aken from Refs. [8,9].

ions capable of buffering the large volume changes and thus, of
ssuring long cycle life combined with high specific capacity. A
ood example is provided by electrode structures based on metal
arbon nanocomposites (e.g., tin–carbon) [8,9], see Fig. 7. In this
anostructure, the carbon matrix has a twofold, key role: (i) it pro-
ides enough free volume to accommodate expansion–contraction
f the tin, assuring cycling stability and (ii) it acts as a protect-
ng shell, assuring the safe handling of the electrode nanopowders.
ig. 7A shows the average distribution of the tin nanoparticles in
he carbon matrix and Fig. 7B the appearance of a single tin particle.
ig. 7C demonstrates the high electrochemical stability of the Sn–C
anocomposite electrode that undergoes deep discharge/charge
ycles with no capacity fading for over two hundred cycles. Fig. 7D
eports the evolution of XRD patterns of a Sn–C nanocomposite
ample maintained for more than a month in open air at room
emperature: no changes in the patterns are observed, this demon-
trating the high chemical stability of the nanocomposite structure.

Similar approaches have been adopted to promote the perfor-
ance of Li–Si metal electrodes [10]. Results obtained by various

aboratories worldwide have demonstrated that long cycle lives
an be achieved by exploiting suitable electrode modifications,
.g. based on silicon–carbon composites, nanowires morphologies
nd 3D porous particles [11]. Because of these important achieve-
ents, the lithium metal alloys are now ready to begin lithium

attery production. One example, formed by a ternary Sn–Co–C
lloy, is already in use as new anode material in a commercial bat-
ery [11] Actions for promoting enhancement at the anode side are
lso addressed to modification of graphite by covering the surface
ith thin metal layers. It is expected that this treatment, by pro-
oting conductivity enhancement, may lead to improved electrode

erformance—especially in the low temperature range [12].

Research for new anode materials is also addressed to titanium

xides. In this range of materials, anatase titanium oxide TiO2 (TO)
13] and lithium titanium oxide, Li4TI5O12 (LTO) [14] are attractive
egative electrodes for advanced lithium ion batteries. The lithium

nsertion potential of these oxides is between 1.2 V and 2.0 V vs.
ng the electrode morphology; (B) HRTEM image showing a Sn particle embedded in
D patterns of the Sn–C powder kept over one month under laboratory atmosphere.

Li, i.e. within the stability window of common organic electrolytes.
(Courtesy of Dr. Michel Armand, Université Jules Verne, Amiens,
France). LTO has a lithium-rich, spinel-framework structure. This
electrode material is characterized by a two-phase electrochem-
ical process evolving with a flat voltage profile. The theoretical
capacity is lower, and the voltage level higher, than those of con-
ventional graphite, i.e. 170 mAh g−1 versus 370 mAh g−1 and 1.5 V
vs. Li versus 0.05 V vs. Li, respectively. Both differences may result
in lower specific energy; however, the interest in Li4Ti5O12 remains
high because of its specific properties that include: (i) a very low
volume change (<1%) during cycling, which leads to high cycling
stability; (ii) no electrolyte decomposition and thus, no SEI for-
mation, (iii) high rate and very low temperature charge/discharge
capability and (iv) high thermal stability in both the charged and
discharged state. Indeed, LTO is presently practically exploited to
develop batteries for PHEVs [15].

Titanium oxide, TO, has a brookite structure. This anode mate-
rial offers important advantages in term of cost effectiveness, safety
and environmental compatibility. Its maximum theoretical capac-
ity is 335 mAh g−1, corresponding to the insertion of one Li per
TiO2 , associated with a complete Ti4+ → Ti3+ reduction. The elec-
trochemical performance of TO strongly depends on the particles’
morphology; consequently, the research on this material is focused
on fabrication process suitable to produce it in nanosized or nan-
otextured forms [14,16]. Fig. 8 shows valid examples of these
TO advanced nanostructures. Attempts to develop morphologies
offering effective electronic conductive networks with the goal of
increasing the mass utilization and electrode kinetics are also in
progress [13].

Regarding cathodes, the materials of main interest for battery
manufactures are today manganese-based compounds and olivine

lithium metal phosphates. In the former series, a promising candi-
date is lithium manganese spinel, LiMn2O4. In view of its favourable
properties that include material availability and environmental
compatibility, this manganese oxide appears as an almost ideal
substitute for the common, high cost and partially toxic, lithium
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having at least one nanometric dimension, have been considered
[27,28]. It is expected that evolution to nanostructures may result
in the reduction of the diffusion length of the lithium ions in and
out of the electrode (see Fig. 9), and thus, in the enhancement of
Fig. 8. TEM images of TiO2 anatase electrodes having mesoporo

obalt oxide. Unfortunately the wide use of lithium manganese
pinel is limited by some operational issues, the most serious being
anganese dissolution into the electrolyte upon cycling in lithium

ells, especially at temperatures above ambient [17,18]. This phe-
omenon reflects in a poor cycle life of the cell and then, the
ractical use of this cathode is limited to niche markets.

On the other hand, there are various strategies to be attempted
or circumventing the dissolution issue. The most common include:
i) the partial substitution of manganese ions by a series of foreign
ons [19–21] and (ii) surface modification by oxide coating [22,23].
lthough not yet totally successful, these approaches provide con-
rete expectance that the route for making LiMn2O4 commercially
iable will soon opened.

Another promising example in the manganese family is the
ithium nickel manganese oxide, LiNi0.5Mn1.5O4, which adopts a
pinel structure [24]. This material is characterized by a two-phase
lectrochemical process reflecting in a flat voltage profile evolving
round 4.5 V vs. Li. The theoretical specific capacity is 146 mAh g−1,
.e. of the same order as the conventional lithium cobalt oxide,
iCoO2. However, the key difference is in the high operational volt-
ge, which makes LiNi0.5Mn1.5O4 a very interesting material due to
ts potentiality of assuring substantial increase in energy density,
uch as 30% more than that associated with conventional lithium
anganese spinel. On the other hand, the practical use of this cath-

de material may be prevented by the lack of suitable electrolyte
edia, since the presently available organic carbonate electrolyte

olution are not totally compatible with the high voltage of the
ithium nickel manganese oxide, especially in the course of its
harge process. R&D projects are under way to develop more sta-
le electrolytes, so that to make this interesting cathode material
iable for industrial use. .

The other compound in the manganese family which has
ttracted considerable attention is the nickel cobalt manganese
xide, LiNi1/3Co1/3Mn1/3O2. This material has a layered structure
nd operates via a typical lithium insertion–de-insertion electro-
hemical process, characterized by a sloping voltage averaging
round 3.8 V vs. Li [25]. The practical specific that of LiCoO2, i.e.
60–170 mAh g−1 vs. 140 mAh g−1.

In the search of new cathodes, attention is addressed to mate-
ials of the olivine family—in particular lithium iron phosphate,
iFePO4 (LFP) [26]. This interest is motivated by the many appealing
eatures of this compound which include: (i) reasonably high capac-
ty (170 mAh g−1); (ii) a two-phase electrochemical process which

volves with a flat 3.5 V vs. Li voltage; (iii) a cost which in princi-
le is lower than that of LiCoO2 and most significantly (iv) a high

ntrinsic safety (the strength of the P–O covalent bond rule out any
isk of oxygen release). On the other hand, LFP suffers from a very
igh intrinsic resistance which requires special electrode prepa-
and nanowire (B) nanoconfigurations. Taken from Refs. [14,16].

rations, the most common involving carbon coating processes to
increase the conductivity such as to assure full capacity and high
rate delivery. Carbon-coated LFP is an attracting cathode material
for application in batteries designed for high power applications.
Effectively, LFP is already in commercial use in batteries for power
tools, small vehicles and PHEVs. On the other hand, because of
the low values of the tap density and of the operational voltage,
LFP suffers from low volumetric energy density and thus, is not
appropriate for applications that require high energy such as those
directed to EVs. Attention is also focused on alternate olivines, such
as LiMnPO4 and LiCoPO4.

3.2. Improvements in power

Common lithium ion batteries are based on intercalation
electrodes with an electrochemical process involving the
removal–insertion of lithium ions between anode and cath-
ode via transport across the electrolyte. The rate determining step
of this process is the lithium diffusion in and out of the electrode
structures. Thus, to improve kinetics, new, nanostructured elec-
trode morphologies, such as nanoparticles, nanofibers and others
Fig. 9. Scheme of the role of nanofibers in reducing the diffusion length of the
lithium ion in the electrode bulk.
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he electrode charge–discharge rates. An example of this approach
pplies to the LFP electrode material, where the Li ions are expected
o move into the bulk only along the [0 1 0] crystal direction [29].
ncreases in diffusion, and thus in rate capability, can be obtained
y suitable modifications, such as by inducing a coating of the LFP
article surface with a fast-ion conducting phase, formed via a
ontrolled off-stoichiometry [30].

On the other hand, because of the large surface-to-volume ratio,
he use of nanostructures is expected to result in an increase of
he electrochemical active surface for the same geometrical sur-
ace by many orders of magnitude, thus making the “real” current
ensity lower for the same total current (namely the power), that
he battery can generate. In addition, the low tap density of these
arge surface area structures depresses the volumetric energy den-
ity and increases the reactivity of the battery to an unacceptable
evel. Accordingly, in same case it is more convenient to stick with
onventional electrode morphologies and achieve high rate by a
roper cell design, e.g. involving the reduction of the electrode
hickness.

Generally, research on nanomaterials requires the design of new
lectrode formulations and preparation techniques. Very promis-
ng in this respect are the low temperature synthesis of tailor-made
iFePO4 powders via the use of basic media [31], microwave pro-
edures [32], as well as others. The identification of appropriate
inders and conductive additives is also an important step in

ithium battery technology. To improve electronic transport within
ithium battery electrodes, carbon black is normally used as a
onductive additive. This additive is not well suited for nanomate-
ials. The process for achieving homogenous dispersions complex
nd carbon black tends to disintegrate from the electrode during
ycling. Thus, to ensure good cycling stability within the electrode
tructure, binders and additives must be properly adapted and
odified.

.3. Improvements in safety and reliability

Safety is a serious issue in lithium ion battery technology; conse-
uently, many approaches are under study wit the aim of reducing
afety hazards; unfortunately, all them are expected to depress
he specific energy. Thus, the practical value of these approaches
epends on whether an acceptable compromise between energy
nd safety can be achieved. A possible strategy is that of using elec-
rode combinations operating within the stability window of the
lectrolyte. A good choice is LTO, which evolves with a flat volt-
ge plateau at 1.5 V vs. Li at the anode side and LFP which evolves
round 3.5 V vs. Li, at the cathode side, see Section 4.

The electrolyte is the third component critical for the safety
f lithium batteries. Concerns on the present LiFP6-organic car-
onate solution electrolyte are: (i) the relatively narrow stability
omain which prevents the use of high voltage cathodes; (ii) the
igh vapour pressure and the flammability which affects safety
nd (iii) the incompatibility with the environment and the human
ealth, which results in serious manipulation hazards. Consider-
ble effort is underway to improve the safety and reliability of the
i battery electrolytes, including: (i) additives to build-up stable
EI and/or enhance its thermal stability; (ii) redox shuttles to pro-
ect from overcharge, (iii) shut-down separators to prevent thermal
unaway and (iv) lithium salts as an alternative to LiPF6, to reduce
oxicity.

Other more radical approaches consider discarding the unsafe,
iquid organic solutions to pass to more inert systems, ideally

olvent-free lithium conducting membranes. The benefits are sub-
tantial: the passage to a solid configuration gives concrete promise
f increasing cell reliability and, at the same time, of offering mod-
larity in design and ease of handling. A sizeable bibliography
xists on polymer electrolytes for lithium batteries. The interested
Sources 195 (2010) 2419–2430 2425

reader may find details in a series of excellent reviews, in which the
main achievements in the field are thoroughly discussed and eval-
uated [33,34]. Here we will comment briefly on the most promising
options. A very appealing possibility is obviously that which sees
the use of a fully solid, solvent-free membrane. Although vari-
ous polymer systems of this kind have been proposed, interest
today concentrates on membranes based on homopolymers, such
as poly(ethylene oxide), PEO, hosting a lithium salt, LiX, e.g. lithium
trifluoromethanesulfonate, LiCF3SO3.

By combining chemical inertness with reasonably good lithium
ion transport, the PEO-LiX membranes meet in principle the main
requirements as efficient electrolyte separators. In addition these
membranes allow the use of metal lithium anodes, with important
reflections in terms of enhancement in specific energy. Unfortu-
nately, the ionic conductivity of the membranes remains at high
levels only at temperatures above 70 ◦C and this is the main issue
which has so far prevented their wide practical use. Many stud-
ies have been carried out with the aim of solving this issue. Some
progress has been achieved by dispersing selected ceramic addi-
tives at the nanoparticle size in the polymer bulk [35], widening
the useful range of temperature however, not yet to a level to make
the PEO-LiX membranes suitable for batteries expected to operate
at ambient and sub-ambient temperatures.

On the other hand, the high temperature of operation does not
totally rule out these membranes from practical applications in
lithium batteries, especially if these are directed to the automobile
sector where temperature may not be a critical factor. Accordingly,
relevant projects have been launched in the 90s for the develop-
ment of lithium polymer batteries. The interest in this technology
has partly vanished since then. However, the concept of a fully
solid, lithium metal polymer battery is still very appealing and is
presently being considered in industrial laboratories involved in
electric transportation [36].

Normally there is some concern on the use of the energeti-
cally attractive metallic Li electrode because of the risk of dendrite
formation [37] caused by not uniform Li-plating , e.g. deposition
on nanoscale protrusions. This could be partially prevented if a
solid polymer electrolyte with ceramic stiffening additives [35],
such as silica powder [38], is used adjacent to the metal. Present
focus is on composite electrolytes combining stiffness with high
ionic conductivity, as for example block copolymers or conducting
glasses.

The intrinsic value of the polymer electrolyte concept continues
to hold industrial interest and some compromise approaches have
been adopted while in expectation of a breakthrough in solvent-
free membranes. The most common compromise involves the use
of solid–liquid hybrids formed by trapping typical liquid lithium
ion solutions (e.g. LiPF6-carbonate solvent mixtures), in a polymer
matrix, e.g. poly(acrylo nitrile), PAN or poly(vinylidene fluoride),
PVdF, to form gel-type polymer electrolytes, PGEs. The PvDF-HFP-
based membrane, developed at Bellcore, paved the way for the
evolution of these polymer membranes [39].

Also for this class of materials there is sizable literature where
the properties and characteristics PGEs are thoroughly described
[40,41]. The main feature is the high conductivity, nearly matching
that of a pristine liquid solution; on the other hand, issues typically
associated with the presence of the liquid, e.g. safety and reliability,
cannot be completely avoided. Nevertheless, GPEs are presently
used by various battery manufactures for the fabrication of the so
called “lithium ion polymer batteries”, LiPBs. Relevant examples
are those currently under production in Japan, either using a flame-

retardant GPE with a low content of PVdF-HFP polymer matrix [42]
or a GPE based on a mixture of cross-linkable polyalkylene oxide
polymers [43].

Another, emerging class of electrolytes is that based on ionic liq-
uids ILs, namely, low temperature molten salts having important
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valid examples of this second, new class of advanced lithium
ion batteries. Most commonly these batteries exploit a LTO–LFP
couple maintaining the standard LiPF6-carbonate solvent, liquid
electrolyte. As already mentioned, both electrodes operate within
the stability domain of the electrolyte, see also Fig. 11 and thus,
ig. 10. Typical appearance of an ionic liquid (A) and formula structure of a typ
is(trifluoromethanesulfonyl)imide anion (B).

pecific properties (Fig. 10). Typically, ILs are formed by the com-
ination of a weakly interacting, large cation, e.g. of the imidazole
ype and a flexible anion, e.g. N,N-bis(trifluoromethanesulfonyl),
mide (TFSI) [44]. ILs are non-volatile, non-flammable, highly
onductive , environmentally compatible and can safely oper-
te in a wide temperature range. This unique combination of
avourable properties make ILs very appealing materials as sta-
le and safe electrolyte media in lithium batteries [44] Many

aboratories worldwide are engaged in the investigation of ILs
ith the aim of establishing their effective potential as lithium

attery electrolytes [45–49]. The results, however, are in part
ontradictory especially in defining the electrochemical stability
f lithium conducting, IL-based solutions. Most commonly it is
elieved that these solutions have a poor cathodic stability limit
ssociated with the tendency of imidazolium-based cations to
e reduced by electrochemical deprotonation around 1.5 V vs. Li.
his apparently prevents the use of IL-based solutions with com-
on low voltage anode materials, such as lithium metal, graphite

r even Li4Ti5O12. Many studies are underway to circumvent
his issue by developing ILs based on cations more resistant to
eduction than those of the imidazolium family. Promising results
ave been obtained by shifting to aliphatic quaternary ammo-
ium cations having no acidic protons and thus, expected to have
stability domain extending to low voltages. A good example

s the IL formed by combining N-n-butyl-N-ethyl-pyrrolidinium
ation with N,N-bis(trifluoromethanesulfonyl) imide anion having
ithium N,N-bis(trifluoromethanesulfonyl) imide as the dissolved
ithium salt [50]. Another emerging class of ILs for batteries is using
SI instead of TFSI as anion.

One drawback of ionic liquids is in their cost still prohibitively
igh, although price reduction is expected if the production will be
caled up. In the meantime, given to the actual high cost, it is likely
hat ILs, rather than full electrolyte media, will be used as additives
o the common organic liquid electrolyte solutions [51,52].

. New generation lithium ion batteries

Most of the materials described in the previous section are
n their way to be used as alternate electrodes or electrolytes
n new lithium ion battery configurations. In most cases, how-

ver, the innovation only concerns a single component, either the
node, the cathode or the electrolyte, while the others remain
nchanged, reproducing the conventional structure. A current
pproach, adopted in many emerging commercial batteries, con-
iders innovations which involve the cathode only. Most popular is
xample formed by a 1-butyl-1-methylpyrrolidinium cation in combination with

that seeing the replacement of lithium cobalt oxide by lithium iron
phosphate, still maintaining conventional chemistry at the anode
and at the electrolyte. Since LFP is safer and cheaper than LiCoO2
its use as cathode may improve the battery reliability and partially
decrease its cost; however, preservation of the graphite and, par-
ticularly, of the unstable liquid organic electrolyte does not exclude
safety risks for the overall battery.

The C/LiFePO4 batteries are on the selling list of many battery
manufacturers in Europe, Asia and United States aiming to meet
the requirement of some niche electronic market and, in most of
the cases, to enter in the race for supplying the HEV. Indeed, vari-
ous joint ventures between lithium battery manufacturers and car
companies are underway to marketing lithium battery-powered,
HEVs and PHEVs. Although the chemistry of the lithium batteries
to be used in these projects is generally not released, it is reason-
able to suppose that in most cases is lithium iron phosphate the
cathode of choice.

More enterprising manufacturers are considering to develop
batteries with two innovative components, usually the anode and
the cathode. Batteries using electrode combinations which are
expected to operate more safely than the present C-LiCoO2 are
Fig. 11. Voltage vs. Li+/Lio of various electrode materials in comparison with the
stability window of common liquid organic electrolytes.
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ig. 12. Voltage charge–discharge profiles for the Li4Ti5O12–LiFePO4 lithium ion
attery.

xpected to gain reliability in respect to the conventional C-LiCoO2
hemistry.

By combining the 1.5 V Li4Ti5O12 anode with the 3.5 V LiFePO4
athode, lithium ion batteries, operating in the 2 V range may
e obtained (see Fig. 12). These batteries, whose concept was
riginally conceived and experimentally proved in academic
aboratories [53–55] are now under consideration for market pro-
uction by battery manufacturers.

A possible criticism of these batteries is in their voltage level,
hich is lower than that of the conventional C-LiCoO2 system. How-

ver, this apparent shortcoming is counterbalanced by enhanced
afety and, possibly, by cost reduction, i.e. by the two aspects which
re among the most crucial for assuring the use of lithium ion bat-
eries in emerging markets. In addition, it must be noted that the
oltage may be raised to higher levels by properly redesigning the
lectrode combination, that is by replacing the 3.5 V LiFePO4 with

higher voltage cathode; the choice is wide and there are var-

ous possible candidates for this upgrading strategy, see Fig. 13.
he 2.5 V Li4Ti5O12/LiMn2O4, Li ion technology [56] and the 3.0 V
i4Ti5O12/LiNi0.5 Mn1.5O4 cell [57], are two possible candidates for
uch an upgrade.

ig. 13. Voltage charge–discharge profiles of a lithium titanium oxide anode and of
arious cathode materials.
Sources 195 (2010) 2419–2430 2427

The renewal of the electrode component is certainly a step ahead
for the progress of lithium ion battery technology. However, even
with the replacement of both anode and cathode, complete trust
in battery performance cannot be assured since some of the issues
associated with the conventional chemistry may not be totally pre-
ventable . The liquid organic solution, still used as the electrolyte
in the separator, may be a source of unpredictable reactions which
may also affect the safety of the battery.

The real breakthrough in the field is in revolutionary bat-
tery designs in which all the three conventional components are
removed in favour of alternative, more efficient and safer materi-
als. To our knowledge, no one of these totally renewed batteries
has yet found its way to commercial development, with the pos-
sible exception of the SONY Nexelion battery [11], although it is
not clear whether the cathode adopted by SONY is actually a new
concept.

Yet, this mission is not impossible: the large variety of materi-
als available from the vast literature of lithium ion batteries offers
real possibilities for identifying the right formulation for advanced
battery types. The obvious approach is to exploit configurations
which use renewed electrode combinations (as those above dis-
cussed), combined with the replacement of conventional liquid
electrolyte solutions with a more stable polymer electrolyte. Exam-
ples that confirm the validity of this approach are available; a good
one is the lithium ion polymer battery using a TiO2 anode and a
LiNi0.5Mn1.5O4 cathode separated by a PVdF-based gel electrolyte
[58]. By combining the advantages of the electrode combination
(safe operation, long life) with those of the electrolyte (plasticity,
high conductivity), this battery is expected to provide excellent
performance, as indeed experimentally demonstrated, see Fig. 14.

Another relevant example is given by the battery exploiting the
SnC/LiNi0.5Mn1.5O4 electrode combination in conjunction with a
GPE [59]. Fig. 15 provides evidence for the excellent performance
of the battery in terms of rate capability and cycle life.

The examples here reported demonstrate that by a clever choice
of the new electrode and electrolyte materials presently available,
new types of advanced lithium ion batteries may effectively be
developed.

5. The lithium batteries of the future

Lithium batteries are one of the great successes of modern
electrochemistry. These batteries have an established role in the
consumer electronic market with no risk of replacement by any
other contender and, by intelligent modification of the electrode
and electrolyte components, they will soon also dominate the
electric automotive transportation and renewable energy storage
markets. The potential of these unique power sources make it possi-
ble to foresee an even greater expansion of their area of applications
to technologies that span from medicine to robotics and space,
making lithium batteries the power sources of the future.

To further advance in the science and technology of lithium
batteries, new avenues must be opened. Changes in the chemical
structures, as described herein, are not sufficient. Further improve-
ments in safety, environmental sustainability and energy content
are mandatory; these can only be obtained by totally renewing the
lithium battery concept, so far mostly based on insertion chem-
istry. Although the insertion electrodes are based on sustainable
3d metals, such as Ti (TiO2, Li4Ti5O12) or Fe (LiFePO4), they are
produced from ores, and thus their extraction and manipulation

require constantly increasing amounts of energy. This energy con-
suming fabrication process poses some questions about the long
term viability of lithium batteries.

In addition, insertion reactions are confined to a maximum
of one electron transfer per transition metal, this greatly limit-
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immediate technological solution for high-capacity lithium batter-
ies. Engineering and chemical advances are required to optimize
the porosity, structure and composition at the cathode side and to
prevent uneven lithium deposit which may lead to inherent unsafe
ig. 14. Operational characteristics of a TiO2/PGE/LiNi0.5Mn1.5O4 battery in terms o
f the Electrochemical Soc. Inc.

ng the specific energy of the batteries. Significant increases in
erformance require radical changes in the fundamental electro-
hemical process, such as a passage from insertion to conversion
hemistry which may basically assure operation implying from
wo to six electron transfer [60]. Simply put, the need is to
ass from the classic xLi + MXy � LixMXy insertion processes to
ew xLi + MXy � LixXy + M conversion processes, although life time
roblems, caused by conversion related phase changes of the redox
aterials, cannot be overlooked.
Pioneering work of Tarascon and co-workers, introduced a

earch for high capacity, conversion electrode materials [61]. A
eaction pathway enlisting the complete electrochemical reduc-
ion of metal oxides, sulfides, nitrides, phosphides and fluorides
nto a composite consisting of nanometric particles dispersed in
n amorphous LimX (X = O, S, N, P), was demonstrated. However,
hese conversion electrodes suffered from a marked hysteresis in
oltage between charge and discharge, leading to poor energy and
oltage efficiency. Following this work, substantial improvement
as obtained by using a metal hydride, e.g. MgH2, as a selected

onversion electrode [62]. This electrode shows a reversible pro-
ess 2Li + MgH2 �Mg + 2LiH, delivering a practical capacity as high
480 mAh g−1 at an average voltage of 0.5 V vs. Li, combined with
very low charge–discharge polarization, both properties making

t suitable for anode application in practical batteries.

The pursuit of high capacity has been addressed to other cath-

des, such as the air cathode. Metal–air technologies have been
xploited for a series of batteries, the most common example being
he zinc-air battery. By reacting lithium directly with oxygen from

ig. 15. Operational characteristics of a SnC/PGE/LiNi0.5Mn1.5O4 battery in terms of
harge–discharge cycles at various rates (A) and of specific capacity versus cycle
umber at 1C (B). Taken from Ref. [59].
life (A) and of capacity versus current rate (B). Taken from Ref. [57] by permission

air, according to the reaction 2Li + O2 � Li2O2, i.e. a very high capac-
ity of 1200 mAh g−1 may be obtained, a much greater value than
that possibly achievable by any insertion cathode. Efficient lithium-
air battery performance in terms of rechargeability has recently
been demonstrated by developing a configuration that exploits a
low cost, �-MnO2 nanowires catalyst, making possible the design
of porous, three-dimensional electrodes which assure improved
kinetics and energy efficiency [63], see Fig. 16. The practical devel-
opment of the Li-air battery, however, is still prevented by the
difficulties in mastering lithium metal and oxygen electrodes in an
efficient, rechargeable and safe battery configuration. The Li anode
suffers from water contamination; water, even in traces, induces
serious safety risks. The air cathode is affected by problems asso-
ciated with the reaction mechanism, a serious one being clogging
of reaction sites by Li2O2. The use of selective, high cost catalyst
is then required. Vitreoceramic coating protection of the lithium
anode [64] and the use of hydrophobic ionic liquid-based elec-
trolytes [65], have been proposed to control the issues caused by
occasional entry of water.

Considerable work is still needed to make the Li-air battery an
Fig. 16. Scheme of a rechargeable Li–O2 battery. Lithium metal anode; porous
�-MnO2-catalyzed Li2O2 cathode, LiPF6-propylene carbonate organic electrolyte.
Taken from Ref. [63].
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ell operation at the anode side. Care must also be given to prevent
he ingress of either CO2 or H2O, which can react with both the Li
node and the Li2O2 cathode. However, the outstanding intrinsic
alue of the capacity of the Li–O2 system reinforces the importance
f this battery and justifies further efforts to make it technologically
iable.

Another promising candidate for high energy systems is the
ithium/sulfur, Li/S battery based on the electrochemical reaction:
6 Li + S8 �8Li2S which, assuming complete conversion, has an
nergy density of 2500 Wh kg−1 and 2800 Wh l−1 in terms of weight
nd volume, respectively. Although investigated by many work-
rs for several decades [66–69] the practical development pf the
ithium/sulfur battery has been so far hindered by a series of short-
omings. A major issue is the high solubility in the liquid organic
lectrolyte of the polysulfides Li2Sx (1 ≤ x ≥ 8) that forms as inter-
ediates during both charge and discharge processes. The high

olubility results in a loss of active mass that reflects in a low uti-
ization of the sulfur cathode and in severe capacity decay upon
ycling. The dissolved polysulfide anions, by migration through the
lectrolyte, may reach the lithium metal anode where they react
orming insoluble products on its surface, this also contributing to
epress the battery operation [70]. Various strategies to address
he solubility issue have been explored. They include among oth-
rs: (i) the design of modified organic liquid electrolytes [71], (ii)
he use of ionic liquid-based electrolytes [72] and (iii) the use of
olymer electrolytes [73]. Important progress has been recently
btained by Nazar and co-workers who showed that by fabricating
athodes based on an intimate mixture of nanostructured sulfur
nd mesoporous carbon, high reversible capacity and good rate can
e obtained [74]. However, although promising, all these results
re still far from making real breakthroughs in the Li/S battery
ystem.

Finally, a fascinating new path in the evolution of the lithium
attery is the use of organic materials by a choice inspired by
ommon events in nature. The chemistry of life, which is mainly
ased on organic materials, uses renewable processes associated to
he cycling of biochemical reactions, the most significant example
eing photosynthesis, using chlorophyll as the organic mediator.
imilar to this process, the challenge is to exploit organic lithium
attery electrode materials that can be synthesized by green chem-

stry from biomass, which is easily recyclable [60]. The basic goal
s to develop lithium ion batteries by using a cycle process with no
O2 production. A valid practical example is dilithium rhodizonate,
i2C6O6 in which the redox centres at carbonyl groups can elec-
rochemically react with four lithium ions per formula unit [75].
ccording to this process, Li2C6O6 , proceeding in tandem with

ithium, delivers a specific capacity of 580 mAh g−1.

. Conclusion

Lithium battery technology evolves at a pace so rapid that eval-
ation of its progress may easily become obsolete. With this in
ind, we have tried to give some consideration to the type of

lectrode and electrolyte materials that, based on their related elec-
rochemistry, morphology and engineering design, are expected to
nfluence the progress of these important power sources in terms
f energy and cycling performance.

The relevance of the choice of materials is obvious. Crucial
attery parameters, such as specific energy and power, safety
nd cycle life, clearly depend on the electrode and electrolyte

erformance. However, these can be properly enhanced, if not
odified, by an optimization of their morphology. Issues such as

low electrode kinetics and damaging strains associated with large
olume expansion–contraction upon cycling, can be circumvented
y switching to nanostructures. In addition, nanostructures can

[
[

[

[
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change the reaction pathway positively affecting capacity, power
and reversibility.

We first discussed and evaluated the modifications which are
expected to find their way to an industrial scale in the near future.
This evolution is powered by the aggressive race among various
academic and industrial laboratories to upgrade lithium batteries
– mostly of the Li ion type – for the automotive industry, e.g. for
HEVs, PHEVs and in prospect, EVs, as well for photovoltaic-battery
power plants. Here the progress is notable to the point that new,
car-compatible lithium ion batteries will soon be available. Road
production of PHEVs, powered by lithium ion batteries, has already
been announced by leading car manufacturers worldwide [4]. The
evolution of these batteries has been pushed to meet the demands
of the automotive industry; however, so far only modest changes,
involving one or maximum two battery components, have been
commercially proposed, always maintaining an overall chemistry
based on insertion processes.

These progresses are by no means exhaustive. The evolution
of the lithium ion battery is open to innovations that will place
it in top position as the battery of the future. Radical changes in
lithium battery structure are required. Changes in the chemistry,
like those so far exploited for the development of batteries for road
transportation, are insufficient. Improvements in environmental
sustainability and energy content are mandatory and these can only
be obtained by renewing the lithium battery concept, e.g. by pass-
ing from an insertion process to a conversion process. Freed from
the constraints of insertion electrodes, in which the electrochemi-
cal process is limited to one electron per formula unit, conversion
processes, which allow from two to six electron transfers per for-
mula unit, make possible to reach high capacity, i.e. even above
1000 mAh g−1. Important examples of this evolution are already in
progress with the use of lithium-air and lithium-sulfur batteries
[76]. However, key issues are still to be resolved and it must be
kept in mind that the solution for the remaining challenges will
require joint efforts from a range of interdisciplinary studies and
their success will crucially depend on the efficiency of exchange of
ideas and results.
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