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Recent trends in research activity on lithium-ion batteries in Italy
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Abstract

With the aim to give a view of the present research activity in Italy on lithium-ion batteries, the contribution of six Academic groups
involved in a National Project “Electrode and Electrolyte Nanostructured Materials for Advanced Lithium Batteries”, which is exploratory in
nature for the search of novel or improved materials, also by optimizing materials processing techniques, is here presented and discussed.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

In Italy the research on lithium batteries has been active
ince two decades and several projects involving Universities,
he National Council of Research (CNR), the ENEA govern-
ent energy agency and the Arcotronics Italia SpA Company
ave been carried out in the past with successful results[1,2].

With the aim to give a view of the present research ac-
ivity in Italy on lithium-ion batteries, the contribution of
he Universities of Bologna, Camerino, Chieti, Rome “La
apienza”, Sassari and Torino Politecnico in a National
roject in progress (2003–2004) “Electrode and Electrolyte
anostructured Materials for Advanced Lithium Batteries”,

unded by Ministry of Education, University and Research
MIUR), is presented here. The tasks of this project, which is
xploratory in nature, are to search for novel or improved
aterials, to optimize materials processing techniques, to

haracterize the materials in terms of their structural and
orphological properties and to focus on the relationship
etween physical–chemical properties and electrochemical
erformance of the developed materials. The strategy of this
roject is the morphological conversion towards nanostruc-

Our studies have been focused on several classes
ode and cathode materials such as ameliorated graphit
nanosized metals, intermetallic alloys, magnesium silic
and metal phosphides as anode materials, and on iron
phates and mesoporous structures with transition meta
cathode materials. Several synthesis methods have bee
sued to prepare nanostructured phases of these materia
as mechanical milling (MM), mechanical alloying (MA
self-sustaining high temperature synthesis (SHS), mec
ically activated self-sustaining high-temperature synth
(MASHS), electro deposition (ED), chemical precipitat
(CPR), sol–gel routes (SGR) and template methods (TM

Structural and morphological characterizations of
synthesized electrode materials were performed by X
diffraction (XRD), scanning electron microscopy (SEM
field-emission SEM (FE-SEM) and transmission electron
croscopy (TEM), and electrochemical investigations w
carried out in T-shaped three-electrode cells with Li in
cess as counter electrode and Li as reference, and s
combinations of lithium salts and organic solvents as e
trolytes.

Graphite is the most used anode materials in lithium

ured materials, with the goal to find improved materials in
erms of capacity delivery, cycle life, environmental compat-
bility and cost.

65.

batteries for its relatively high capacity and the almost flat
charge–discharge voltage profiles. However, one of its major
drawbacks is the poor performance at low temperature due
to the low diffusivity of lithium[3]. For this reason, a study
o ders
h

d.
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n ameliorated graphite doped with nanosize metal pow
as been carried out in this Project[4].
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The approach, after Besenhard and coworkers[5] of the
intermetallic alloy’s use for storing lithium with controlled
volume stress, was pursued by investigating two classes of in-
termetallics, SnSb and Cu6Sn5 alloys. The SnSb lithiation is a
two-step process: first, antimony alloys lithium to form Li3Sb
with displacement of tin from the intermetallic compound
(the nominal capacity at the end of these step is 334 mAh g−1

of unlithiated material (UM)), then, at lower potentials, tin al-
loys with lithium, via various intermediate LixSn phases, to a
maximum Li/Sn atomic ratio of 4.4 (the total nominal capac-
itance at the end of this step is 825 mAh g−1 UM) according
to equations below, which are the total lithiation reaction (Eq.
(1)) and the partial lithiation reactions (Eqs.(1a) and (1b)):

SnSb+ 7.4Li+ + 7.4 e− → Li3Sb + 0.2Li22Sn5 (1)

SnSb+ 3Li+ + 3 e− → Li3Sb + Sn (1a)

Sn + 4.4Li+ + 4.4 e− → 0.2Li22Sn5 (1b)

The intermetallic SnSb was investigated with particular em-
phasis on the optimization of its morphology to improve
cycle-life at high delivered specific capacity, and also a lithi-
ated intermetallic alloy (Li4Sn0.72Sb0.28) was synthesized
and tested with the aim to further limit the volume stress
and improve cycle-life[6].

The Cu6Sn5 alloy, in which Cu is a non-reacting com-
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compound decomposes into binary LixSi alloys up to Li21Si5
and Mg; also Mg which is formed during the partial lithia-
tion processes described in Eqs.(3a) and (3b)has certain
solubility for Li, as indicated in Eq.(3c):

Mg2Si + (4.2 + 2x)Li+ + (4.2 + 2x)e−

→ 0.2Li21Si5 + 2LixMg (3)

Mg2Si + 2Li+ + 2 e− → Li2MgSi + Mg (3a)

Li2MgSi + 2.2Li+ + 2.2 e− → 0.2Li21Si5 + Mg (3b)

Mg + xLi+ + x e− → Li xMg (3c)

Some transition metal phosphides such as MnP4, CoP3,
FeP4 and CuP2 have been recently investigated as anode
for lithium-ion batteries[9–12] and the NiP2, a new anode
material, is under investigation in our Project, and LiP, too,
is under study[13].

Improvements at the cathode side are also important
to ameliorate lithium-ion battery performance. The efforts
directed to the replacement of LiCoO2 with cheaper and
environmental compatible materials indicated that iron
phosphate and lithium iron phosphate may be promising
candidates, taking also into account their nominal capacity of
178 mAh g−1of UM or 170 of lithiated material, reasonably
near that of LiCoO2, according to Eq.(4).
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etal–
g o and
C hite,
w o-
c ined
onent toward lithium with the role to “buffer” the volum
hanges during tin alloying with lithium, can store up t
i/Sn atomic ratio of 4.4 with a nominal specific capac
f 605 mAh g−1 UM. However, the Cu6Sn5 shows struc

ural compatibility only with its lithiated phase LixCu6Sn5
0 <x< 13)[7], so that the sublattice of Sn, which is the ac
omponent of the intermetallic compound, suffers mode
istortion in the lithiated phase only up to a Li/Sn atomic r
f 2.6, displaying a nominal specific capacity of 358 mAh−1

M according to the equations below displaying the t
ithiation reaction (Eq.(2)) and the partial lithiation reaction
Eqs.(2a) and (2b)):

u6Sn5 + 22Li+ + 22 e− → 0.2Li22Sn5 + 6Cu (2)

u6Sn5 + 13Li+ + 13 e− → Li13Cu6Sn5 (2a)

i 13Cu6Sn5 + 9Li+ + 9 e− → Li22Sn5 + 6Cu (2b)

o enhance cycle-life of Cu6Sn5 much attention has be
ocused on a new three-dimensional substrate, carbon p
ble to host or to be homogeneously covered by microm
ggregates of nanometric Cu6Sn5 and to function as curre
ollector[8].

Also metal silicide alloys have been thought as anode
erials for lithium-ion batteries given the Si good affinity
i and the ease of Li insertion into their structures. Am
etal silicides, Mg2Si and Li4Mg2Si were investigated in th
roject[6]. The lithium insertion process in the Mg2Si of Eq.

3) involves several steps. When Li is intercalated to f
i 2MgSi and segregate Mg its nominal specific capaci
023 mAh g−1 UM; beyond this insertion limit, the terna
,

i+ + e− + FePO4 → LiFePO4 (4)

owever, the poor electronic conductivity and the
ithium ion diffusion across the reaction phases of
lectrode requires that FePO4 or LiFePO4 are modified by
dding of conducting agents and from the morpholog
oint of view to reduce the diffusion path length. Alo

his line RuO2–FePO4 composites[14] and carbon covere
iFePO4 have been prepared via sol–gel routes[15], starting

rom cheap Fe(III) salts, and LiFePO4 nanotubes covere
y carbon have also been prepared by a innovative tem
ynthesis[16]. Also mesoporous Si-based materials cont

ng ions of suitable transition metals, prepared by temp
ethods, are under investigation.
In addition to anode and cathode materials, also electr

aterials play an important role for advanced lithium
eries. In this respect, the replacement of common org
lectrolytes with polymer electrolytes would be welco
articularly for safe innovative cell designs. In this Pro
lso new solvent-free PEO-based electrolytes have be
estigated[17,18].

. Results and discussions

Advanced carbonaceous materials, i.e. nanosized m
raphite composites have been developed at Camerin
hieti Universities from a simple preparation route. Grap
hich was oxidized by chemical “wet” or thermal “dry” pr
edure was added to nanosized “doping” powders obta
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Fig. 1. Voltage profiles at different temperatures of oxidized graphite-1 wt.%
Cu composite electrode at C/5 (courtesy of Professor Roberto Marassi,
Camerino University).

by mechanical stirring of carbon and metal (Ag, Cu, Au and
Ni). By mechanical stirring of oxidized graphite 84.5 wt.%,
nanosized “doping” powder 5 wt.%, polyvinylidene fluo-
ride (PVDF) 10 wt.% and H2C2O4 0.5 wt.%, a slurry in
N-methyl-2-pyrrolydone (NMP) was yielded and the elec-
trodes, prepared on Cu current collectors using a doctor blade
technique, were tested in ethylene carbonate: diethylene car-
bonate: dimethyl carbonate (EC:DEC:DMC)-1 M LiPF6. The
intercalation curves of the different composites at different
temperatures showed that the composite with nanosized Cu is
the most effective in improving the electrode performance at
low temperatures.Fig. 1displays the curves of Cu–graphite
which retains the 40% of its intercalation capacity at−30◦C,
a relevant result for lithium battery use at low temperatures
[4].

Mixtures of the two phases Sn and SnSb with nanosized
particles were obtained at Roma “La Sapienza” and Sassari
University both by mechanical alloying[6] and chemical
precipitation from aqueous solutions[19]. The electrodes
were prepared by dispersing in NMP the active material
(AM), carbon black and PVDF in the wt.% ratios 82:10:8
and the slurry was cast on a copper substrate by doctor
blade technique. These electrodes, tested with deep lithia-
tion/delithiation galvanostatic cycles in EC:propylene car-
bonate (PC)–1 M LiClO4, displayed enhanced electrochemi-
cal performance reaching at the first few cycles a specific ca-
p e.
T ob-
a
s etal-
l ng
a der
h pre-
p VDF
i pper
f lO
T start

Fig. 2. Galvanostatic cycling tests at 120 mA g−1 of Li4Sn0.72Sb0.28 elec-
trodes (solid symbols, charge; open symbols, discharge) in the voltage range
0.02 and 1.50 V vs. Li (by permission of Trans Tech Publication[6]).

with an already charged and expanded host material, but the
experimental data over 50 cycles demonstrated that, at least
in this case, this strategy is not so beneficial as expected[6].
In Fig. 2 and in all the paper we call “charge” the lithia-
tion process as if the electrode under study was working in a
lithium-ion battery during the charge process.

The study on Cu6Sn5, carried out at Bologna University,
has been focused on the use of a new substrates to be used
as current collector instead of conventional copper foil[8].
The substrate we examined was carbon paper (CP) which,
with its three-dimensional interconnected carbon fibers, is
able to host micrometric and submicrometric aggregates of
mechanochemical and electrochemical Cu6Sn5. The idea was
that CP could be more pliant than copper to prevent the loss
of electric contact during repeated lithiation–delithiation cy-
cles. From Rietveld analysis of XRD patterns, the crystallite
size of mechanochemical powder Sn:Cu 45.5:54.5 atomic ra-
tio prepared at Sassari University by 25 h ball milling of Sn
and Cu is 20 nm. The electrodes were prepared by permeating
throughout CP a suspension of mechanochemical Cu6Sn5 in
acetone, without addition of carbon additive and with only
4 wt.% PVDF binder, and by electrochemical deposition on
CP and on Cu foil of Cu6Sn5 from aqueous solution[8]. The
SEM images of the electrodes on CP inFig. 3show that the
mechanochemical alloy is localized where the carbon fiber
criss-cross, and that the electrodeposited CuSn homoge-
n ribu-
t hem-
i -
c mi-
c of
t nal
c load-
i s of
l ecific
c orted
d lues
o
c ra-
acity value of 800 mAh g−1 UM, near to the nominal valu
he cycling stability, however, is not yet satisfactory pr
bly due to a not yet optimized electrode structure.Fig. 2
hows the cycling data related to a lithiated SnSb interm
ic alloy, Li4Sn0.72Sb0.28, prepared by mechanical alloyi
t Sassari University from a mixture of Sn, Sb and Li un
exane with a shaker mill for 30 h. The electrodes were
ared from active material, carbon black Super P and P

n the wt.% ratio 82:10:8 and on a surface-roughened co
oil in argon atmosphere and tested in EC:PC–1 M LiC4.
he basic idea for choosing this lithiated material was to
6 5
eously covers the CP fibers. Despite the different dist

ion of the coverage, electrodes made with mechanoc
cal and electrochemical Cu6Sn5, which both exhibit parti
le <1�m, do not evidence differences in the electroche
al behaviour.Fig. 4a compares the cycling performance
wo electrodeposited Cu6Sn5 electrodes, one on conventio
opper foil and the others on CP having electrode mass
ng quite similar, and of two mechanochemical electrode
ower and higher mass loading on CP so as to enhance sp
apacity and capacity per area unit, respectively. The rep
ata over cycling are the discharge specific capacity va
f galvanostatic cycles at 0.74 mA cm−2 with time-limited
harge for lithium insertion up to defined Li/Sn atomic
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Fig. 3. SEM images of (a) mechanochemical and (b) electrochemical Cu6Sn5 on Spectracorp 2050 carbon paper.

tio (seeFig. 4 caption) and with cut-off voltages of 0.005
and 2.000 V versus Li. Whereas the capacity drastically de-
creases when copper substrate is used, so that the value of
Li/Sn ratio of 1.88 is attained only for the first cycle, with CP
the delivered capacity is constant over 250 tested cycles; to
our knowledge these are the best cycling stability values for
Cu6Sn5. Fig. 4b shows the voltage profile of the 120th cy-
cle of the Cu6Sn5/CP electrode (E) ofFig. 4a with high mass
loading and stable over 150 cycles (solid line) compared with
the 120th of the bare carbon paper (dotted line), which be-
ing a carbonaceus material is able to insert lithium, but not
at the same extent and with the same stability of Cu6Sn5/CP
electrode. The SEM images inFig. 5 compare the Cu6Sn5
status of two electrodes, one with copper and the other with
CP as current collector after cycling. These images evidence
that copper foil, unlike the CP, is unable to support the me-
chanical stress of the Cu6Sn5 during lithiation–delithiation,
which results in delamination of the alloy and loss of electric
contact with cracks up to 20�m wide.

Magnesium silicides have been prepared at Sassari Uni-
versity and electrochemically tested at Roma “La Sapienza”
University [6]. Mg2Si was prepared from Mg and Si both
by mechanical alloying with an home-made mono-axial vi-
brating mill [20], and by SHS in Ar filled reaction camera
[21]. Unlike the MA synthesis which yielded nanometric
primary particles, the SHS method does not. Also lithiated
magnesium silicide, Li4Mg2Si, was synthesized by MA of
Li and Mg2Si obtained by SHS. The electrochemical tests
were performed on electrodes prepared from active material,
carbon black Super P and PVDF in the wt.% ratio 82:10:8
on a surface-roughened copper foil in argon atmosphere and
tested in EC:PC–1 M LiClO4. The charge/discharge galvano-
static cycles on Mg2Si composites showed a specific capacity
higher than 1000 mAh g−1 at the first cycle which, however,
rapidly decreases. This behavior is typical of materials, which
show mechanical disintegration and loss of electric contact.
Hence, although the size of the primary particles of the mate-
rial obtained by MA is in the nm-range, the overall material is

F charge
A ctrode ratio,
t A) Li/S 1 h
5 n, 3.0 m ,
7 of the
e

ig. 4. (a) Discharge specific capacity from galvanostatic charge/dis
) and Cu6Sn5/CP (electrode B), and of mechanochemical Cu6Sn5/CP (ele

ime of charge for Cu6Sn5/CP, and the mass of Cu6Sn5 are, respectively: (
5 min, 5.6 mg cm−2; (C) Li/Sn 2.73 and 3.50, 1 h 30 min and 1 h 55 mi
.5 mg cm−2; (F) Li/Sn 2.08, 3 h 54 min, 10.0 mg cm−2. (b) Voltage profiles
lectrode (E) and of bare CP.
cycles at 0.74 mA cm−2 (A= 0.68 cm2) of electrochemical Cu6Sn5/Cu (electrode
s from C to F) at different amounts of lithium inserted. The Li/Sn mol
n 1.88, 1 h 30 min, 4.3 mg cm−2; (B) Li/Sn 1.44 and 1.84, 1 h 30 min and
g cm−2; (D), Li/Sn 2.43, 3 h 00 min, 6.6 mg cm−2; (E) Li/Sn 2.02, 2 h 54 min

120th galvanostatic charge/discharge cycles of mechanochemical Cu6Sn5/CP
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Fig. 5. SEM images of (a) electrochemical Cu6Sn5 on Cu current collector and of (b) mechanochemical Cu6Sn5 on CP current collector after cycling.

too dense to be stable over cycling. A different behavior was
found for the related lithiated material, Li4Mg2Si. The idea
to start with an already lithiated and expanded host to avoid
the volume increase during the first cycle, in this case, had
a beneficial impact on the cycling stability, as showsFig. 6
which reports the cycling stability of electrodes of Mg2Si and
Li4Mg2Si, even if the capacity of the pre-lithiated material is
lower than that of the unlithiated one.

Transition metal phosphides are an emerging class of an-
ode materials and the group of Camerino University prepared,
characterized and electrochemically tested the new NiP2 [13].
Two synthesis routes were pursued to obtain NiP2, the tin-
flux technique[22] and the mechanical milling of Ni and red
P under Ar[13]. The NiP2 obtained by MM displayed ag-
gregates of 0.5–10�m, smaller than those of NiP2 from tin-
flux technique. The cycling galvanostatic tests of NiP2 com-
posite (65 wt.% active material, 20 wt.% acetylene black and
15 wt.% PVDF) on Ni foil were performed in EC:DMC–1 M
LiPF6. The first charge process, in which there is the for-
mation of Li3P with Ni segregation, is characterized by the
uptake of six lithium corresponding to a nominal capacity of

F
e oltage
r

1330 mAh g−1; on discharge four lithium are extracted, yield-
ing LiP and leading to a cyclable capacity of 885 mAh g−1,
according to the following equations:

NiP2 + 6Li+ + 6 e− → 2Li3P + Ni (5)

2Li3P → 2LiP + 4Li+ + 4 e− (6)

Fig. 7, however, evidences that after 10 cycles the dis-
charge capacity is 460 mAh g−1 and seems to stabilize at
290 mAh g−1 after 20 cycles. In order to further investigate
the system, LiP was prepared by high-energy mechanical
milling of Li and red P under argon. The SEM image LiP dis-
plays aggregates of 1–2�m, asFig. 8shows. A LiP composite
electrode was prepared in dry box by mixing LiP:nanosize
Ni powder in 2:1 mol ratio and adding 20 wt.% carbon black
and 20 wt.% PVDF. This composite shows a better reversible
capacity than NiP2, as shown inFig. 7, but also a higher re-
activity on air that makes it less easy to handle. The reaction
of NiP2 with lithium is comparable to that reported for CoP3.

F e
i elec-
t ; open
s o Uni-
v

ig. 6. Galvanostatic cycling tests at 120 mA g−1 of Mg2Si and of Li4Mg2Si
lectrodes (solid symbols, charge; open symbols, discharge) in the v
ange 0.02 and 1.00 V vs. Li[6].
ig. 7. Galvanostatic cycling tests at C/10 rate of NiP2 composite electrod
n the voltage range 0.05 and 1.70 V vs. Li and of LiP–Ni composite
rode in the voltage range 0.01 and 2.00 V vs. Li (solid symbols, charge
ymbols, discharge) (courtesy of Professor Roberto Marassi, Camerin
ersity).
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Fig. 8. SEM of LiP synthesized by mechanical milling method (courtesy of
Professor Roberto Marassi, Camerino University).

As cathode materials are concerned, iron phosphate and
lithium iron phosphate have been investigated by Rome “La
Sapienza” and Chieti Universities. RuO2–FePO4 compos-
ites and carbon covered LiFePO4 have been prepared via
new sol–gel routes, starting from cheap Fe(III) salts at Chieti
University. The synthesis of RuO2 added–FePO4 composites
involved a dispersion of low particle size RuO2 in the syn-
thesis solution, yielding a composite materials with RuO2
uniformly distributed throughout theα-quartz FePO4 mass.
The RuO2 effect is beneficial in enhancing electronic con-
ductivity, thus improving the kinetics of the electrochemical
processes of this material and, consequently, the cyclability
[14].

A new sol–gel route in Ar/H2 atmosphere for the syn-
thesis of an improved LiFePO4 covered by carbon was suc-
cessfully pursued at Chieti University, starting from Fe(III)
salt:ascorbic acid:lactose (as carbon precursor) in the mol ra-
tios 1:0.3:0.3.Fig. 9shows the electrochemical performance
in EC:diethylcarbonate (DEC)–1 M LiClO4 of a LiFePO4/C

F -
i ,
c e, Chi-
e

electrode having 70 wt.% of nanometric LiFePO4/C compos-
ite (thermally treated at 730◦ for 12 h in Ar/H2 flux), 20 wt.%
Super P carbon and 10 wt.% PVDF; this electrode displays
a high specific capacitance, constant over 30 cycles, also at
C/5 rate. This successful result indicates that LiFePO4/C can
match the goal of cathode material of low cost and environ-
mental compatibility[15].

As the electrolytes are concerned, Chieti and Rome “La
Sapienza” Universities are pursuing the strategy of solvent-
free polymer electrolytes, i.e. blends of PEO-lithium salts
with dispersed ceramic powders of nanometric size which
improve significantly the ionic conductivity. Nanocompos-
ite electrolyte formed by dispersing zirconia powder in
(PEO)20LiCF3SO3 matrix exhibits ionic conductivity higher
than in plain polymer[17]. PEO-LiX membranes with lithium
salts having large plasticizing anions, such as lithium bisox-
alateborate (LiBOB) have also been studied, and has been
evidenced the plasticizing role of the large lithium salt an-
ion. Work is in progress to further enhance the conductivity
of this new polymer electrolyte by dispersing in its bulk se-
lected nanometric ceramic powders[18].

At this stage of the Project some remarks can be done.
By selecting appropriate synthesis routes, all the envisaged
electrode materials have been prepared with primary particles
at nanometric or submicrometric level.

As anode materials are concerned, graphite-nanosize Cu
c t
r ure.
N ays
h ter-
m ction
o il-
i nal
c ter-
c 100
c tor-
s es
n as
b ith
n c ca-
p -
a

hods
y g
p -ion
b

EO-
l ben-
e ion.

A

02
p occo
( R.
ig. 9. Galvanostatic cycling tests at C/10 and C/5 rates LiFePO4/C compos
te electrode thermally treated at 730◦ for 12 h in Ar/H2 flux (solid symbols
harge; open symbols, discharge) (courtesy of Professor Fausto Croc
ti University).
omposite retains 40% of its capacity at−30◦C, a relevan
esult for lithium-ion batteries operating at low temperat
anostructured intermetallic alloy like SnSb still displ
igh capacity loss over cycling even when lithiated in
etallic alloys are used as electrode materials; a redu
f the lithiation level could be beneficial for cycling stab

ty. Intermetallic Cu6Sn5 hosted in a such three-dimensio
onductive matrix as carbon paper, with its micrometric in
onneted fibres, displays cycling stability over more than
ycles, demonstrating the key-role of the current collec
ubstrate morphology. Mg2Si, even at nanometric level, do
ot display good cycling stability; improved cyclability h
een obtained for lithiated magnesium silicides. LiP w
anosize Ni powder displays a better reversible specifi
acity and cycling stability than NiP2, but also a higher re
ctivity in air.

On the line of cathode materials, new synthesis met
ielded nanometric LiFePO4/C composites, very promisin
ositive electrode materials for new generation lithium
atteries.

As it concerns the electrolytes, the performance of P
ithium salt–nanosize additive membranes confirms the
ficial effect on conductivity of nanosize-ceramic’s addit
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