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In  this  work  we  disclose  a  new,  lithium  metal-free,  silicon–sulfur,  lithium  ion  battery  based  on  a  high-rate
sulfur–carbon  composite  cathode,  formed  by  trapping  sulfur  in  highly  porous  and  hard  carbon  spherules,
combined  with  a lithiated,  silicon–carbon  nanocomposite  anode,  separated  by  a glycol-based  electrolyte.
This 2  V  battery  shows  an  average  specific  capacity  of  300  mAh  g−1

(S), a long  cycle  life, an  expected  low
cost  and  high  safety.  Due  to  these  properties,  this  new  battery  is expected  to be  a very  valid  power  source
vailable online 27 November 2011
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for  efficient  electric  vehicles.
© 2011 Elsevier B.V. All rights reserved.
ithium ion battery

. Introduction

Lithium batteries are the power sources of choice for the con-
umer electronic market and are being aggressively developed for
he road transportation sector. However, it is now clear that these
atteries can be truly effective for powering electric cars only if
hey are able to assure long driving distance in a single charge (of
he order of few hundred kilometers). The present lithium battery
echnology is not adequate since, given that the available energy
ensity averages around 150 Wh  kg−1, a battery weight exceeding
ny acceptable limit would be necessary to meet the driving dis-
ance goal. New batteries having energy density levels at least three
imes higher than the present ones are urgently needed.

Due to its theoretical high gravimetric and volumetric energy

1,2], a good candidate is the lithium–sulfur battery. Most of the
arly studies of this system were based on a cell configuration
nvolving a carbon–sulfur mixture as the cathode, lithium metal
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as the anode, and a solution of a lithium salt in carbonate organic
solvents as the electrolyte [3–8]. The performance of the battery
was  limited by series of issues, a major one being the uncontrolled
solubility of the reaction products.

The main electrochemical process, i.e., 16 Li + S8 � 8 Li2S, pro-
ceeds throughout the formation of a series of polysulfides, Li2Sx

(1 ≤ x ≤ 8), which are highly soluble in the electrolyte medium. This
reaction results in a loss of active material mass, which, in turn,
causes a low utilization of the sulfur cathode and severe capacity
decay upon cycling [2].  The dissolved polysulfide anions, by migra-
tion through the electrolyte, may  reach the lithium metal anode,
where they react and form insoluble products on the anode sur-
face, further depressing the battery operation [9].  Moreover, S2−

is a very strong base and nucleophile that may  readily react with
the carbonate esters commonly used in the electrolyte. Another
issue was  the limited functionality of the carbon–sulfur electrode
morphology, since the two components tend to agglomerate with
resulting increase of the electrode resistance and loss of reciprocal
contacts, both decreasing the cycle life and the rate capability of the
electrode. Finally, a serious safety concern may  arise when metal
lithium is used as the anode.
These hurdles have some time cooled down the interest in the
lithium–sulfur battery. However, the attention in this system rose
again in the latest years due to a series of important technologi-
cal breakthroughs. Optimization in the fabrication of the cathode,

dx.doi.org/10.1016/j.jpowsour.2011.11.060
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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assing from simple sulfur–carbon mixtures to sulfur–carbon
omposites, e.g. by immobilizing sulfur in carbon pores [10], in
icroporous or hollow carbon spheres [11,12], or by developing

olysulfide reservoirs based on porous silica embedded within
he carbon–sulfur composite [13], substituting the very reactive
ithium metal with more reliable tin [14] or the lithium sulfide
issolving liquid organic carbonate electrolytes with polymer elec-
rolytes [15], proved to be successful approaches for improving the
onductivity of the electrode, as well as for controlling the solubility
f the discharge products.

These results consistently contributed to increase the interest in
he lithium–sulfur battery; however, some residual issues still pre-
ent the full practical implementation of this high energy battery
ystem. Most of the recent works still rely on conventional liquid
rganic carbonate solution as the preferred electrolyte and on the
se of lithium metal as the preferred anode material. Therefore,
oncern in the battery cycle life, due to the solubility of the reac-
ion products, and in its safety, due to the reactivity of the anode,
emains.

In this work we report an advanced lithium metal-free,
ilicon–sulfur, lithium ion battery based on a high-rate
ulfur–carbon composite cathode combined with a lithiated,
ilicon–carbon nanocomposite anode, separated by a glycol-based
lectrolyte. We  demonstrate that these new concepts allow to
ark a step forward in the lithium–sulfur battery technology.

. Experimental

.1. Synthesis of HCS and HCS-S composite cathode

Mesoporous hard carbon spherules (HCS) were prepared by a
ydrothermal method using sucrose as the carbon source. Sucrose
as dissolved in distilled water at a 1.5 M concentration, and the

olution was transferred to a Teflon-lined autoclave and heated
o 190 ◦C for 5 h. The resulting slurry was filtered and washed in
thanol. The obtained powder was vacuum-dried at 100 ◦C for 24 h
nd annealed at 1000 ◦C for 2 h under an argon atmosphere. The
CS-S composite was prepared by mixing HCS with sulfur in a 1:5
eight ratio. The mixture was heated at 150 ◦C for 7 h in a sealed

ound flask under an argon atmosphere in order to infiltrate the
ow-viscosity molten sulfur into the HCS pores. Then, the excess
ulfur outside the HCS was vaporized by a heat treatment at 300 ◦C
or 2 h. The final sulfur content in the HCS-S composite has been
ound to be of 42% in weight by meaning of thermogravimetric
nalysis.

.2. Lithiated-silicon carbon composite

The spherical nanostructured Si/graphite/carbon composite was
ynthesized by the following procedure: a pellet of mixed nano-
i/graphite/petroleum pitch powders was heated at 1000 ◦C under
n argon atmosphere. Prior to use in a lithium-ion cell, the silicon-
ased composite was lithiated by direct contact with a lithium foil

n a 1.2 M LiPF6 solution with EC:EMC at a weight ratio of 3:7 for
2 h under 1 kg cm−2 pressure.

.3. Electrolyte
The electrolyte was a solution of lithium trifluoromethane sul-
onate, LiCF3SO3 (Aldrich), in tetraethyleneglycole dimethylether
TEGDME, Aldrich) with a molar ratio of 1:4, prepared in argon-
lled glove box.
ources 202 (2012) 308– 313 309

2.4. Material characterization

The sulfur content in the HCS-S material was  determined by
thermo-gravimetric analysis (TG 209 F3, Netch) performed in a
nitrogen atmosphere with a heating rate of 10 ◦C min−1. The mor-
phology and crystalline phase were analyzed by field-emission
scanning electron microscopy (S-4800, Hitachi), focalized ion beam
(KICET instrument), and x-ray diffraction (Rint-2000, Rigaku) with
Cu-K� radiation. The diffraction data were obtained at 2� = 10–80◦,
with a step size of 0.03◦.

2.5. Electrode preparation and electrochemical tests

The conductivity of the LiCF3SO3-TEGDME was determined by
impedance spectroscopy in a R2032 coin-type cell. The cell included
stainless steel-blocking electrodes, and the electrolyte was  trapped
within a 125-�m-thick Teflon O-ring of 10-mm internal diame-
ter (cell constant k = 0.016 cm−1). The conductivity measurements
were performed in a -7–50 ◦C temperature range with a VMP3 Bio-
logic instrument. The frequency range was 100 Hz–100 kHz, and
the voltage amplitude, 30 mV.

The HCS-S electrode was  prepared by mixing, in acetonitrile, the
active materials with a carbon black conducting agent (acetylene
black) and a polyethylene oxide (Mw = 6 × 105, Aldrich) binder in
a 60:20:20 weight ratio. The resulting slurry was  then coated on
an Al foil to obtain a film with approximately 40-micron thickness.
The electrode was roll-pressed and subsequently dried at 50 ◦C to
remove the residual solvent.

The silicon-based electrode was  prepared by mixing, in n-
methyl pyrrolidinone, the active material with a carbon black
conducting agent (acetylene black) and a carboxymethylcelluose-
styrene butadiene rubber (CMC:SBR weight ratio, 1:2) binder in a
85:5:10 weight ratio. The resulting slurry was  coated on Cu foil to
obtain a film with approximately 30-�m thickness. The electrode
was  roll-pressed and subsequently dried at 80 ◦C to remove the
residual solvent and then pre-lithiated as reported above.

The single-electrode electrochemical measurements were per-
formed with R2032 coin-type cells. The test electrode was
contacted, in an argon-filled glove box, with a lithium foil counter
electrode separated by the selected electrolyte solution soaked in a
porous polyethylene separator. Full lithium-ion cells were assem-
bled as reported for the single electrode; however, the lithium
metal foil was  replaced with a pre-lithiated silicon electrode at a
mass ratio of 1:1. The response of the single electrode as well as that
of the complete cell was  tested by galvanostatic cycling at different
rates using a TOSCAT-3100 instrument. In the cell, 1C rate (sulfur
mass) = 1.68 A g−1

(S).

3. Results and discussion

3.1. The cathode

As the cathode of the Si/S battery we have used a sulfur–carbon
composite formed by trapping sulfur into highly porous hard
carbon spherules (HCSs). The electrode was  prepared by the infil-
tration of molten sulfur in highly porous HCSs. More details are
provided in Section 2. The synthetic approach was a refinement of
those reported by other workers [12,16,17] in particular similar to
that recently reported by Archer and co-workers [12] exploiting
important modification that yields a sulfur electrode material with
unique characteristics, however with some important differences

in the procedure and in the final morphology.

Our electrode material is in fact prepared by using a porous car-
bon spheres having a high surface area, i.e. 854 m2 g−1 and a very
small pore size, i.e. about 1.5 nm, two  main features that result
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Fig. 1. Scanning electron microscopy (SEM) images of hard carbon spherule-sulfur (HCS-S) electrode taken in the course of its synthesis: (A) the regular shape and the
morphology of the pristine HCS particles, (B) the presence of scattered sulfur on the surface of the HCS particles after the first heating step at 150 ◦C under argon, and (C)
the  appearance of the final HCS-S composite sample involving the homogeneous dispersion of the sulfur particles in the bulk and over the surface of the HCS particles after
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aporization at 300 ◦C. The top right image in (D) illustrates in scheme the sample
ight)  in which the green spots represent the sulfur on the surface of a HCS-S part
olor  in this figure legend, the reader is referred to the web version of the article.)

n a high tap density, i.e., 1.04 g cm−3 and accordingly and more
mportantly, in a high volumetric energy density of the electrode.

Fig. 1 shows the scanning electron microscopy (SEM) images of
ur cathode material taken during the course of its synthesis. The
mages show the regular shape and the morphology of the pris-
ine HCS particles (A), the presence of scattered sulfur on their
urface after the first heating step at 150 ◦C under argon (B), and
he appearance of the final HCS-S composite involving the homo-
eneous dispersion of the sulfur particles in the bulk and over the
urface of the HCS particles after the vaporization step at 300 ◦C (C).
his particular morphology is represented by the top-right image

hown in Fig. 1D, which was derived from an SEM image (top left)
nd an energy dispersive x-ray (EDX) image (bottom right) in which
he green spots represent the sulfur on the surface of a HCS-S par-
icle half-split by a focused ion beam (FIB) image (bottom left). By
hology and is derived from the SEM image (top left) and the EDX  image (bottom
lf-split by focused ion beam (bottom left). (For interpretation of the references to

contrast, in most conventional HCS-S materials, sulfur is trapped
inside the HCS spheres with scarce interparticle distribution [17].

Fig. 2 summarizes the electrochemical properties of the HCS-C
composite electrode developed in this work in terms of its cycling
response in a lithium cell. Fig. 2A shows that the HCS-S elec-
trode delivers a specific capacity ranging from 1000 mAh  g−1

(S)
(i.e., 60% of the 1670 mAh  g−1 theoretical value of the sulfur) to
650 mAh  g−1

(S) after more than 100 charge–discharge cycles at the
very high rate of 1 A g−1

(S) and 1-V discharge cut-off. We assume
that this loss in capacity is associated with a not yet totally blocked
polysulfides dissolution. This issue is under study and will be

addressed by further optimizing the HCS-S electrode morphology.

The inset of Fig. 2A shows the discharge (formation of lithium
sulfide)–charge (reconversion to sulfur) voltage profiles of the cell.
All the expected signatures are displayed, namely, two plateaus at
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Fig. 2. Capacity versus cycle number and related voltage profiles of the dis-
charge (sulfur conversion in lithium sulfide)–charge (reconversion to sulfur)
cycles (inset) for HCS-S electrode in a lithium cell: (A) and (B) at various cur-
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Fig. 3. Transport properties of (TEGDME)4LiCF3SO3 electrolyte represented by (A)
conductivity Arrhenius plot and (B) impedance spectroscopy Nyquist plot at various
ent rates within 1.0–3.0 V voltage limits. Room temperature. (TEGDME)4LiCF3SO3

lectrolyte.

.4 V and 2 V vs. Li, followed by a third one at a lower voltage. We
nterpret the first two plateaus as associated with the reduction of
he sulfur hosted on the surface of the carbon spherules and/or in
heir inter-particle space (see Fig. 1D) and the third plateau with the
eduction of the remaining sulfur inside the particles. Finally, Fig. 2B
hows the cycling behavior of the electrode at various current den-
ity rates. The steady cycled capacity ranges from 600 mAh  g−1

(S)
t 2 A g−1

(S) to 1000 mAh  g−1
(S) at 0.5 A g−1 while maintaining

 low charge and discharge voltage gap (see inset of Fig. 2B).
hese performances make our HCS-C electrode of sure practical
nterest.

.2. The electrolyte

The electrolyte used in this work is formed by a solution of
ithium triflate, LiCF3SO3 in tetraethylene glycol dimethyl ether,
EGDME, at the (TEGDME)4LiCF3SO3 composition. The general use
f glycols as Li/S battery electrolytes has been already proposed in
he past [18,19]. The novelty of our material is in its design and com-
osition, involving the use of a very stable lithium salt, i.e., LiCF3SO3

nstead of the common reactive LiTFSI, and in the appropriate ratio
f its components. These modifications give an electrolyte having

 series of advantages over the most standard organic carbonate
lectrolytes, including a higher conductivity in a wider tempera-
ure range. In addition, the (TEGDME)4LiCF3SO3 electrolyte has a
igh thermal stability (extending up 180 ◦C), low toxicity and envi-
onmental compatibility. As in fact shown by the Arrhenius plot
f Fig. 3A, the electrolyte conductivity evolves from 10−3 S cm−1 to

0−4 S cm−1 over a temperature range extending from −10 ◦C to
0 ◦C, providing the condition necessary for operating the HCS-S
lectrode even at low temperatures.
temperatures.

3.3. The anode

Clearly, for successful battery application the sulfur cathode
requires not only a stable and compatible electrolyte but also its
combination with a safe, high-capacity anode. Lithium metal, com-
monly used in conventional sulfur systems, was excluded due to its
reactivity and the associated safety hazard. Our choice was a nanos-
tructured silicon–carbon composite, originally prepared in one of
our laboratories [20]. The lithium necessary to assure the electro-
chemical process was provided by an ex-situ lithiation process by
a procedure previously reported [21].

Fig. 4 illustrates the morphological, structural, and electrochem-
ical characteristics of this lithiated silicon–carbon electrode. The
SEM image of Fig. 4A reveals that the pristine Si–C composite is
formed by micro-sized carbon particles containing the nanostruc-
tured silicon. The silicon electrode was prelithiated by using a
procedure reported in previous paper [21]. The XRD patterns of
Fig. 4B indicate that, after the lithiation, the peaks related to sili-
con (JCPDS # 75-0590) vanish while new patterns, associated with
a partially lithiated silicon phase LixSi, does appear. This result
demonstrates that our lithiation procedure does not lead to the
full Li4.4Si composition, to which is associated a theoretical capac-
ity of 4200 mAh  g−1, but to an intermediate phase identified by XRD
analysis as Li21Si8 (JCPDS # 33-0817). It is worth to point out that
the lithiation was carried out for the purpose of avoiding unde-

sired side reactions at the surface of the Si–C electrode as well
as of reaching optimal cell balance. Further work is in progress
to fully optimize this procedure with the goal of eliminating
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Fig. 4. Morphology, structure, and electrochemical properties of LixSi–C: (A) SEM
image, (B) XRD patterns before and after pre-lithiation, and (C) voltage profiles
of  the Li–SiC/Li cell at various current rates and capacity versus cycle number
(inset). 100 mA g−1 current rate. Room temperature. (TEGDME)4LiCF3SO3 elec-
t

c
s

r
c
o
S
u
v
t
s
t
o
t

(A)

(B)

(C)

0 25 0 500 75 0

1.0

1.5

2.0

2.5

3.0 0.5 A  g -1

(S)

V
o

lt
a

g
e

 (
V

)

Capacity (mAh g
-1

(S)
 )

0 20 40 60 80 10 0

0

300

600

900

1200

1500

1800
0.5 A  g -1

(S )

C
a

p
a

c
it
y
 (

m
A

h
 g

-1

(S
) )

Cycle number

0 10 20
0

500

1000

1500

2000

0 25 0 50 0

0.5

1.0

1.5

2.0

2.5

3.00.5 A  g
-1

C
a

p
a

c
it
y
 (

m
A

h
 g

-1

(S
) )

Cycle number

 1

 2

 3

 4

V
o

lt
a
g
e

 /
 V

Capa city (m Ah g  )

Fig. 5. Cycling behavior of a complete LixSi–C/(TEGDME)4LiCF3SO3/HCS-S cell: (A)
voltage profiles of discharge (de-lithiation at the anode and lithium polysulfides
formation at the cathode)–charge (reconversion to sulfur at the cathode and back
lithiation at the anode) cycles, (B) capacity versus cycle number at fixed 1.25–2.80 V
voltage limits, and (C) capacity versus cycle number and related voltage pro-

may  be obtained by replacing the lithium metal anode by a high,
rolyte. Lithium counter electrode.

ompletely the irreversible effect of residual electrolyte decompo-
ition processes.

On the basis of this composition and a silicon-to-carbon weight
atio of 30:70, and considering a capacity of 372 mAh  g−1 for the
arbon, we expect for this electrode a specific capacity of the order
f 750 mAh  g−1, which matches well with the capacity of the HSC-

 cathode. Fig. 4C presents the voltage profiles of a Li–Si–C/Li cell
sing the selected (TEGDME)4LiCF3SO3 electrolyte and cycled at
arious rates. The results demonstrate the good rate capability of
he Li–Si–C electrode that can operate at rates as high as 2 A g−1,
till maintaining a high capacity delivery. As evident from the inset
o the figure, the cell exhibited at 0.1 A g−1 a steady specific capacity

f the order of 650 mAh  g−1, which compares reasonably well with
he expected 750 mAh  g−1 value.
files of discharge–charge cycles (inset) at 1-h fixed time limit. Room temperature.
0.5 A g−1

(S) rate. (TEGDME)4LiCF3SO3 electrolyte.

3.4. The silicon–sulfur battery

The above data confirm that the Li–Si–C composite may indeed
be a suitable anode for the development of a metal-free, lithium-
ion, silicon–sulfur battery. We  fabricated the battery by combining
this anode, in a 1:1 mass ratio, with the HSC-S cathode in the
(TEGDME)4LiCF3SO3 electrolyte. The electrochemical performance
of this Li–Si–C/HSC-S battery is illustrated in Fig. 5. Fig. 5A shows
the voltage profiles from galvanostatic cycling of the cell at room
temperature and 0.5 A g−1

(S) current rate. The trend confirms that
the cell operates with the voltage signatures compatible with
the expected electrochemical process S8 + 8LixSi � 8Li2S + 8Li(x−2)Si
and has an initial capacity approaching 600 mAh  g−1

(S).
Most of the literature on lithium–sulfur batteries deals with sys-

tems where, despite improvements at the cathode side, the use of
the lithium metal anode still poses serious risks in terms of safety
hazard. Here we  show that an important step ahead in the field
capacity, lithiated silicon leading to unique example of an efficient,
versatile, lithium-ion, silicon–sulfur battery. A sulfur battery using



ower S

a
e
s
b
f

i
y
h
v
t
v
t
1
v
s
r
i
y
e
i
m
a
c
v
t
m
v
b
b
o
t
m
i

A

(

[
[
[

[
[
[
[

[

[
[
[

353–358.
[21] J. Hassoun, K.-S. Lee, Y.-K. Sun, B. Scrosati, J. Am.  Chem. Soc. 133 (2011)
J. Hassoun et al. / Journal of P

 silicon-based anode has been proposed in the past [22]; how-
ver, it differs significantly from our system since it uses a lithium
ulfide–carbon composite cathode and an electrolyte likely formed
y a standard organic carbonate liquid, with associated limited per-
ormance.

Fig. 5 demonstrates the good performance of our Si–S battery
n terms of specific capacity and cycle life. Indeed, even in its not-
et optimized configuration, the silicon–sulfur lithium-ion battery
ere developed offers impressive cycling performance. Under a gal-
anostatic cycling regime, the battery delivers a specific capacity of
he order of 500 mAh  g−1

(S) at a rate of 0.5 A g−1
(S) with an average

oltage of about 2 V (Fig. 5A). The capacity decreases upon cycling
o finally reach an average high value of 300 mAh  g−1

(S) for over
00 cycles (Fig. 5B). An initial irreversible capacity is also noticed. In
iew of the result of the cycling test reported in Fig. 2A we may  rea-
onably assume that these phenomena are not associated with side
eactions occurring at the HSC-S cathode but rather with still unsat-
sfactory mass balance of the two electrodes. However, also a not
et fully achieved control of the polysulfide dissolution, cannot be
xcluded. Studies are underway to properly address these remain-
ng issues. We  may  anticipate that the performance of the battery

ay  be improved by optimizing the cell structure and/or by using
d-hoc protocols, such as time-controlled cycling. Under the latter
ondition, the capacity remains in fact stable on a set 500 mAh  g−1

alue for many cycles; however, there is an inevitable penalty in
erms of voltage stability (Fig. 5C). The data of Fig. 5C lead to a

aximum energy density of 1000 Wh  kg−1, exceeding the average
alues achieved by conventional lithium-ion batteries. In addition,
y virtue of the nature and the properties of the selected glycol-
ased electrolyte, the battery is expected to be safe and capable of
perating over a wide temperature range. In conclusion, the bat-
ery here disclosed, due to the series of properties outlined above,

ay  contribute to the progress of the lithium battery technology
n view of application in the electrified road transportation.
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