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Introduction
Iron sulfides have attracted much attention for their
excellent optical property, catalytic performance, hypotoxicity
and electrochemical properties [1-6] in the past decades. Iron
sulfides have been investigated as electrode materials in
lithium thermal batteries owing to their high capacity of 609
mAhg-1 for FeS and 894 mAhg-1 for FeS2. The research of
pure carbon materials in Li-ion secondary batteries have been
widely promoted [7]. Several papers describing the
electrochemical behaviours of single samples of sulfides have
been published [4-6], but the good electrochemical properties
of these electrode materials haven't brought into full play
because the intermediate materials during the charge/discharge
reaction are easily dissolved in electrolyte.
In view of the high stability of carbon materials and the
fact that there have been rarely electrochemical studies
concerning iron sulfides/carbon composite as electrodes, a
two-step method is developed to obtain new composites as
anode materials of Li-ion secondary batteries. The goal of this
work is to determine the mechanism of iron sulfide-embedded
carbon microspheres (CM) formation, and evaluate the
potential of CM application in Li-ion secondary batteries.
Experimental
In a typical experiment, ferrocene(10 mmol), sublimed
sulfur(30 mmol), o-cresol (10 mmol) and benzol (dispersant)
were chosen as the raw materials for CM. Firstly the raw
materials and benzene were mixed and sealed into a 50ml
autoclave. Then the system was heated to 200 ℃ and
maintained at 200 ℃ for 48 hours. During the process, the
system was under autogenous pressure. After the autoclave is
cooled to ambient temperature, the products were extracted by
pyridine. The pyridine insoluble fraction (PI) was the primary
CM (PCM). PCM was annealed at 600 ℃ for 2 hours under
the nitrogen flow and regarded as the desired annealed CM
(ACM). Some of the ACM samples are treated by 5 M
hydrochloric acid for 24 hours in order to get off iron sulfides.
The investigation of morphology and structure of assynthesized sample are carried out by Hitachi H-800
transmission electron microscope (TEM) and ZEISS
SUPRATM55 field emission scanning electron microscope
(FESEM), respectively. The samples for TEM measurement
are prepared by dispersing the products in ethanol with an
ultrasonic bath for 15 min and then a drop of the suspension is
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placed onto a carbon-coated copper grid at room temperature.
X-ray diffraction (XRD) measurements are performed with a
Rigaku D/max-2500B2+/PCX system using CuKα radiation
(λ=1.5406 Å) over the range of 5-90 º (2θ) at room
temperature. And the details of electrochemical measurement
could be found elsewhere [8].
Results and Discussion
As shown in Fig.1, the iron sulfide in ACM is pyrrhotite,
whose molecular formula is Fe1-xS. And the XRD pattern of
acidulated ACM demonstrates that pyrrhotite in ACM could
be dissolved easily by hydrochloric acid because the pyrrhotite
crystals are not encapsulated tightly by carbon layers. The
(002) diffraction peak exhibits broad and dispersive character
shown in Fig.1, suggesting this low temperature formed
carbon possesses disordered structure.
Fig.2a-d compares the SEM images of PCM and ACM. It
could be observed that the sphere surface is made up of
wrinkles and layers. Many little pyrrhotite crystal platelets are
found on the surface of ACM. The diameters of two kinds of
spheres are distributed in the range of 800 nm to 2 μm for
PCM and 400 nm to 1 μm for ACM, respectively. The spheres
shrink and the layers tenuate distinctly after 600 ℃ treatment.
Based on the SEM, TEM and XRD analysis, the formation
process of CM could be that the carbon layer be formed by
thermal condensation of cyclopentadiene and benzene ring
under the iron sulfides catalysis.
Fig.3 shows the cyclic performances and cyclic
voltammetry curves of ACM. The charge/discharge cycle is
carried out between 2.5 and 0.01 V. ACM electrode shows
high specific capacity and well cycle discharge performance
during the charge/discharge cycle when used as anode
materials for Li-ion secondary battery. Under a relatively low
current density (50 mAg-1), the initial specific capacity and
reversible specific capacities at the first cycle are ca. 1564 and
ca. 958 mAhg-1, respectively. Therefore, the first coulombic
efficiency is up to 61.2%. And, the specific capacity remains
ca.736 mAhg-1 after 50 cycles, which means only ca. 0.5%
capacity fading per cycle.

Fig. 1 XRD patterns of primary, acidulated and annealed
sample.

subsequent two cycle curves coincide well. CM also possesses
excellent high-rate performance. The first reversible specific
capacities at current densities of 500, 1000 and 5000 mAg-1
are ca. 783, 734 and 541 mAhg-1 respectively, which is
obviously higher than those in previous reports [4-6],
indicating that ACM should be a promising candidate for
anode materials in Li-ion secondary batteries.
Conclusions
Iron sulfide-embedded carbon microspheres are
successfully synthesized by a reaction of ferrocene, o-cresol,
sulfide and benzene at about 200 ℃. It is found that the
pyrrhotite (Fe1-xS) is embedded in the amorphous carbon
layers. The ACM shows high specific capacity and well cyclic
performance during the charge/discharge process. To our
knowledge, it is the first time iron sulfides/carbon composite
being used as anode materials in Li-ion secondary batteries,
which is proved to be a promising candidate for such batteries.

Fig. 2 SEM images of PCM (a and b) and ACM (c and d);
TEM images of PCM (e) and ACM (f).

Fig. 3 Cyclic performances at various current densities and
cyclic voltammetry curves of ACM electrodes at room
temperature.
The electrode reaction is deduced from the
voltammogramms obtained for the first three cycles of the
batteries. It is clear that both of the carbon and pyrrhotite
should be contributed to the battery capacity. For the first
cycle, two mild reduction peaks are seen at 0.3 (solid
electrolyte interphase formation) and 1.3 V and two oxidation
peaks at 1.9 and 2.3 V. There is a slight change in the position
of the peaks from the second cycle, that the reduction peak
moves to 1.4 V. That is corresponding to the lithium ions
inserting into Fe1-xS to form an intermediate product, LixFeS2
(0.5<x<0.8), and then the final product, Li2S [9]. The
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