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a  b  s  t  r  a  c  t

An  Fe3O4–FeO–Fe@C  composite  material  has  been  successfully  synthesized  by a  one-pot  hydrother-
mal  method  without  any  templates  and  a  sequential  heat  treatment  process.  X-ray  diffraction,  Raman
spectrometry,  scanning  electron  microscopy  with  energy  dispersive  spectroscopy,  transmission  electron
microscopy  and  galvanostatic  cell  cycling  have  been  used  to  characterize  the structure  and  electro-
chemical  performance  of the  as-prepared  Fe3O4–FeO–Fe@C  composite.  The  electrode  shows  a  stable
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and  reversible  capacity  of over  600  mAh  g−1 at  a  current  of  53  mA  g−1 for  up  to  60  cycles,  which  could  be
ascribed  to  the  unique  double-layer  core–shell  and  embedded  structures.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Lithium-ion batteries (LIBs) have been used for various elec-
ronic devices because of their unmatched energy density per
nit volume or per unit mass. Development of anode materi-
ls is crucial for the emerging demands of high power Li-ion
atteries. The state-of-the-art anode is graphite with a theoret-

cal capacity of 372 mAh  g−1 and a potential of 0.1 V relative to
i/Li+. Recently, much effort has been focused on new anode
aterials with both larger capacities and slightly more positive

nsertion voltages with respect to Li/Li+, in order to mini-
ize any risks of high-surface-area Li plating at the end of

 fast recharge [1].  Of these alternatives, iron oxide (Fe3O4)
as attracted much attention due to its high theoretical spe-
ific capacity (926 mAh  g−1, one Fe3O4 can react with eight
ithium ions), safe voltage (∼0.9 V vs. Li/Li+), high electronic
onductivity, low cost, natural abundance and non-toxicity [2].
owever, like other transition metal oxide anodes, this iron
xide often suffers from poor cycling ability owing to agglom-
rations and huge volume changes of the active materials

uring lithium insertion and deinsertion. In order to improve
he electrochemical performance of Fe3O4, many approaches
ave been pursued in the literature, such as nanosizing [2–7],

∗ Corresponding author. Tel.: +86 10 82529046; fax: +86 10 67396158.
E-mail address: dgxia@pku.edu.cn (D. Xia).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.10.081
carbon-coating and the preparation of a nanosize Fe3O4/C com-
posite [8–32].

Nanomaterials play a large role in improving the performance of
lithium-ion batteries. Nanoparticles can quickly absorb and store
vast numbers of lithium ions without causing deterioration in
the electrode since they have large surface areas, short diffusion
lengths, and fast diffusion rates [33]. Carbon coating has often been
used to improve the cyclability of nanostructured electrode mate-
rials in which carbon acts as both a buffering layer for large volume
changes and a barrier to prevent aggregation between active par-
ticles [34]. Carbon is also introduced into electrodes because of its
high electronic conductivity, good lithium permeability, and elec-
trochemical stability [10].

On the other hand, core–shell (carbon) structures have been
widely applied in anode materials to improve the electrochemi-
cal performance of various metals or metal oxide electrodes [35].
Fe3O4@C anode materials have often been synthesized using two-
step hydrothermal methods which were either tedious or required
environmentally unfriendly or expensive raw materials.

In this work, an iron oxide@carbon (Fe3O4–FeO–Fe@C) compos-
ite was  synthesized by a one-pot hydrothermal method without
any templates followed by a sequential heat treatment process in
N2. The electrochemical performance of the Fe3O4–FeO–Fe@C com-

posite anode was then investigated. It shows a stable and reversible
capacity of over 600 mAh  g−1 at a current of 53 mA g−1 for up to 60
cycles. This could be ascribed to the unique double-layer core–shell
structure and embedded structure of the composite.

dx.doi.org/10.1016/j.jallcom.2011.10.081
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dgxia@pku.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.10.081
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.  Experimental

.1. Synthesis of Fe3O4–FeO–Fe@C composite

All reagents were received from Beijing Chemicals Co. (Beijing, China) and used
ithout further purification. In a typical synthesis process, a mixture of FeSO4·7H2O

2.34 g) and glucose (0.33 g) with the molar ratio of 5:1 was  dissolved in 25 mL
eionized water under stirring to form a transparent solution. This solution was
ransferred and sealed into a 50 mL  teflon-lined autoclave, heated at 180 ◦C for 9 h,
nd  then allowed to cool to room temperature naturally. The precipitate was  sepa-
ated by filtration, washed with deionized water and then vacuum-dried at 80 ◦C for
2 h to obtain the precursor. The final Fe3O4–FeO–Fe@C composite was synthesized
y  heating the as-prepared precursor at 700 ◦C for 1 h under a nitrogen atmosphere.

.2. Structure and compositional characterizations

The crystal structure of the product was characterized by X-ray diffraction (XRD,
ruker D8 Advance, CuK� radiation) and Raman spectroscopy (Renishaw, RM-2000).
he  morphology was investigated using a field emission scanning electron micro-
cope (SEM, Hitachi S-4300) with an EDAX GENESIS XM2  60S energy dispersive
pectroscopy analyzer and transmission electron microscopes (TEM, JEM-2010 and
EM-2010F). Thermogravimetric analysis (TGA) was carried out on a TG/DTA6300
hermal analyzer with a heating rate of 5 ◦C min−1 in a flowing air atmosphere.

.3. Electrochemical characterizaition

The electrochemical performance was evaluated using CR2032 coin cells with
 NEWARE BTS. The test electrode was prepared by casting a slurry consisting of
he  as-prepared powder, acetylene black and polytetrafluoroethylene (PTFE) in a
eight ratio of 80:10:10 on a stainless steel foil, followed by drying at 80 ◦C for

2  h under a vacuum. Coin-type cells were assembled in an argon-filled dry glove
ox with lithium foil as the counter and reference electrodes, 1 M LiPF6 in EC/DMC
1:1 vol%) as an electrolyte, and a Whatman GF/D borosilicate glass-fibre sheet as a
eparator. The cells were discharge-charged at various values of constant current in
he  voltage range of 0.005–3.0 V (vs. Li/Li+). Cyclic voltammetry (CV) measurement
as conducted at 0.05 mV s−1 within the range of 3.0–0.0 V on a VMP3 (Princeton
pplied Research).

. Results and discussion

.1. Microstructure characterization

To clarify the crystal structure of as-prepared Fe3O4–FeO–Fe@C
omposite, XRD experiments were carried out. Fig. 1(a) shows the
RD patterns of the final composite, which is in agreement with
e3O4, FeO and Fe (JCPDS card No. 01-089-0691, No. 01-077-2355,
o. 01-087-0721, respectively). No obvious peaks corresponding to
rystalline carbon can be observed. However, amorphous carbon
reated from glucose cannot be excluded. The Raman spectro-
copic analysis indicates a D-band at 1332 cm−1 and a G-band
t 1601 cm−1, with similar intensities (Fig. 1(b)), which confirms
he amorphous carbon structure [11]. Thermal gravimetric anal-
sis (TGA) was used to assess the carbon content of the sample.
n Fig. 2, we note a slight weight uptake starting near 200 ◦C in
ir, corresponding to when Fe3O4, FeO and Fe in the composite are
ransformed into �-Fe2O3, followed by a 43.2% weight loss occur-
ing near 400 ◦C extending to 600 ◦C, indicating oxidation of carbon
n the sample.

To further investigate the structure of the Fe3O4–FeO–Fe@C
omposite, energy-dispersive X-ray (EDX) spectra and elemen-
al mapping characterizations were carried out. Fig. 3(a) shows
he EDX spectrum of the composite corresponding to the region

arked with a red box (Fig. 3(b)). The peaks corresponding to
, O and Fe are clearly identified. From the elemental maps
Fig. 3(c)–(e)) we found that the iron oxide (or Fe) and carbon are
lended together. The detailed crystal structure and substructure
f the Fe3O4–FeO–Fe@C composite was further analyzed by TEM
nd high-resolution transmission electron microscopy (HRTEM)

nalysis. Representative SEM and TEM images of the as-prepared
e3O4–FeO–Fe@C composite are shown in Fig. 4(a)–(d). It can be
een from Fig. 4(a) and (b) that roughly spherical particles are dis-
ersed and embedded in the carbon matrix uniformly. Observed
Fig. 1. (a) XRD pattern and (b) Raman spectrum of as-prepared Fe3O4–FeO–Fe@C
composite.

in Fig. 4(c), the diameters of these core–shell particles embedded
in the matrix are about 20–30 nm.  Fig. 4(d) shows the high-
resolution transmission electron microscopy (HRTEM) image of a
7006005004003002001000

Temp (°C)

Fig. 2. TG-DTG curves of as-prepared Fe3O4–FeO–Fe@C composite in air.
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Fig. 3. (a) EDX spectrum; (b) SEM image; and (c) elem

stingly, we found a double-layer core wrapped by the carbon shell.
he core region immediately next to the carbon shell displays lat-
ice fringes with an inter-planar spacing of 0.202 nm,  which is good
greement with that of the (1 1 0) plane of Fe corresponding to
� = 44.7◦. The inner core gives a spacing of 0.252 nm,  indexed to
he (3 1 1) plane of Fe3O4. The lattice fringes of FeO have not been
esolved in this HRTEM image, possibly due to smallness of the
egion or the metastable state of FeO. FeO is deduced to lie between
he Fe layer and Fe3O4, because the nearer it is to the carbon layer,
he more likely will the region be reduced.

.2. Electrochemical performance
In order to test the applicability of this Fe3O4–FeO–Fe@C com-
osite as an anode in lithium-ion batteries, the electrochemical
roperties of Li insertion/extraction were investigated. Fig. 5(a)
l maps of C, Fe and O in Fe3O4–FeO–Fe@C composite.

presents typical discharge/charge curves of the Fe3O4–FeO–Fe@C
composite anode for the 1st, 2nd, 10th, 30th and 60th cycle, at
a rate of 88 mA  g−1. The first discharge capacity is 1722 mAh  g−1

and a high and stable discharge capacity of over 550 mAh  g−1 was
obtained after 60 cycles. Clearly, the 60th and 30th discharge curves
overlap, which indicates that this core–shell electrode has good
cycling stability. The discharge plateau potential is around 0.8 V in
the first cycle and then changes during the subsequent cycles. It
increases first to about 1.0 V in the 2nd cycle, and then decreases
to about 0.75 V, remaining at this level for the following discharge
process. This discharge platform can enhance the security of bat-
teries compared with that of graphite anode. The voltage hysteresis

of this composite electrode can also be observed in the lithia-
tion/delithiation process, which may  be ascribed to the existence
of a large amount of amorphous carbon and conversion mechanism
itself [36].
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Fig. 4. (a) SEM, (b) TEM, (c) high magnification TEM, and 

The specific discharge/charge capacities at various current
ates were measured to evaluate the cycle performances of the
e3O4–FeO–Fe@C electrode. Fig. 5(b) plots the relative specific
apacities of batteries versus cycle numbers. Stable reversible
apacities of 600 mAh  g−1 and 550 mAh  g−1 are obtained at cycling
ates of 53 mA  g−1 and 88 mA  g−1. Increasing the rate to 176 mA  g−1,
his core–shell electrode can still deliver a reversible capacity
f over 400 mAh  g−1 in the first 40 cycles. When continuously
ncreasing the rate to 352 mA  g−1, the capacity of the electrode
ades gradually. This capacity fading may  result from the degra-
ation of the electrical contacts between active particles and the

oose carbon layers under strong current shock. In this work
he mass of Fe is included when calculating the specific capac-
ty of Fe3O4–FeO–Fe@C composite, although the metallic iron
s traditionally considered to be inactive for lithium storage.

etallic iron is considered to improve the electronic connection
rom active materials to a current collector [4].  In addition, the
ontribution of the carbon in the electrochemical process is esti-
ated to about 24% by the calculation method described in Ref.

34].
To further understand the electrochemical process, cyclic

oltammetry (CV) curves of this nanocomposite were recorded for

he first four cycles in the voltage range between 3.0 V and 0.0 V at

 scan rate of 0.05 mV  s−1, as shown in Fig. 5(c). In the first cycle,
here are two peaks observed in the cathodic process. A broad peak
ppears at 0.57 V, which can be associated with the reduction of
TEM images of as-prepared Fe3O4–FeO–Fe@C composite.

Fe3+ and Fe2+ to Fe0 [19]:

(1)Fe3O4 + 8Li → 3Fe0 + 4Li2O

(2)FeO + 2Li → Fe0 + Li2O

In addition, there is another tiny peak at 1.3 V, which is ascribed
to the irreversible reaction related to the decomposition of the
electrolyte. Two  anodic peaks are present at 1.6 V and 1.86 V, cor-
responding to the oxidation of Fe0–Fe3+ [16]:

3Fe0 + 4Li2O → Fe3O4 + 8Li (3)

During the anodic process, both the peak current and the integrated
area of the anodic peak are reduced, indicating capacity loss during
the charging process. This is consistent with the results of the dis-
charge/charge test. In subsequent cycles, the cathodic and anodic
peak potentials shift positively compared with the first cycle. The
CV curves of the Fe3O4–FeO–Fe@C composite electrode are stable
and show good reversibility after the first cycle.

The enhanced electrochemical performance of the
Fe3O4–FeO–Fe@C composite anode is due to the presence of
the carbon shell and carbon matrix around core–shell nanopar-

ticles. Firstly, the amorphous carbon (especially in the form of
a carbon shell) can improve the electrical conductivity of the
electrode because continuous carbon coatings can form a more
efficient electron conductive network. Secondly, the carbon
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ent rates of Fe3O4–FeO–Fe@C composite. D and C refer to discharge and charge,
espectively.

hell and carbon matrix act as barriers to prevent any aggregation
etween active nanoparticles. Thirdly, carbon functions as a buffer-

ng layer for the large volume changes in the discharge/charge
rocess (cushion effect). Note that the high irreversible capacity

oss found only in the first cycle is ascribed to electrolyte reduction

nd the formation of solid electrolyte interphase (SEI) films on the
lectrode surface, which consume much of the Li. It is possibly
ecause this core–shell composite contains much amorphous

[
[
[
[
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carbon, which has a high surface area. Therefore, low initial
coulombic efficiency and large voltage hysteresis of this composite
electrode needs further improvement.

4. Conclusions

In summary, we have successfully synthesized an
Fe3O4–FeO–Fe@C composite anode material by a one-pot
hydrothermal method without any templates followed by a
sequential heat treatment process. The electrode shows a sta-
ble and reversible capacity of over 600 mAh  g−1 at a current of
53 mA  g−1 between 0 V and 3.0 V for up to 60 cycles. This can
be ascribed to the unique double-layer core–shell structure and
embedded structure which improve electrical conductivity of
the electrode, prevent the aggregation of active nanoparticles
and provide a buffer for the large volume changes in the dis-
charge/charge process. The experimental results suggest that the
Fe3O4–FeO–Fe@C composite has a potential application as anode
material for Li-ion batteries.
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