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The micro-sized sphere Fe,03 particles doped with graphene nanosheets were prepared by a facile
hydrothermal method. The obtained Fe,03/graphene composite as the anode material for lithium ion
batteries showed a high discharge capacity of 660 mAhg-! during up to 100 cycles at the current den-
sity of 160mA g~! and good rate capability. The excellent electrochemical performance of the composite
can be attributed to that graphene served as dispersing medium to prevent Fe,03; microparticles from
agglomeration and provide an excellent electronic conduction pathway.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As the major anode material of commercial lithium-ion batter-
ies (LIBs), graphite has excellent electrochemical properties like
charge/discharger reversibility, low and flat working potential sim-
ilar to that of lithium metal. However, it has a low theoretical
capacity about 372 mAh g~!, which terribly affect the performance
of LIBs. To meet the increasing demand for LIBs with higher energy
density, various attempts to explore new electrode materials have
been investigated. Recently, transition metal oxides have been
studied as alternative anode materials for LIBs due to their high
Li-storage capacities [1-10]. Among the various transition metal
oxides, Fe;03 has attracted significant research attention due to
its fascinating properties such as the high theoretical capacity
(1005 mAhg-1), low cost and low environmental impact [11-13].
However, Fe, 03 actually suffer from poor cycle performance when
used as the anode material for LIBs. The reason is that the agglom-
erations and the huge volume change of Fe,03 often occurred
during the lithium insertion/extraction process. Up to now, var-
ious attempts to overcome the disadvantages of Fe,O3 materials
have been reported. One of the efficient way is to dope car-
bonaceous materials with Fe,03, which may buffer the volume
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expansion and thus improve the electrichemical properties of
Fe,03 [14-18].

Graphene, a new crystalline form of carbon, has attracted
tremendous scientific interest in both the fundamental and the
applied area since it was discovered [19]. It is a very poten-
tial material for applications in many technological fields such as
nanoelectronics [20], sensors [21], batteries [22] and supercapac-
itors [23]. Graphene not only possesses stable structure but also
high specific surface area, and excellent electronic conductivity.
These properties make graphene or graphene-based materials very
promising for use as anode materials for reversible lithium storage
in LIBs [24]. Although many graphene-based materials as anode
materials for LIBs have been reported (Fe30g4, TiO3, SnO5, Co304,
Mn30y4, CuO) [25-31], there are few reports devoted to the simple
production of Fe,03/graphene composite. Herein, we reported the
facile synthesis of Fe;03/graphene composite. The electrochemical
performance of the as-obtained Fe,03/graphene composite as an
anode material for LIBs was investigated and compared with pure
graphene and Fe, 05 electrode.

2. Experimental

Graphene nanosheets were prepared via the H, reduction of exfoliated graphite
oxide materials at 500°C. In a typical synthesis of Fe,03;/graphene composite,
0.003 mol FeCl;-6H,0, 0.001 mol ascorbic acid, 0.015g PEG-6000 and 0.6g urea
were dissolved in deionized water (25 ml). The precursor solution was magnetically
stirred for 0.5 h. Afterwards 50 mg graphene nanosheets was dispersed in the above
solution by ultrasonication for 0.5h and stirred for another 0.5 h. The mixture was
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Fig. 1. (a) XRD patterns of Fe,03, graphene and Fe,03/graphene and (b) TGA curve
of Fe;03/graphene composite.

then transferred into a 50 ml Teflon-lined autoclave, sealed and maintained at 120 °C
for 12 h and then cooled to room temperature naturally. The resulting black solid
products were collected by centrifugation, washed with deionized water and dried
invacuum at 80 °C for 12 h. For comparison, we also synthesize Fe; 03 microparticles
following the same procedure except that no graphene nanosheets were added.

The as-prepared samples were characterized by X-ray diffraction (XRD, Rigaku)
and field emission gun scanning electron microscopy (FEG-SEM, JEOL JSM6700 F).
High-resolution transmission electron microscope (HRTEM, JEOL JEM-3010) analy-
sis was performed to determine the structural characteristics of the composite on
the nanometer domain. Thermogravimetry analysis (TGA) data of the composite
were collected in a NETZSCH STA 449C instrument. The sample was heated from
25 to 750°C in air, and the heating rate was 10°C/min. The electrochemical test-
ing of the Fe,03/graphene composite was conducted by assembling CR2430 coin
cells. The cells were galvanostatically charged and discharged at a current den-
sity of 160mAg-". The AC impedance spectra of the cells were measured on an
electrochemical workstation (CHI 660D) with the frequency range from 0.01 Hz to
100 kHz.

3. Results and discussion

Fig. 1(a) shows the XRD pattern of the Fe,03/graphene com-
posite, in which the diffraction patterns of the pure Fe,03; and
graphene nanosheets were also provided for comparison. As shown
in Fig. 1(a), the Fe,03/graphene composite possess a weak diffrac-
tion at 260 =25.6°, which assigned to the crystal planes of graphene.
The other Nine sharp diffraction peaks at 24.2°, 33.2°, 35.6°, 40.9°,
49.5°, 54.1°, 57.6°, 62.4°, 64.0° correspond well with the crys-
tal planes of (012), (104), (110), (113), (024), (116), (018),
(214) and (300) of Fe;03, which can be easily indexed to hexag-
onal a-Fe;03 (JCPDS 33-0664). The XRD result indicates that the
Fe,03/graphene composite is composed of Fe;03 and graphene
nanosheets and maintains the crystalline structure of Fe,03 and
graphene. The content of graphene nanosheets in Fe,O3/graphene
composite was quantitatively determined by TGA. Fig. 1(b) shows

the TGA curve of the composite. As can be seen from it, the weight
loss over the temperature range from 25 to 150°C is about 1%. This
might be due to the loss of residual water in the sample. The weight
loss between 350 and 550°C is about 30%, which represents the
amount of graphene nanosheets.

Fig. 2(a) displays the SEM image of Fe,03 microparticles. The
sample was almost composed of spherical Fe,03 which agglomer-
ated together with an average diameter of about 2-5 um and the
surface of particle was uneven. From Fig. 2(b), it can be clearly seen
that the graphene nanosheets synthesized were composed of ran-
domly aggregated, thin and wrinkled sheets loosely associated with
one another. Fig. 2(c) shows the morphology of the Fe, O3 /graphene
composite. The Fe; 03 microparticles were randomly doped with
graphene nanosheets and the agglomeration of Fe,O3 was ade-
quately prevented by these nanosheets. Fig. 2(d) gives a high
magnification SEM image of the selected area in Fig. 2(c). A single
Fe, 03 particle with an uneven surface could be clearly observed,
which displayed similar morphology to the pure Fe,03 samples in
Fig. 2(a). TEM measurement was performed to identify the number
of layers of graphene nanosheets synthesized (Fig. 2(e)). The stack-
ing sheet structure and individual monolayers of graphene could
be clearly observed from the inset HRTEM image of the selected
area. It is found that the graphene platelet thickness ranged from 3
to 5 nm, which corresponds to an approximately 9-15 layer stack-
ing of the monoatomic graphene sheets. Fig. 2(f) shows the TEM
image of Fe,03/graphene composite, the dark area in this figure is
part of a Fe, O3 microparticle, and the stacking sheets are graphene
nanosheets. The inset in Fig. 2(f) displays the atomic resolution
HRTEM image of the selected area, in which the (1 04) crystal plane
of the Fe; O3 structure can be clearly identified from the interplanar
distances of 0.27 nm.

The electrochemical performance of Fe;03/graphene compos-
ite as anode was examined through galvanostatic charge/discharge
cycling in the potential range from 0.005V to 3.0V vs. Li*/Li ref-
erence electrode. For comparison, the anodic properties of pure
graphene and Fe,03; micro particles were also tested under the
same conditions. The charge/discharge voltage profiles of the
Fe,03/graphene electrode are shown in Fig. 3(a). As can be seen
in Fig. 3(a), the voltage profiles of the Fe;O3/graphene electrode
show a long voltage plateau appears at about 0.8 V during the first
discharge process which disappears in the subsequent cycles. The
discharge plateau in the galvanostatic curve can be attributed to the
electrochemical reaction between the electrode and lithium. As for
the electrochemical performance, the Fe,O3/graphene electrode
exhibits a discharge capacity of 1800 mAhg-! and charge capac-
ity of 1420 mAh g~ in the first cycle, corresponding to a coulombic
efficiency of 78%. The irreversible capacity of Fe;O3/graphene elec-
trode at the first cycle is mainly attributed to the formation of solid
electrolyte interface and the reaction of lithium ion with oxygen
containing functional groups [32]. Fig. 3(b) compares the cycling
behaviors of Fe, 03, graphene and Fe, 03 /graphene electrodes at the
current density of 160mAg~1. It is clear that much better cycling
performance was obtained for the Fe,Os/graphene electrode.
The discharge capacity after 100 cycles for the Fe,O3/graphene
electrode is 660mAhg-!, much higher than that of the Fe,03
(450mAhg-1) or graphene electrode (550 mAhg-1). The result
suggests that Fe,O3 microparticles can accommodate extra Li ions
when doped with graphene nanosheets. Nuli et al. [33] reported
the synthesis of submicron-sized Fe,03 flowers and investigated
their electrochemical performance as anode for LIBs. The results
revealed that the material could provide a discharge capacity of
~420mAhg-! after 50 cycles at a current density of 80mAg-1.
Morimoto et al. [34] synthesized micrometric Fe,03 particles
by mechanically milling FeOOH at room temperature in air and
evaluated their characteristics as lithium intercalation materials.
However, the cycle performance was very poor (~200mAhg-!



L218 G. Wang et al. / Journal of Alloys and Compounds 509 (2011) L216-L220

Fig. 2. (a) SEM image of Fe,0; microspheres. (b) SEM image of graphene nanosheets. (c) SEM image of Fe,03;/graphene composite. (d) High magnification SEM image of
Fe,03/graphene composite of the selected area in Fig. 2(c). (e) TEM image of graphene nanosheets, inset of (e): HRTEM image of graphene nanosheets of the selected area.

(f) TEM image of Fe,03/graphene composite, inset of (d): HRTEM image of Fe,0s3.

after 20 cycles at a current density of 0.5 mA cm~2) as an electrode
for LIBs. Our experimental results showed that Fe,O3/graphene
composite could exhibit an enhanced electrochemical perfor-
mance at a higher current density of 160 mA g~!, which was much
greater than reported data. Fig. 3(c) presents the rate perfor-
mance of the Fe,03/graphene electrode in comparison with the
Fe,03 and graphene electrodes. The current densities used were
160, 400, 800, 1600 and 2400 mAg~!. As can be seen in Fig. 3(c),
the Fe;03/graphene electrode shows rather good rate capabil-
ity with an average discharge capacity of 1108 mAhg-! at the
current of 160mAg-!, 702mAhg-! at 400mAg-!, 512mAhg!
at 800mAg-!, 463 mAhg-! at 1600mAg-', and 322mAhg-! at

2400 mA g1, respectively. All of these values are higher than the
capacity of Fe; O3 or graphene electrodes at the same current den-
sities.

In order to verify that the graphene is responsible for the good
performance of the cell with the Fe,03/graphene anode and further
compare the electrochemical properties of the different electrodes,
the Nyquist plots of the AC impedance for the Fe,03 microparti-
cles and Fe,03/graphene composite were measured after the first
charge/discharge cycle (Fig. 4). From Fig. 4, it could be clearly seen
that the impedance spectra are almost similar in shape, composed
of two semicircles at high- and medium-frequency ranges and fol-
lowed by a linear part at the low frequency end. The semicircle
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Fig. 3. (a) Charge/discharge profiles of Fe,O3/graphene composite electrode. (b)
Cyclic performance of the Fe,03, graphene and Fe,03/graphene electrodes cycled
between 0.005 and 3.0V at a current density of 160mAg-'. (c) Comparison of
rate capability of the Fe,Os, graphene and Fe,0s;/graphene electrodes with a
charge/discharge specific current range from 160, 400, 800, 1600 to 2400 mAg—'.

in the medium-frequency region is assigned to the charge trans-
fer resistance, which is a measure of the charge transfer kinetics.
It is obviously seen from Fig. 4 that the size of the semicircle on
the Fe,0O3/graphene electrode is much smaller than that of the
Fe, 05 electrode, indicating lower charge transfer resistance. The
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Fig. 4. The impedance plots of the Fe,03 and Fe,03/graphene electrodes.

result indicates that the incorporation of graphene had improved
the electronic conductivity, and thus improved the cycling per-
formance. Additionally, the introduction of graphene nanosheets
also has a variety of other favorable properties. It is well known
that graphene possesses capacities to store lithium ion. There-
fore, graphene nanosheets may contribute to the overall capacity
of the composite electrode. Furthermore, the agglomeration of
Fe, 03 microparticles was minimized after doped with graphene
nanosheets, which provide sufficient contact area for the reaction
of lithium intercalation to Fe;0s.

4. Conclusions

Fe,03/graphene composite was synthesized successfully by
a hydrothermal method. The electrochemical measurements
showed that the Fe,0O3/graphene electrode presented a higher
reversible capacity (660 mAh g~! after 100 cycles at a current den-
sity of 160mAg-1), superior cycle performance compared with
the Fe,03 and graphene electrodes. Moreover, the Fe, O3 /graphene
composite described in the present work also shows high rate
capability. It can be easily extend this synthetic method to the
preparation of other graphene-based materials, which could be
used as anode materials for LIBs.
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