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a  b  s  t  r  a  c  t

A  facile  single  step  solvothermal  route  has  been  developed  to prepare  a  composite  of  Fe3O4 nanopar-
ticles  and  graphene  nanosheets.  The  synthetic  protocol  takes  advantage  of  the  ethylene  glycol  assisted
partial  reduction  of  Fe3+ species  to form  Fe3O4, the  reduction  of  graphene  oxide  into  graphene,  and
the  preferential  attachment  of fine  Fe3O4 nanoparticles  onto  graphene  sheets  in  one  step.  No  additional
eywords:
e3O4

raphene
ithium-ion batteries
olvothermal

reductive  agent  or  calcination  step  is needed,  which  favors  an  effective,  operationally  simple  and  low-cost
preparation  process.  The  cycling  properties  of  Fe3O4/graphene  nanocomposite  have  been  evaluated  by
galvanostatic  charge–discharge  measurements.  The  effect  of  graphene  additive  ratios  on  electrochemical
performance  has  been  investigated.  The  results  show  that  the  nanocomposite  with  a  moderate  graphene
content  of 18.5  wt%  integrates  high  reversible  capacity  and  good  cyclic  stability,  delivering  a  capacity  of
750 mAh/g  after  40 cycles  at 50  mA/g.
. Introduction

Since the pioneering work of Tarascon et al., transition metal
xides have been particularly attractive as promising anode mate-
ials for rechargeable lithium-ion batteries (LIBs), owning to
heir high theoretical capacities (700–1000 mAh/g, compared with
72 mAh/g of commercial graphite anodes) [1].  Among these
ransition metal oxides, Fe3O4 has been widely investigated and
onsidered as one of the most important candidates for next gen-
ration lithium-ion battery anode materials [2–6]. Fe3O4 can react
ith eight lithium ions per formula unit with a reversible capacity

f about 926 mAh/g [2,7,8].  Compared with other transition metal
xides, Fe3O4 shows higher specific capacity, eco-benignity, natural
bundance and higher electronic conductivity [3,8]. However, the
ractical application of Fe3O4 based electrodes has been delayed
y the poor cyclic stability during the continuous charge/discharge
ycling. This problem is mainly attributed to the drastic volume
hange in the repeated insertion/desertion of Li-ions based on
he conversion mechanism. The huge volume change can cause

he crushing of electrodes, leading to the electrical disconnection
etween anode materials and current collectors [8–10]. Another
roblem is the severe agglomeration of active materials, which
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leads to the reduction of active surface area [10]. To alleviate these
problems, great efforts have been made to prepare magnetite-
based nanostructures and nanocomposites [2,3,8,11–13]. Among
these approaches, carbon coating has been proved to be efficient
to improve the cyclic performance of magnetite [2,8]. The carbon
coating serves as a buffer to relieve the volume change and pre-
serve the electrode integrity, enhancing the electrical conductivity
and electrochemical performance [9–15].

Graphene, a new allotrope of carbon, is a single atom thick
two-dimensional crystal consisting of sp2 hybridized carbon
atoms, exhibiting outstanding in-plane electrical conductivity and
extraordinary mechanical properties [16–18].  The unique phys-
ical and chemical properties of graphene have attracted much
attention for the application in energy storage and conversion
systems. Graphene hybridized nanocomposites as LIBs electrodes
have been extensively studied [19–24].  The preparation of mag-
netite/graphene nanocomposite anode materials has also been
reported, and enhanced cycle performances have been achieved
[9,10,14,25]. However, these approaches are complicated, involv-
ing additional reduction agents such as N2H4 [10], NaBH4 [25] and
additional calcination steps [9,14].

Here we  report a solvothermal route to prepare mag-
netite/graphene nanocomposite, combining nano-sized magnetite
particles with graphene sheets. Ethylene glycol serves as both

solvent and reduction agent in the synthetic processes. Partially
reduction of Fe3+ species to form Fe3O4 nanoparticles, the reduction
of graphene oxide into graphene sheets, and the attachment of fine

ghts reserved.
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exfoliation and reduction of graphite oxide in the ultra-sonication
and solvothermal treatment [10]. Characteristic diffraction peak
of graphite located at 26.4◦ cannot be observed neither, which
indicates that no graphite-like layered structure is formed by
Fig. 1. A scheme for the synthesis p

e3O4 nanoparticles onto graphene sheets were achieved in one
tep, without additional reductive agent or further calcination step,
roviding an effective, simple and low-cost preparation process. By
ptimizing the Fe3O4/graphene ratios, nanocomposites with signif-
cantly enhanced cycle stability and good rate performance were
btained.

. Experimental

.1. Materials synthesis

Graphite oxide was  prepared from graphite by the Staudenmaier method [26].
raphite oxide (0.45 g) was  dispersed into a mixed solvent (120 ml  of ethylene gly-
ol,  60 ml of H2O and 60 ml  of PEG400), then sonicated (SCIENTZ SB 3200DTN, 150 W)
or 2 h to form a homogeneous graphene oxide suspension. Different amount of
eCl3·6H2O (0.95, 0.5 and 0.42 g) was added into the suspension at room temper-
ture, followed by a deposition reaction with NaOH (1.76 g). After stirring for 2 h,
he  whole suspension was  transferred into a Teflon-lined stainless steel autoclave
nd reacted at 180 ◦C for 24 h. The final product was  separated by a magnet and
ashed extensively with water and ethanol. The samples are notated as Fe3O4/G-95,

e3O4/G-50 and Fe3O4/G-42, respectively. Bare Fe3O4 was also synthesized by the
ame procedure to prepare the Fe3O4/graphene nanocomposite but in the absence
f  graphite oxide.

.2. Characterization

Wide-angle X-ray diffraction (XRD) patterns were obtained on a Bruker
8  Advance X-ray powder Diffractometer (� = 1.5406 Å). Raman spectrums were

ecorded by a Dilor LABRAM-1B Raman spectroscope, excited by 632.8 nm laser
t  room temperature. Transmission electron microscope (TEM) images and select
rea electron diffraction (SAED) pattern were obtained by a JEOL 2011 microscope
perated at 200 kV. The samples for TEM measurements were suspended in ethanol
nd dispersed onto Cu grids with holey carbon film. Scanning electron microscopy
SEM) experiments were conducted on a Philips XL30 electron microscopy operated
t  20 kV. The compositions of the Fe3O4/graphene nanocomposites were determined
ith thermal gravimetric analysis (TGA) by using a ZRY-1P thermogravimetric ana-

yzer with a heating rate of 10 ◦C/min from room temperature to 750 ◦C under
ir.

The  electrochemical measurements were carried out by LAND CT2001A bat-
ery testers with lithium metal as the counter electrodes at room temperature.
e3O4/graphene nanocomposite was mixed with poly(vinylidene fluoride) (PVDF),
t  a weight ratio of 90:10 in N-methyl-2-pyrrolidone (NMP) to form a homogeneous
lurry. Then, the resultant slurry was uniformly pasted on copper foil substrate with

 blade. The prepared electrode sheets were placed in a vacuum oven at 80 ◦C to

vaporate the solvent. CR2032-type coin cells were fabricated in a glove box with
n  argon atmosphere. The Li metal foil was used as the counter electrode. The elec-
rolyte was  1 M LiPF6 in a 50:50 w/w mixture of ethylene carbonate and diethyl
arbonate. Charge–discharge cycles of the cells were measured at a constant current
ensity of 50 mA/g in a voltage range of 0–3.0 V.
 of Fe3O4/graphene nanocomposite.

3. Results and discussion

As schematically illustrated in Fig. 1, the synthesis starts with
the dispersion and exfoliation of graphite oxide in the mixed sol-
vents to form the graphene oxide suspension. Secondly, FeCl3·6H2O
is added as the precursor and Fe3+ ions are captured by oxygenous
groups on the graphene oxide through coordination. After the addi-
tion of NaOH, the coordinated Fe3+ can be deposited by the base
agent to generate FexOyHz species [27]. Finally, the Fe3O4/graphene
nanocomposite is formed in the solvothermal treatment process by
simultaneous reduction of graphene oxide to graphene and partial
reduction of FexOyHz to Fe3O4.

The wide angle XRD patterns of graphite oxide and
Fe3O4/graphene nanocomposite (Fe3O4/G-50) are shown in
Fig. 2A and B, respectively. The diffraction peak centered at about
10.3◦ in Fig. 2A indicates a typical lamellar structure of graphite
oxide with a specific interplanar distance of 0.85 nm [28]. In
Fig. 2B, the absence of the peak at 10.3◦ suggests the complete
Fig. 2. Wide-angle XRD patterns of (A) graphite oxide, (B) Fe3O4/graphene
nanocomposite (Fe3O4/G-50).
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ig. 3. Raman spectra of (A) graphite oxide, (B) graphene sheets and (C)
e3O4/graphene nanocomposite (sample Fe3O4/G-50).

e-stacking of chemically reduced graphene [29]. The diffraction
eaks in Fig. 2B can be attributed to a face-centered cubic mag-
etite phase (JCPDS 75-0449). The relatively wide peak widths
uggest a nanoscale size of Fe3O4 particles. According to the
cherrer‘s equation, the average particle size of Fe3O4 is calculated
o be about 12 nm.

Fig. 3 presents the Raman spectrum of Fe3O4/graphene
anocomposite (Fe3O4/G-50), with the Raman spectra of bare
raphene sheets and graphite oxide for comparison. The Raman
pectrum of graphite oxide (Fig. 3A) contains only D band
∼1360 cm−1, for A1g phonon of carbon sp3 atoms from defects
nd boundaries of lattice) and G band (∼1600 cm−1, E2g phonon
f carbon sp2 atoms) [30]. In Fig. 3B and C, new Raman scattering
eaks emerged at around 2650 cm−1 indicate the transformation
f graphite oxide to graphene nanosheets [31]. In Fig. 2C, peaks
bserved at about 300 cm−1 and 670 cm−1 can be attributed to the
g and A1g vibration modes of Fe3O4 [32,33]. The co-existence of the
pecific Raman peaks of both Fe3O4 and graphene in Fig. 2C suggests
hat the product is a composite of two components as designed in
ig. 1.

To quantify the amount of graphene and Fe3O4 components in
he nanocomposites, TGA was carried out in air, with a heating rate
f 10 ◦C/min from room temperature to 750 ◦C. TGA curves of three
e3O4/graphene nanocomposite samples are presented in Fig. 4. As
hown in the curves, the Fe3O4/graphene nanocomposites experi-
nced slow mass increases between ∼120 ◦C and 350 ◦C, because of
xidation of Fe3O4 nanoparticles by gradually heating in air [34,35].
he sharp weight losses observed from 360 ◦C to 470 ◦C are mainly
ttributed to the decomposition of graphene nanosheets. Calcu-
ated from the weight losses of graphene and the mass gains of
he oxidation of Fe3O4 to Fe2O3, the graphene contents of sam-
le Fe3O4/G-95, Fe3O4/G-50 and Fe3O4/G-42 are 10.8, 18.5 and
8.3 wt%, respectively.

TEM technique was employed to study the detailed struc-
ural features of Fe3O4/graphene nanocomposites. TEM image at

 low magnification of sample Fe3O4/G-50 reveals that the Fe3O4
anoparticles are uniformly distributed on the basal plane of
raphene nanosheets (Fig. 5a). The nanoparticles are relatively well
eparated and no large agglomeration can be found. The SAED
mage (inset of Fig. 5a) exhibits a ring-like pattern, indicating a

olycrystalline nature of Fe3O4 nanoparticles. The diffraction rings
an be indexed to (2 2 0), (3 1 1), (4 0 0) and (4 4 0) planes of a face-
entered cubic magnetite phase. From the TEM image at a higher
agnification (Fig. 5b), both the fringe of a graphene sheet and the
Fig. 4. TGA curves of Fe3O4/graphene nanocomposites, (A) Fe3O4/G-95, (B) Fe3O4/G-
50, (C) Fe3O4/G-42.

morphology of Fe3O4 nanoparticles can be clearly observed. It also
shows that Fe3O4 nanoparticles are anchored on graphene, which
guarantees the good connection between Fe3O4 and graphene
and ensures the effective use of conductive graphene sheets. The
particle size and morphology of magnetite nanoparticles are not
uniform, but most of the particles are no larger than 30 nm in
size. The high resolution TEM image of a Fe3O4 nanoparticle is
presented in the inset of Fig. 5b, in which the (111) crystal plane
with a specific interplanar distance of 0.484 nm of face-centered
cubic magnetite phase can be identified. SEM image of sample
Fe3O4/G-50 also shows good hybridity of Fe3O4 nanoparticles and
graphene sheets (Fig. S-1 in the Electronic Supplementary Mate-
rial (ESM)).

Compared to TEM images of sample Fe3O4/G-50, sample
Fe3O4/G-95 and sample Fe3O4/G-42 show different morpholo-
gies. In the TEM image of Fe3O4/G-95 (Fig. 5c), the surface of
graphene sheets is covered by a huge amount of Fe3O4 nanopar-
ticles. The superfluous Fe3O4 causes the overlap of nanoparticles,
thus a large quantity of Fe3O4 nanoparticles lose direct contact with
graphene. As shown in Fig. 5d, the loading amount of Fe3O4 on
graphene is quite low in sample Fe3O4/G-42, in accordance with
the TGA results. Fe3O4 nanoparticles are sparsely decorated on
the graphene surface and bare graphene can be observed in many
areas.

To investigate the electrochemical properties of the nanocom-
posites as anode materials in rechargeable LIBs, charge–discharge
test was carried out using coin-type cells with a voltage cutoff
of 3.0–0 V and a current density of 50 mA/g. Cyclic performance
of Fe3O4/graphene nanocomposite samples are demonstrated in
Fig. 6a, together with the result of bare Fe3O4 for comparison.
Among three nanocomposite materials, sample Fe3O4/G-95 (Fig. 6a
A) has the highest first discharge capacity (1470.0 mAh/g) and
reversible capacity (936.0 mAh/g). However, the retention of sam-
ple Fe3O4/G-95 is not good enough and the capacity keeps fading
to 609.4 mAh/g after 40 cycles, which can be mainly attributed
to the poor connection between overloaded superfluous Fe3O4
nanoparticles and graphene sheets, hence the poor electric conduc-
tivity and bad volume buffering effect. Sample Fe3O4/G-42 exhibits
relatively good stability during the continuous charge/discharge
cycling (Fig. 6a C). However, the discharge capacity of the sam-
ple is kept at only 485.5 mAh/g after 40 cycling rounds, because

of the low loading amount of Fe3O4 (10.8 wt%). Fe3O4/G-50 with a
moderate graphene ratio (18.5 wt%) and suitable nanoparticles cov-
erage on the graphene plane turns out to be the ideal sample which
combines a high capacity (750.0 mAh/g after 40 cycles) and good
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ig. 5. TEM images of Fe3O4/graphene nanocomposites. (a and b) Fe3O4/G-50. In
igh-resolution TEM image of Fe3O4 nanoparticles, (c) Fe3O4/G-95. (d) Fe3O4/G-42.

tability (83% retention of the reversible capacity) (Fig. 6a B and
ig. S-2 in the ESM). Moreover, the coulombic efficiency of sample
e3O4/G-50 keeps steady at around 99% (Fig. S-3 in the ESM). For
omparison, bare Fe3O4 nanoparticle electrode (Fig. 6a D) exhibits

ery poor cycling stability, fading rapidly from 672.2 mAh/g to
5.2 mAh/g in 40 cycles.

Our results have shown that graphene modification is benefi-
ial to the electrochemical performance of Fe3O4. A suitable ratio

ig. 6. (a) Cycling behavior of Fe3O4/graphene nanocomposites (A) Fe3O4/G-95, (B) Fe3O
e3O4/G-50.
f (a) shows the selected area electron diffraction pattern. Insert of (b) shows a

of Fe3O4 to graphene is also important, which gives optimized cov-
erage of nanoparticles and ensures the integration of both the high
capacity of the transition metal oxides and the excellent cycling
stability improved by graphene sheets [36]. The optimum additive

ratio of graphene in our work is 18.5 wt%, which is lower than that
(38.0 wt%) reported by Wang et al. [10]. This discrepancy should be
attributed to the differences in the synthetic methods. In Wang’s
case, it is assumed that graphene oxides are partially reduced by

4/G-50, (C) Fe3O4/G-42 and (D) bare Fe3O4 nanoparticles. (b) Rate performance of
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e2+, therefore decreasing the dispersibility of graphene oxides and
eading to re-stacking. Eventually the coverage of Fe3O4 nanopar-
icles on graphene sheets is decreased and thus a higher graphene
ontent is needed to achieve good performance (650 mAh/g after
00 cycles). However, in our method, the reduction of graphene
xide and generation of Fe3O4 nanoparticles happened in the same
tep, minimizing the re-stacking of graphene sheets, hence a lower
raphene content guarantees the enhanced electrochemical prop-
rties (750.0 mAh/g after 40 cycles).

The rate performance of sample Fe3O4/G-50 was  evaluated by
arrying out charge/discharge measurements under different cur-
ent densities. The discharge capacity reduces to about 550 mAh/g
hen the current density increases from 50 mAh/g to 200 mA/g. As

he current rate reaches 500 mA/g, the discharge capacity remains
table at about 370 mAh/g, which is still comparable to commer-
ial graphite electrodes. It is noted that a discharge capacity of
740 mAh/g can be regained when the current density is turned
ack to 50 mAh/g, indicating the good stability of the nanocompos-

te electrode materials.

. Conclusions

In summary, a facile single step solvothermal route to prepare
e3O4/graphene nanocomposites has been developed. The syn-
hetic strategy is mainly based on the in situ reduction of partial
e3+ to form Fe3O4 and reduction of graphene oxide to graphene
heets in one step without additional reducing agents or calcination
teps, which provides a simple, effective and low-cost method to
roduce Fe3O4/graphene nanocomposites. This one step method

s also advantageous to allow for a low graphene content in the
e3O4/graphene composite while the graphene sheets are homoge-
ously coated with fine Fe3O4 nanoparticles, leading to a high
ischarge capacity of 750.0 mAh/g due to high Fe3O4 loading and
xcellent cycling stability (83% retention of the initial reversible
apacity after 40 cycles) induced by volume buffering effect of
raphene sheets. This optimized Fe3O4/graphene composite with
nhanced performance may  have a promising potential in the
pplication in lithium-ion batteries.
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