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Polyvinyl pyrrolidone-assisted synthesis of a Fe3O4/
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This paper reports a weak interaction between metal oxide and gra-

phene in the Fe3O4/graphene composite, which results in the superior

electrochemical performance.
Carbon based composites with well-designed nanostructure
have attracted considerable research activities and demon-
strated improved electrochemical performance1–8 for lithium
ion batteries (LIBs). The carbon matrix in the composites can
not only provide better electronic conductivity, but also buffer
the volume expansion of active materials. For example, gra-
phene nanosheets (GNS) have been widely used as a carbon
matrix to prepare nanocomposite anodes for lithium ion
batteries due to their high electronic conductivity,9 prominent
thermal stability,10 remarkable structural exibility and ultra-
high specic surface area.11 Numerous graphene-based nano-
composites such as Co3O4/GNS,12 a-Fe2O3/GNS,13 MnO2/GNS14

and Fe3O4/GNS15–18 have been synthesized and showed
enhanced electrochemical performance. However, besides the
abovementioned advantages, the interactions between metal
oxide and the GNS matrix as well as the mechanism of the
improvement are rarely reported.

As one of the most promising anode materials for LIBs, Fe3O4

has been intensively investigated owing to its low cost, resource
abundance, environmental friendliness and high theoretical
capacity of about 924 mA h g�1,17–23 which is almost three times
larger than that of commercial graphite anodes. Moreover, Fe3O4

exhibits better safety performance than graphite because no
metallic lithium forms during the lithium insertion/extraction
process. However, the relatively low electronic conductivity and
large volume variation during charge–discharge process result in
the pulverization and aggregation of the nanoparticles, and
consequently poor electrochemical performance.
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Herein, we report a novel and facile method to synthesize
Fe3O4/GNS nanocomposites. Polyvinyl Pyrrolidone (PVP) was
used as capping agent to protect nanoparticles from coagula-
tion or precipitation.24–27 The presence of PVP molecules28

stabilized the graphene oxide suspension and facilitated the
deposition of Fe3O4 nanoparticles on graphene. The as-
prepared Fe3O4/graphene nanocomposite exhibited a large
reversible capacity, signicantly enhanced cycling performance
and rate capability. The superior lithium storage properties are
attributed not only to the well dispersion of Fe3O4 on GNS, but
also the interaction between GNS and Fe3O4.

As shown in Fig. 1, we employed PVP as capping agent and
surfactant to disperse graphene oxide and the resulting Fe3O4

nanoparticles. Many studies have focused on utilizing surfac-
tant to control the growth and size distribution of nano-
particles.29–31 The surfactant PVP contains hydrophobic
methylene carbon chains and strong polar lactams in the
molecule which can be adsorbed on the surface of nano-
particles.32 The surfactant can form complexes with the
precursors to control the reaction process and prevent the
aggregation of nanoparticles. The composites prepared with or
without the assistance of PVP were denoted as Fe3O4/GNS–PVP
and Fe3O4/GNS, respectively. X-ray diffraction results demon-
strated the successful preparation of the composites, and the
Fig. 1 Schematic illustration of the synthesis of Fe3O4 and GNS
composites.
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Fig. 3 (a) The discharge–charge curves of Fe3O4/GNS–PVP at the
current density of 100 mA g�1; (b) the cycling performance of Fe3O4/
GNS–PVP and Fe3O4/GNS at the current density of 500mA g�1; (c) the
reversible capacity of Fe3O4/GNS–PVP and Fe3O4/GNS at variation
current densities; (d) the Nyquist plot of impedance spectra of Fe3O4/
GNS–PVP and Fe3O4/GNS.
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weight contents of Fe3O4 in Fe3O4/GNS–PVP and Fe3O4/GNS are
about 78 wt% (ESI, Fig. S1b†).

The morphology of the Fe3O4/GNS–PVP and Fe3O4/GNS
composites was investigated by TEM. Fig. 2a shows a TEM
image of Fe3O4/GNS–PVP composite. The folding nature of
graphene can be clearly observed. The particle size of Fe3O4 in
the composite is about 25 nm. In addition, it should be noted
that little agglomeration of Fe3O4 nanoparticles is observed and
Fe3O4 nanoparticles are anchoring rmly on graphene surface
considering the long time sonication during the preparation of
TEM samples. Although the mass percentage of Fe3O4 in the
composites is 78%, the graphene surface is not completely
covered. The space between Fe3O4 nanoparticles would benet
the lithium ion diffusion and accommodates the volume
expansion during the lithium insertion process, implying good
cyclic stability and rate capability.33 As a comparison, TEM
image of the composite without the assistance of PVP is shown
in Fig. 2b. It reveals that primary Fe3O4 nanoparticles aggregate
into big clusters with particle size of several hundred
nanometers.

The electrochemical performance of the as-prepared Fe3O4/
GNS–PVP was investigated by galvanostatic charge–discharge
method. Fig. 3a shows the discharge curves of the electrode for
the rst and second cycles at a current density of 0.1 A g�1 from
20 mV to 3.0 V versus Li+/Li. A distinct voltage plateau is clearly
observed at �0.75 V corresponding to lithium insertion and
Li2O formation in the discharge process, which agrees well with
the previous reports on Fe3O4 materials.34,35 The discharge and
charge capacities of the composite based on the total mass are
1423 mA h g�1 and 902 mA h g�1 in the rst cycle, respectively.
The coulombic efficiency is about 63.4% for the rst cycle and
higher than 94% during cycling. The irreversible capacity loss
mainly results from the formation of a solid electrolyte interface
(SEI) at low voltage below 1 V.35,36 The capacity loss is slightly
larger than that reported previously37 probably due to the redox
reaction of oxygen-containing functional groups on graphene
sheets.38,39

The cyclic performance of the electrode is shown in Fig. 3b.
The electrode was initially activated at the current density of 100
mA g�1 for 3 cycles, and then cycled at the current density of 500
mA g�1 for 100 cycles. The Fe3O4/GNS composite prepared
without PVP was also measured as a comparison. Both of them
could deliver a capacity of �880 mA h g�1 at the current density
Fig. 2 (a) The TEM image of Fe3O4/GNS–PVP; (b) TEM image of
Fe3O4/GNS.
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of 500 mA g�1 aer activation. However, the capacity of Fe3O4/
GNS decreases rapidly to 430 mA h g�1 aer the rst 40 cycles
and then stabilized aerward. In contrast, the Fe3O4/GNS–PVP
showes excellent cycling stability with the capacity of 892 mA h
g�1 aer 100 cycles. The good cycling stability of Fe3O4/GNS–
PVP is mainly due to the alleviation of the aggregation and
pulverization in favor of the uniformly dispersing and larger
porosity of the Fe3O4 particles on graphene.40,41

The Fe3O4/GNS–PVP composite also exhibits excellent rate
capability. The reversible capacities of Fe3O4/GNS–PVP and
Fe3O4/GNS at various current densities are shown in Fig. 3c. The
Fe3O4/GNS–PVP could deliver a reversible capacity of 672 mA h
g�1 even at the current density of 2 A g�1. As a comparison, Fe3O4/
GNS could only deliver the capacity of 488 mA h g�1 at the same
condition. Note that the capacity of Fe3O4/GNS–PVP can recover
to 895 mA h g�1 when the current density returns to 0.2 A g�1

aer 25 cycles at different current densities even up to 2 A g�1.
In order to further clarify the excellent lithium storage

properties of Fe3O4/GNS–PVP, Raman spectrum was conducted
to study the interaction of the two species in the composites
(Fig. 4). For Fe3O4/GNS–PVP and Fe3O4/GNS, broad weak bands
centered at around 678 cm�1 are observed, corresponding to the
A1g mode of Fe3O4. This is in accordance with the results of
XRD. Meanwhile, two obvious peaks of Fe3O4/GNS–PVP at 1342
and 1596 cm�1 are attributed to the fundamental D and G
bands of carbon,42,43 indicating the existence of graphene. D
band is ascribed to defects such as the density of impurity,
disordered carbon and oxygen-containing functional groups on
graphene while the G band corresponds to in-plane stretching
of ordered sp2 bonded carbon atoms. Compared to Fe3O4/GNS,
a signicant decrease in the intensity of the D band relative to
the G band is observed when PVP was added. The decreasing in
the intensity of the ID/IG indicated a lower degree of disorder
within the GNS structure and the higher degree of reduction of
GO. Notably, a G band shiing is observed from 1601 cm�1
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Raman spectra of Fe3O4/GNS and Fe3O4/GNS–PVP.
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(Fe3O4/GNS) to 1596 cm�1 (Fe3O4/GNS–PVP). It was reported
that the G band shiing in carbon-based composites relates to
the charge transfer between the carbon and other compounds
present.44,45 Therefore, it may indicate more charge of Fe3O4/
GNS–PVP transferred from Fe3O4 to graphene, which will lead to
easier bond breaking of Fe–O. It may be the key mechanism
for the enhanced rate performance of Fe3O4/GNS–PVP over
Fe3O4/GNS.

It should be noted that the two composites were very similar
except the assistance of PVP during the synthesis process (PVP
was washed away before sintering). For example, the BET
specic surface area values and pore size distribution of both
samples are comparable (40.6 m2 g�1, average BJH desorption
pore diameter 8.6 nm for Fe3O4/GNS–PVP; 57.8 m2 g�1, average
BJH desorption pore diameter 5.3 nm for Fe3O4/GNS, Fig S2†).
The average crystallite size of Fe3O4 particles in the Fe3O4/GNS–
PVP and Fe3O4/GNS composites are approximately 23 nm and
30 nm according to the Scherrer's formula based on the (311)
peak (Fig. S1a†). Thus it is reasonable to assume that there is an
interaction between Fe3O4 and GNS resulted from the assis-
tance of PVP. Moreover, size effect may also contribute to the
electrochemical differences in this study. According to previ-
ously reported result,46 the aggregates of the primary particles
without PVP have a bad inuence on the electrochemical
performances of Fe3O4 electrode. EIS results (Fig 3d) showed
that the charge transfer resistance of Fe3O4/GNS electrode is as
high as 61 U, while that of the Fe3O4/GNS–PVP is only about 43
U. The RCT of Fe3O4/GNS is about 1.5 times larger than that of
Fe3O4/GNS–PVP, suggesting that composites with well
dispersed particles on graphene have good interfaces for charge
transfer. This was in accordance with the results of Raman
measurements.

In summary, we have synthesized a nanosized Fe3O4/GNS–
PVP composite with excellent lithium storage properties. The
superior electrochemical performance was attributed to the
good dispersion of Fe3O4 and GNS, and the interaction between
Fe3O4 and GNS. We also found the same phenomena on other
transition metal oxide and graphene composites which
showed enhanced electrochemical performance. However,
This journal is © The Royal Society of Chemistry 2014
more experimental evidence and direct characterization are
highly desirable to elucidate this interaction between Fe3O4 and
GNS. Further study is underway in our lab along this direction.
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Major Project funded by Xiamen city (3502Z20121002).
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