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Heterostructured ZnFe2O4egraphene nanocomposites are synthesized by a facile hydrothermal method.
The as-prepared ZnFe2O4egraphene nanocomposites are characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), BrunauereEmmetteTeller (BET) analysis and galvanostatic charge and
discharge measurements. Compared with the pure ZnFe2O4 nanoparticles, the ZnFe2O4egraphene
nanocomposites exhibit much larger reversible capacity up to 980 mAh g1, greatly improved cycling
stability, and excellent rate capability. The superior electrochemical performance of the ZnFe2O4egraphene
nanocomposites could be attributed to the synergetic effect between the conducting graphene nanosheets
and the ZnFe2O4 nanoparticles.
Ó 2012 Elsevier Masson SAS. All rights reserved.
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1. Introduction
Energy storage devices have attracted great attention due to the
increasing demand for sustainable energy and renewable energy
owing to the diminishing supply of fossil fuels and environmental
degradation. Lithium-ion batteries (LIBs), one of the most promising
energy storage devices, have been widely used as power sources for
portable electronic devices such as mobile phones, laptops, digital
cameras, and etc. [1,2]. The ever-growing need for high energy and/
or high power for emerging new applications, such as electric
vehicles, has prompted numerous research efforts toward developing new high performance electrode materials for the next
generation LIBs. To date, graphite has been commonly used as anode
material in the commercial LIBs, but the relatively low theoretical
capacity of graphite (only about 372 mAh g1) has inspired intensive
research efforts toward alternative anode materials [3e8]. Recently,
zinc ferrite (ZnFe2O4) has attracted great attention due to its high
theoretical capacity of about 1000 mAh g1, which is two times
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higher than that of graphite [9,10]. Like other high capacity transition metal oxides, ZnFe2O4 shows rapid capacity fading during
cycling and reduced capacity at high charge/discharge rates due to
the large volume change induced electrode pulverization and its
poor electrical conductivity. Therefore, developing high performance ZnFe2O4 electrode material with both good cycling stability
and rate capability remains a great challenge.
Graphene nanosheets, which possess a ﬂexible porous texture,
could be used as a conﬁning structure with substantial buffering
capability to reduce electrode pulverization [11]. Additionally,
graphene nanosheets also have excellent electrical conductivity,
large surface area, and chemical stability. Inspired by these virtues,
graphene has been used as an excellent substrate to host active
nanomaterials for energy storage applications [12]. It has been well
demonstrated that the electrochemical performance of the metal
oxide anodes for LIBs can be greatly improved by using the metal
oxideegraphene nanocomposites [13,14]. However, to our best
knowledge, the study of ZnFe2O4egraphene nanocomposites as
anode material for LIBs has not been reported.
Herein, we report a one-step hydrothermal method for growing
ZnFe2O4 nanoparticles on graphene nanosheets to form ZnFe2O4e
graphene nanocomposites. Compared with the pure ZnFe2O4 nanoparticles, the ZnFe2O4egraphene nanocomposites exhibit a larger
reversible capacity up to 980 mAh g1, greatly improved cycling
stability, and excellent rate capability. The results indicate that the
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ZnFe2O4egraphene nanocomposite has great potential as anode
material for the next generation high-performance lithium-ion
batteries.
2. Experimental details
2.1. Synthesis of graphene oxide
Graphene oxide (GO) was synthesized from natural graphite
powders by a modiﬁed Hummers method [15]. Brieﬂy, 1.0 g graphite
powder, 6.7 mL 98% H2SO4, 0.8 g K2S2O8, and 0.8 g P2O5 were mixed
to form a solution, which was maintained at 80  C for 4.5 h. The
resulting pre-oxidized product was cleaned with water and dried in
a vacuum oven at 50  C. After drying, 5.0 g KMnO4, 40 mL 98% H2SO4,
and 85 mL H2O were mixed with the pre-oxidized product in
sequence at a temperature below 20  C. After 2 h of mixing, 150 mL
H2O and 8 mL 30% H2O2 were added into the mixture. After 10 min,
a brilliant yellow solution was obtained. Then the resulting product
was washed with diluted HCL aqueous solution and H2O. The GO
was obtained after drying the resultant in a vacuum oven at 30  C
for 10 h.
2.2. Synthesis of ZnFe2O4 nanoparticles and ZnFe2O4egraphene
nanocomposites
The ZnFe2O4egraphene nanocomposites were synthesized by
a straightforward hydrothermal method using ethanolewater as
solvent. In a typical synthesis procedure, 80 mg GO was dispersed
into 70 mL of absolute ethanol with sonication for 1 h. Then 0.8080 g
Fe(NO3)3$9H2O and 0.2975 g Zn(NO3)2$6H2O were added into the
GO dispersion solution with stirring for 30 min at room temperature, yielding a stable bottle-green homogeneous emulsion. The
emulsion was transferred into a 100 mL Teﬂon-lined stainless steel
autoclave and heated at 180  C for 20 h under autogenous pressure.
After cooling down to room temperature, the ﬁnal product was
ﬁltered, washed with distilled water, and dried in a vacuum oven at
60  C for 12 h ZnFe2O4 nanoparticles were prepared using a similar
hydrothermal treatment without using GO.
2.3. Sample characterization
The microstructure and morphology of the products were
characterized by X-ray diffraction (XRD), Raman spectroscopy and
transmission electron microscopy (TEM). The powder XRD
measurements were performed using a Bruker D8 advanced
diffractometer with Cu Ka radiation with the scanning angle
ranging from 5 to 80 of 2q. The TEM investigations of different
samples were carried out using a JEOL JEM2100 microscope. Raman
spectra of different samples were acquired using a Renishaw invia
Reﬂex Raman microprobe with a 532 nm wavelength incident laser.
Nitrogen adsorptionedesorption isotherms of different samples
were measured using a Micromeritics Model TriStar II 3020 volumetric analyzer at 77 K.

diameter). The small disks were further dried at 80  C in a vacuum
oven for 12 h before battery tests. 1 M LiPF6 in ethylene carbonate
and diethyl carbonate (EC/DEC, v/v ¼ 1:1) solution was used as the
electrolyte and Celgard 2400 membrane was used as the separator.
The cells were assembled in a glovebox where the moisture and
oxygen concentrations were limited to below 1.0 ppm. The galvanostatic charge/discharge measurements were carried out on
a LAND CT2001A electrochemical workstation with a voltage
window between 0.01 and 3.0 V at different current densities at
room temperature.
3. Results and discussion
Fig. 1 shows the XRD patterns of the GO, the reduced-GO, the
pure ZnFe2O4 nanoparticles, and the ZnFe2O4egraphene nanocomposite. As shown in Fig. 1c, all diffraction peaks from the XRD
pattern of the pure ZnFe2O4 nanoparticles can be indexed to a cubic
structure of the ZnFe2O4 spinel (JCPDS No. 22-1010). Similar XRD
pattern was obtained for the ZnFe2O4egraphene nanocomposite as
shown in Fig. 1d. However, no typical diffraction peak of GO (001)
(Fig. 1b) or grapene (002) (Fig. 1a) can be observed in the XRD
pattern of the ZnFe2O4egraphene nanocomposite. The absence of
GO (001) peak may be ascribed to the fact that GO was reduced to
graphene during the hydrothermal reaction in the presence of
alcohols [16,17]. On the other hand, during the hydrothermal
reaction, crystal growth of ZnFe2O4 destroyed the regular layer
stacking of reduced graphene oxide, leading to the exfoliation of
graphene and the disappearance of the graphene (002) peak [18].
Fig. 2 shows the Raman spectra of the GO, the pure ZnFe2O4
nanoparticles, and the ZnFe2O4egraphene nanocomposite. The
Raman spectra of the pure ZnFe2O4 nanoparticles (Fig. 2a) and the
ZnFe2O4egraphene nanocomposite (Fig. 2c) show similar features
in the frequency range of 100e1000 cm1, which are in good
agreement with published works on ZnFe2O4 particles [19,20]. Wave
numbers above 600 cm1 are of the A1g mode, involving motions of
the O in tetrahedral AO4 groups. The other low-frequency phonon
modes are due to metal ions involved in octahedral groups (BO6),
corresponding to the symmetric and antisymmetric bending of
oxygen atoms in M-O bonds for octahedral groups [19,20].The
Raman spectrum of the GO (Fig. 2b) shows two Raman bands at 1599
(G band) and 1362 cm1 (D band), respectively, corresponding to the
E2g mode observed for sp2 domains and the presence of sp3 defects
within the carbon. It has been reported that the G and D bands shift
to lower frequency values when GO is reduced to graphene [21,22].
As shown in Fig. 2c, the D band shifts to 1347 cm1 while the G band
shifts to 1589 cm1, indicating that GO has been reduced to graphene in the ZnFe2O4egraphene nanocomposite. In addition, the

2.4. Electrochemical measurements
Half cells using Li foil as both counter and reference electrodes
were assembled with Lab-made Swagelok cells for electrochemical
measurements. To make the working electrodes, 80 wt% active
material (ZnFe2O4 nanoparticles and ZnFe2O4egraphene nanocomposite), 10 wt% acetylene black (Super-P), and 10 wt% polyvinylidene ﬂuoride (PVDF) binder were mixed with N-methyl-2pyrrolidinone (NMP). The obtained slurry was coated onto the Cu
foils and dried at 120  C for 2 h to remove the solvent. The electrodes were then pressed and cut into small disks (10 mm in

Fig. 1. XRD patterns of (a) the reduced GO, (b) the GO, (c) the pure ZnFe2O4 nanoparticles, and (d) the ZnFe2O4egraphene nanocomposite.
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Fig. 2. Raman spectra of (a) the pure ZnFe2O4 nanoparticles, (b) the GO, and (c) the
ZnFe2O4egraphene nanocomposite.

appearance of the 2D band at 2692 cm1 in the Raman spectrum of
the ZnFe2O4egraphene nanocomposite provides another evidence
for the reduction of GO [23]. The peak position of 2D band is in good
agreement with that of monolayer graphene [24,25]. The Raman
results agree well with the XRD results, indicating the successfully
synthesis of ZnFe2O4egraphene nanocomposite through the
hydrothermal treatment.
The surface morphologies of the pure ZnFe2O4 nanoparticles and
the ZnFe2O4egraphene nanocomposite were investigated by TEM.
Fig. 3a and b show the TEM images of the pure ZnFe2O4 nanoparticles
at low and high magniﬁcations, respectively. It is clear to see that the
ZnFe2O4 nanoparticles were produced after the hydrothermal
treatment with severe aggregation. The typical particle size of the
ZnFe2O4 nanoparticles is in the range of 20e30 nm in diameter.
Fig. 3c and d show the TEM images of the ZnFe2O4egraphene
nanocomposite at low and high magniﬁcations, respectively. It is
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clear to see that the ZnFe2O4 nanoparticles are uniformly dispersed
on the graphene nanosheets with much reduced aggregation. For the
ZnFe2O4egraphene nanocompsoite, the almost transparent twodimensional graphene nanosheets act as supporting substrates for
homogeneously anchoring of ZnFe2O4 nanoparticles, building
a ZnFe2O4egraphene heteroarchitecture. It is speculated that the
introduction of graphene into ZnFe2O4 nanoparticles could improve
the uniformity of ZnFe2O4 nanoparticles distribution on the graphene nanosheets and suppress the aggregation of ZnFe2O4 nanoparticles. It can be seen that the typical particle size of ZnFe2O4
nanoparticles in the nanocomposite is less than 10 nm, which is
much smaller compared with that of the pure ZnFe2O4 nanoparticles.
As shown in the inset in Fig. 3d, the HRTEM of a single ZnFe2O4
nanoparticle exhibits well-resolved lattice fringes with an interplane
distance of 2.5 
A, which can be attributed to the (311) plane of the
ZnFe2O4 crystal, indicating crystalline feature of the nanoparticles.
The speciﬁc surface areas of the pure GO, the pure ZnFe2O4
nanoparticles and the ZnFe2O4egraphene nanocomposite were
obtained from the analysis of the desorption branch of N2 gas
isotherms using density function theory. As shown in Fig. 4,
isotherms of both the pure ZnFe2O4 nanoparticles and the
ZnFe2O4egraphene nanocomposite are typical for mesoporous
materials with hysteresis loops at high partial pressures. According
to BrunauereEmmetteTeller (BET) analysis, a speciﬁc surface area
of 181.7 m2 g1 is obtained for the ZnFe2O4egraphene nanocomposite, which is much larger than that of the pure ZnFe2O4
(74.5 m2 g1) nanoparticles. The small speciﬁc surface area of the
pure ZnFe2O4 is probably due to the severe aggregation of nanoparticles. The BET speciﬁc surface area of the pure GO is only about
35.7 m2 g1, indicating that the GO sheets are not fully exfoliated.
However, graphene itself has a large speciﬁc surface area as reported from literature [26]. When it is coupled with the ZnFe2O4, it
can effectively reduce the aggregation of ZnFe2O4 nanoparticles as

Fig. 3. TEM images of (a, b) the pure ZnFe2O4 nanoparticles and (c,d) the ZnFe2O4egraphene nanocomposite. (Inset in (d) is the TEM image of a single ZnFe2O4 nanoparticle
attached on the graphene nanosheet).
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Fig. 4. Nitrogen adsorptionedesorption isotherms of (a) the GO and(b) the pure
ZnFe2O4 and (c) the ZnFe2O4egraphene nanocomposite.

observed from the TEM results, thus leading to a large speciﬁc
surface area of the nanocomposite.
The ZnFe2O4egraphene nanocomposite could be a promising
anode material for LIBs due to the synergetic effect between the
highly conductive graphene nanosheets and ZnFe2O4 nanoparticles.
In the present study, the electrochemical performance of the
ZnFe2O4egraphene nanocomposite as anode material for LIBs was
investigated. Fig. 5a and b show the charge/discharge curves of the
pure ZnFe2O4 and ZnFe2O4egraphene nanocompsite electrodes,
respectively, at the 1st, 2nd, 10th, 25th, and 50th cycles at a current
density of 100 mA g1 between 0.01 V and 3.00 V (vs. Li/Liþ). As shown
in Fig. 5a, the ﬁrst discharge and charge curves of the pure ZnFe2O4
electrode show voltage plateaus at about 0.8 and 1.7 V, respectively,
corresponding to reduction/oxidation reactions during lithium
insertion/extraction [27,28]. The ﬁrst discharge and charge capacities
of the pure ZnFe2O4 electrode are 1259 and 745 mAh g1, respectively,
with a coulombic efﬁciency of 59.2%. The irreversible capacity loss for
the ﬁrst cycle is probably due to incomplete conversion reaction and
the solid electrolyte interface (SEI) layer formation at the electrode/
electrolyte interface caused by the reduction of electrolyte [29].

As shown in Fig. 5b, the charge/discharge curves of the ZnFe2O4e
graphene nanocomposite electrode show similar voltage plateaus as
the pure ZnFe2O4 electrode, indicating similar redox reactions occur
during the charge/discharge processes. The ﬁrst discharge and charge
capacities of the ZnFe2O4egraphene nanocomposite electrode are
1376 and 945 mAh g1, respectively, with a coulombic efﬁciency of
68.6%. Fig. 5c compares the cycle performance between the pure
ZnFe2O4 electrode and the ZnFe2O4egraphene nanocomposite electrode. After 50 cycles, the pure ZnFe2O4 electrode can only deliver
a reversible capacity of about 237 mAh g1, which is only 16.8% of the
reversible capacity for the ﬁrst cycle. For the ZnFe2O4egraphene
nanocomposite electrode, the reversible capacity increases initially
and reaches a maximum of about 1078 mAh g1 then decreases
slowly with further cycling. This phenomenon that the reversible
capacity of transition metal oxide electrode increases with cycling
was also observed by Zhou et al. [30]. This is referred as an electrode
activation process. As discussed by Do and Weng [31], when sufﬁcient
graphene nanosheets (20 wt %) is supplied in the electrode, the
conﬁguration of the metal oxide electrode could rearrange, which
results in increased contact between active material and electrolyte
with cycling. In the present study, the ZnFe2O4egraphene could also
go through the activation process during the initial charge/discharge
cycles with capacity increase. After 50 cycles, the reversible capacity
of the ZnFe2O4egraphene nanocomposite electrode is about
956 mAh g1, which is still higher than that of the ﬁrst cycle. As shown
in Fig. 5d, the ZnFe2O4egraphene nanocomposite electrode also
exhibits greatly enhanced rate capability compared with the pure
ZnFe2O4 electrode. Even at a high current density of 1000 mA g1, the
ZnFe2O4egraphene electrode can still deliver a reversible capacity of
about 600 mAh g1, which is much higher than that of the pure
ZnFe2O4 electrode (185 mAh g1).
The superior electrochemical performance of the ZnFe2O4e
graphene nanocomposite as anode for LIBs can be attributed to the
synergetic effect between the conducting graphene nanosheets and
the ZnFe2O4 nanoparticles. ZnFe2O4 nanoparticles could provide
a large electrode/electrolyte interface area and shortened lithium ion
diffusion paths. However, the aggregation of ZnFe2O4 nanoparticles
is clearly observed in the pure ZnFe2O4. The aggregation of nanoparticles induces big clusters of several hundred nanometers in size,
which could block the penetration of electrolyte, leading to a reduced
electrode/electrolyte interface area. In addition, the formed clusters
could be pulverized due to large volume change induced by the
charge/discharge processes, which could lead to the loss of electrical
contact between ZnFe2O4 nanoparticles and current collector, thus
resulting in fast capacity fading as observed in Fig. 5c. In the nanocomposite, however, the graphene nanosheets can effectively
suppress the aggregation of ZnFe2O4 nanoparticles. The ZnFe2O4e
graphene heteroarchitecture not only suppresses the aggregation
of ZnFe2O4 nanoparticles but also prevents the restacking of graphene nanosheets, resulting in a large electrode/electrolyte interface
area. The large interface area not only provides more Liþ insertion/
extraction sites, but also facilitates fast Liþ ion transfer between
electrode and electrolyte, thus leading to a large reversible capacity
of the nanocomposite electrode [32]. The two-dimensional graphene
nanosheets in the ZnFe2O4egraphene nanocomposite with excellent
electrical conductivity can serve as the conductive medium between
the ZnFe2O4 nanoparticles and the current collector. The charge
carriers could be effectively and rapidly conducted back and forth
from the ZnFe2O4 nanoparticles to the current collector through
the highly conductive graphene nanosheets, resulting in good rate
capability [33]. With numerous voids between ZnFe2O4 nanopartilces and graphene nanosheets working as an elastic buffer, the
ZnFe2O4egraphene nanocomposite electrode could accommodate
larger volume expansion/contraction compared with the pure
ZnFe2O4 electrode, thus leading to excellent cycling stability.
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Fig. 5. Charge/discharge curves of (a) the pure ZnFe2O4 electrode and (b) the ZnFe2O4egraphene nanocomposite electrode. (c) Cycle performance of the pure ZnFe2O4 electrode and
the ZnFe2O4egraphene nanocomposite electrode. (d) Rate capability of the pure ZnFe2O4 electrode and the ZnFe2O4egraphene nanocomposite electrode.

4. Conclusions
ZnFe2O4egraphene nanocomposites with ZnFe2O4 nanoparticles
anchored on the graphene nanosheets have been successfully
synthesized by a simple hydrothermal strategy. It was found that the
graphene plays an important role in suppressing the aggregation of
ZnFe2O4 nanoparticles. The ZnFe2O4egraphene nanocomposite
electrode exhibited a high reversible capacity up to 1082 mAh g1
with good rate capability and excellent cycling stability. The superior
anode performance of the ZnFe2O4egraphene nanocomposite is
due to the synergetic effect between the conducting graphene
nanosheets and ZnFe2O4 nanoparticles, which makes the ZnFe2O4e
graphene nanocomposite a promising anode material for the
next-generation lithium-ion batteries.
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