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A facile solvothermal approach has been developed to
grow porous ZnFe2O4 nanospheres on the surface of graphene
nanosheets. The porous structure of ZnFe2O4 and the presence
of graphene could significantly improve the electrochemical
performance of the composite. The composite exhibits the
reversible capacities of 970mAhg¹1 at 50mAg¹1 and 700
mAhg¹1 at 600mAg¹1, suggesting its promising potential as a
superior anode material for lithium ion batteries.

Transition-metal oxides have been widely investigated as
promising anode materials for high-power lithium-ion batteries
(LIBs) due to their relatively high theoretical capacities (600­
1000mAhg¹1).1­3 Recently, much attention has been paid to
the cubic spinel structure of Fe-based binary oxides MFe2O4

(M = Ni, Co, Zn, and Cu).4­6 ZnFe2O4 stands out from the
others, because of its high theoretical capacity (1072mAhg¹1,
according to nine moles Li per mole of ZnFe2O4).7 But it suffers
from low electron conductivity and aggregation of the particles
caused by charge/discharge cycles.8 In order to address these
issues, ZnFe2O4 has to be controlled on the order of nanometers
and hybridized with carbon materials. Nanoscale structure can
effectively shorten Li+ insertion/extraction pathways9 and
carbon additives can significantly improve electron conductiv-
ity.10 Graphene, a monolayer of carbon atoms, shows superior
electrical conductivity, high surface area, and good mechanical
flexibility.11 The characteristics provide a highly conductive
matrix and offer a high contact area between electrolyte and
electrode, facilitating transportation of Li+ and electrons into
the electrode. Thus, incorporating the nanoparticles with the
graphene matrix can be an ideal strategy to improve specific
capacity and cycling stability. However, to the best of our
knowledge, an anode built with ZnFe2O4 and graphene-based
materials for LIBs has not been reported.

Herein, we report a facile solvothermal method followed
with an annealing process to synthesize a ZnFe2O4/graphene
nanocomposite (ZnFe2O4/GC). The porous ZnFe2O4 nano-
spheres have an average diameter of about 250 nm, uniformly
dispersing on graphene nanosheets. The hierarchical structure of
ZnFe2O4/GC exhibits high a reversible capacity and a good rate
capacity in LIBs.

All reagents were analytical grade and used without further
purification. In a typical procedure, 24mg of graphene oxide
nanosheets, which were prepared by a chemical exfoliation
process,12 was added to 50mL of ethylene glycol and followed
by sonication to form a uniform dispersion. Then 2mmol of

FeCl3¢6H2O, 1mmol of ZnCl2, and 10mmol of urea were added
to the above dispersion under vigorously stirring. The mixed
solution was transferred to a Teflon-lined stainless steel
autoclave (60mL) and heated at 200 °C for 24 h. The product
was collected by centrifugation, washed with distilled water and
ethanol, and dried at 80 °C in air for 8 h. Finally the powders
were annealed at 500 °C for 3 h in a tube furnace under Ar to
obtain the ZnFe2O4/GC composite.

Figure 1 shows the typical XRD patterns of the as-prepared
ZnFe2O4/GC (a) and graphene (b). The diffraction peaks
(Figure 1a) can be ascribed to cubic ZnFe2O4 with a space
group of Fd �3m (227) (JCPDS card No. 65-3111), except the
peak at 2ª = 26.5° that can be assigned to the (002) plane of
graphene sheets (Figure 1b). The crystal size calculated by
the Scherrer equation based on the XRD peaks, is 25.2 nm
(Table S1, see Supporting Information, SI17).

Figures 2a and 2b show the SEM images of the product, in
which the ZnFe2O4 nanospheres are uniformly attached to the
surface of graphene nanosheets. The size and thickness of
graphene nanosheets are 1­5¯m and 30­50 nm, respectively
(Figure 2b and Figure S1, SI17). Some ZnFe2O4 nanospheres are
inserted into the neighboring graphene nanosheets (Figure 2b),
resulting in a sandwich-like architecture of the composite. The
intimate contact between ZnFe2O4 nanospheres and graphene
nanosheets generates a robust three-dimensional (3D) electron
conduction network, increasing the electron conductivity. The
separation of ZnFe2O4 nanospheres by graphene sheets also
prevents their agglomeration during the charge/discharge
processes. Figure 2c shows the particle sizes of the ZnFe2O4

nanospheres are in the range of 200­250 nm, consistent with the

Figure 1. XRD patterns of ZnFe2O4/GC (a) and graphene (b).
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result of FESEM images. But this particle size is much larger
than the crystal size obtained from the XRD peaks, indicating
that nanospheres are composed of small crystals. Figure 2d
presents a typical TEM image of a single nanosphere, in which
the obvious contrast differences inside the single nanosphere
indicate the presence of pores. The N2 adsorption­desorption
isotherm (Figure S2, SI17) further gives the pore size distribution
around 21 nm, comparable with the crystal size of the product.
The porous feature would promote the electrolyte penetration
into the nanospheres, thus resulting in more interface areas
between the electrode and the electrolyte. Figure 2e shows clear
lattice fringes with a spacing of 0.25 nm, corresponding to the
(311) planes of cubic ZnFe2O4. The energy-dispersive X-ray
spectrum (EDS) (Figure 2f) of the composites shows the
presence of C, Fe, O, and Zn. In addition, elementary analysis
(EA) reveals the amount of graphene in ZnFe2O4/GC is
approximately 10.1wt%.

Figure 3 shows the charge­discharge profiles of the
ZnFe2O4/GC electrode at a current density of 50mAg¹1 within
a voltage range of 0.005­3.0V vs. Li+/Li. In the first discharge
curve, the voltage continuously decreases to 0.9V, which could
be ascribed to the formation of LixZnFe2O4.13­15 The voltage
plateau at 0.9V corresponds to a discharge capacity of ca.
200mAhg¹1, in accordance with ca. 2mol Li inserted into
ZnFe2O4. The voltage then decreases to 0.8V and produces a
long and flat plateau. The lithium insertion capacity of this
plateau is ca. 650mAhg¹1, corresponding to a consumption of
ca. 6mol Li. This result might be caused by the reduction of
Fe3+, Fe2+, and Zn2+ into metals.13­15 Finally, the curve shows
a gentle slope until 0.005V, arising from the formation of the
Li­Zn alloy.13­15 The first charge profile shows a smoothly
increasing plateau at 1.5­2.2V due to the reverse reaction of the
dealloying of Li­Zn alloy to Zn metal and the oxidation of Zn
and Fe to Zn2+ and Fe2+, Fe3+. ZnO and Fe2O3 are believed to
be the end products, because FeO could be further oxidized to
Fe2O3 at high charge voltage.13­15 The first discharge and charge

capacities of ZnFe2O4/GC are as high as 1263 and 945mAhg¹1

at 50mAg¹1. The initial Coulombic efficiency is only 74.8%,
which might be attributed to the nature of the material and the
formation of a solid electrolyte interphase (SEI) on the electrode
surface due to the decomposition of the electrolyte.14 In the
second discharge curve, the voltage plateau shifts to around
1.0V, while charge slope keeps steady at 1.5­2.2V.

Figure 4 shows the cycle performance of the ZnFe2O4/GC
between 0.005 and 3.0V at 300mAg¹1. The first discharge
and charge capacities are 1128 and 770mAhg¹1, corresponding
to the Coulombic efficiency of 68.3%. The relatively low
Coulombic efficiency could be ascribed to the incomplete
oxidizing reactions, caused by the large particle size and the loss
of electric contact.14 It could be further improved by controlling
the size, shape, and structure of the hybrid materials to shorten
Li+ diffusion pathway and increase electron conductivity. After
the first cycle, the composite exhibits highly reversible behavior
with the Coulombic efficiency about 100% and a reversible
capacity about 741mAhg¹1 after 50 cycles. In order to illustrate
the effect of graphene nanosheets, ZnFe2O4 prepared by the
same solvothermal method without any graphene nanosheets is
also tested as an anode material. At the current of 300mAg¹1,
the ZnFe2O4 nanoparticles show the first discharge and charge
capacities about 1112.1 and 608mAhg¹1, which decrease to
285.6 and 283.2mAhg¹1 after 50 cycles (Figure S3, SI17). This

Figure 2. FESEM images (a, b), TEM image (c), HRTEM
image (d, e), and EDS (f) of the ZnFe2O4/GC.

Figure 3. The initial two charge/discharge profiles of
ZnFe2O4/GC between 0.005 and 3.0V at a current density of
50mAg¹1.

Figure 4. Cycling performance of the ZnFe2O4/GC electrode
between 0.005 and 3.0V at a current density of 300mAg¹1.
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indicates that the ZnFe2O4/GC electrode has much higher
capacities and better capacity retention than pure ZnFe2O4. The
result might be related with the improved electron conductivity
due to the presence of the graphene nanosheets, which has
been confirmed by the electrochemical impedance spectra
(Figure S4, SI17).

The ZnFe2O4/GC also displays a good rate capacity, as
shown in Figure 5. The reversible capacity decreases from
ca. 970mAhg¹1 at 50mAg¹1 to ca. 700mAhg¹1 at 600
mAg¹1, which is much higher than the theoretical capacity of
a commercial graphite anode (372mAhg¹1) and most of the
previous reports about ZnFe2O4. Sharma and co-workers
synthesized ZnFe2O4 nanoparticles in the size of 100­300 nm,
and the nanoparticles only delivered a capacity about 615
mAhg¹1 at a current density of 60mAg¹1 after 50 cycles.13

ZnFe2O4 nanofibers obtained by electrospinning, kept a revers-
ible specific capacity of 733mAhg¹1 at a current of 60mAg¹1

after 30 cycles.16 Hollow ZnFe2O4 microspheres obtained by
hydrothermal reactions exhibited a specific capacity of
500mAhg¹1 at 650mAg¹1.15 When the current density is back
to 50mAg¹1, the capacity returns to ca. 950mAhg¹1, which
almost recovers the initial capacity. The result indicates the good
rate capability and stability of the composite as an anode.

The high reversible capacity, good cycling stability, and
excellent rate capability of the ZnFe2O4/GC might be related
with the hierarchical architecture composed of porous nano-
spheres and graphene nanosheets. First, the highly porous
structure of ZnFe2O4 nanospheres facilitates the electrolyte
transport and gives short diffusion paths of lithium ions as well.
Second, the highly conducting 3D conductive network based on
graphene promotes the fast electron transfer within electrode and
current collector, thereby leading to a high specific capacity.
Finally, graphene nanosheets also mitigate the crucial problem
of agglomeration and provide more insertion/extraction lithium
sites, resulting in large reversible capacity and cycling stability.

In summary, a facile solvothermal method has been
developed to prepare ZnFe2O4/graphene composite by directly
growing porous ZnFe2O4 nanospheres on graphene nanosheets.
The composite has high first discharge and charge capacities
of 1263 and 945mAhg¹1 at 50mAg¹1 and a good rate
capability with a reversible capacity of 700mAhg¹1 at 600
mAg¹1. This ZnFe2O4/GC represents a promising candidate for
anode material in LIBs, and the synthetic strategy can be easily
extended to other electrode materials for better electrochemical
performance.
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Figure 5. Rate capacity of the ZnFe2O4/GC electrode between
0.005 and 3.0V at various current densities.
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