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In this work, MFe2O4 (M¼Zn, Cu) nanoparticles were successfully prepared by
a hydrothermal method. The structure, morphology, microstructure, specific
surface area and electrochemical properties of the resultant particles were
characterised by X-ray diffraction, scanning electron microscopy, transmission
electron microscopy, nitrogen physical adsorption, charge–discharge test and
cyclic voltammetry (CV) method, respectively. The resulting ZnFe2O4 and
CuFe2O4 products were sphere-like and cubic-shaped particles and their average
size was about 30–40 nm and 60–70 nm, respectively. The initial discharge
capacities of ZnFe2O4 and CuFe2O4 electrodes reached 1287.5mAhg�1 and
1412.3mAh g�1, respectively, at a current density of 0.2mA cm�2 in a potential
range of 0.0–3.0V. This indicated that Cu is a better counter ion than Zn.
The resulting MFe2O4 nanoparticles are expected to be a promising candidate
of anode materials for Li ion batteries. The reaction mechanism of
MFe2O4 nanoparticles in Li ion batteries was also discussed based on the CV
of Li/MFe2O4 cell.
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1. Introduction

The increasing demand for rechargeable batteries for portable electronic devices and the
need for high energy and power density batteries for electric vehicles and hybrid electric
vehicles have generated a significant research interest in the electrode materials of Li ion
batteries. In recent years, the electrochemical properties of the iron base compounds [1–4]
with varied morphology and crystal structure have drawn much attention as an alternative
for the traditional carbon materials anodes in Li ion batteries due to their relatively low
cost and being environmental friendly. Among these materials, many ferrite materials [5,6]
have exhibited better electrochemical properties than conventional materials used as
anodes in Li ion batteries.

Most transition metal oxides (MO) can react with Fe2O3 to form ferrite MFe2O4 and
the attractive feature of ferrite materials is that their properties especially magnetic, can be
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controlled in a broad measure to suit the particular application. Therefore, transition

metal ferrite materials [7–10] have been widely studied as magnetic materials and many

different fabrication methods such as sol–gel route [11,12], co-precipitation [13,14],

hydrothermal method [15,16] and electrochemical method [17,18] have been applied. As a

fabrication method, the hydrothermal process has characteristic features: it enables

synthesis of materials at a far lower temperature [19], and the desired crystalline powders

are directly prepared in the hydrothermal treatment. Furthermore, the need for high-

temperature calcinations, and subsequent grinding processes are eliminated. The

hydrothermal method has been used to prepare many ferrite materials [20–22] with

outstanding magnetic properties. Being a transition metal, ferrite ZnFe2O4 has already

been extensively investigated as magnetic material, but studies of its electrochemical

properties in Li ion batteries are scarce, [5,23]. After Alcántara et al. [24] first proposed

that CuFe2O4 could be used as anode in Li ion batteries, Kalai Selvan et al. [25] and NuLi

and Qin [4] have studied the electrochemical behaviour of CuFe2O4. However, only a few

discharge capacities of ferrite materials were reported by NuLi. In others reports, ZnFe2O4

and CuFe2O4 were all synthesised by the combustion method and thus the high

temperature and long reaction time were necessary. In our previous work [26], the excellent

electrochemical properties of NiFe2O4 nanoparticles have been demonstrated by taking

advantage of the hydrothermal method. It is expected that the MFe2O4 nanoparticles with

fine electrochemical properties could generally be prepared with this simple hydrothermal

approach.
In this study, we attempt to continue our research on nanocrystalline metal ferrite

particles used as anode materials for Li ion batteries and their electrochemical

performance. ZnFe2O4 and CuFe2O4 nanoparticles were prepared by a mild hydrothermal

method at a low temperature. The morphology, microstructure and special surface area

(BET, Brunauer, Emmett and Teller) of the as-synthesised materials (MFe2O4) were

investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmis-

sion electron microscopy (TEM) and nitrogen physical absorption. The electrochemical

properties were also studied by charge–discharge test and cyclic voltammetry (CV).

2. Experimental procedure

2.1. Synthesis of MFe2O4 nanoparticles

The synthesis of MFe2O4 nanoparticles is similar to that described in literature [26] and

described briefly as follows. All the chemical reagents used in the experiments were

analytical reagent (AR) and without further purification. Zn(CH3OOH)2 � 2H2O,

Fe(NO3)3 � 9H2Oand Cu (NO3)3 �H2O were used as precursors of MFe2O4 for the

hydrothermal method. In a typical synthesis, the powders were mixed in the atomic

ratio (M :Fe) of 1 : 2. The homogeneous solution was magnetically stirred for 2 h in air,

and then the pH was adjusted with ammonia solution. Then the solution was transferred

to a Teflon-lined stainless steel autoclave. The hydrothermal reaction was carried out at

230�C for 0.5 h and then cooled to room temperature. Finally, the MFe2O4 was obtained

after the resulting precipitate was washed with distilled water several times and dried

at 80�C.
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2.2. Characterisation of MFe2O4 nanoparticles

Powder XRD patterns were obtained on a Rigaku powder diffractometer operating at
40 kV and 25mA, using Cu-K� radiation. Data were collected in the range from 20�C to
70�C in the 2�-scale. Sample morphologies were examined in a FEI XL-30 SIRION SEM
operating at 15 kV and in a Philips CM-120 TEM operating at 120 kV. The samples for
TEM were prepared by dispersing the final powders in ethanol; the dispersion was then
dropped on copper grids. Specific surface areas were measured by the BET method using
N2 gas as an adsorbent at liquid nitrogen temperature (Micromeritics Gemini 2380). The
samples were dried at 80�C for 8 h and then degassed at 300�C for 2 h prior to the analysis
of the surface areas.

2.3. Electrochemical measurements

The slurry consisting of an active material (synthesised material), a conducting agent
(acetylene black) and a binder, polyvinylidene fluoride (PVDF) was smeared onto a copper
foil, with n-methylpyrrolidone (NMP) as a solvent. The weight ratio of active material,
conducting agent and binder was 85 : 10 : 5 in the working electrode. After being dried in
air at 80�C for 4 h, the electrode was pressed and then dried at 120�C for 5 h in vacuum.
Electrochemical tests were performed in two-electrode cell using metallic Li as both
reference and counter electrodes. A solution of ethylene carbonate (EC) and diethyl
carbonate (DEC) (1:1 volume ratio) with 1mol LiClO4 was used as an electrolyte. All cells
were assembled in an Ar-filled glove box. The discharge–charge curves were tested
galvanostatically at a current density of 0.2mA cm�2 in a voltage window of 0.0–3.0V
versus Liþ/Li using computer controlled cycling equipment (BT2000 cell testing system,
Arbin). Cyclic voltammogram (CV) was carried out in the potential range of 0.0–3.0V
versus Liþ/Li at a scan rate of 0.1mv s�1. All the tests were performed at room
temperature.

3. Results and discussion

3.1. XRD pattern

The XRD patterns of as-prepared MFe2O4 (M¼Zn, Cu) powders are shown in Figure 1.
According to the JCPDS reference (1–1109) of ZnFe2O4 and (77–10) of CuFe2O4, the
as-prepared powder materials were readily identified to be ZnFe2O4 (Figure 1(a)) and
CuFe2O4 (Figure 1(b)), respectively. The Scherrer equation (D ¼ ��/�1/2cos �) [27] was
used to estimate the average sizes of the resulting MFe2O4 particles. The average crystallite
sizes of MFe2O4 particles were calculated to be about 32 nm for ZnFe2O4 and 58 nm for
CuFe2O4 taking coefficient � to be 0.9.

3.2. Morphologies of the resulting samples

The morphology and microstructure of MFe2O4 nanoparticles was observed with SEM, as
shown in Figure 2. SEM observation (Figure 2) reveals that the products were composed
of a large number of particles. The morphologies and sizes of both ZnFe2O4 and CuFe2O4

nanoparticles were further characterised by transmission electron microscopy. The TEM
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Figure 3. TEM morphologies of the obtained materials (a) ZnFe2O4 and (b) CuFe2O4.

Figure 1. XRD reflections of resulting powders (a) ZnFe2O4 and (b) CuFe2O4.

Figure 2. SEM images of the synthesised samples (a) ZnFe2O4 and (b) CuFe2O4.
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images (Figure 3) confirmed that the diameters of the as-synthesised irregular ZnFe2O4

were less than 30 nm, which was much smaller than that of the obtained cube-like
CuFe2O4 nanoparticles. The average size of cube-like CuFe2O4 nanopartiles was estimated
to be 60–70 nm. These results were well consistent with the XRD analysis.

3.3. Electrochemical properties of the resulting MFe2O4 nanoparticles

3.3.1. Charge–discharge curves

Figure 4 shows the first three cycles in discharge–charge curves of the MFe2O4 electrodes.
From Figure 4, we can find that the MFe2O4 nanparticles exhibit an initial high-discharge
capacity of 1287.5mAh g�1 for ZnFe2O4 and 1412.3mAhg�1 for CuFe2O4, respectively.
The discharge capacity of the nanoparticles decayed to 746.0mAh g�1 for ZnFe2O4 and
1143.3mAh g�1 for CuFe2O4 in the second cycle, and became 560.3mAhg�1 for ZnFe2O4

and 968.4mAhg�1 for CuFe2O4 in the third cycle. Similar to the discharge capacity, the
charge capacity also slightly decreased with the increase in the cycle numbers. The initial
discharge capacity of CuFe2O4 obtained at low temperature was higher than that of
the literature [28]. In the literature, Bomio et al. [28] reported that CuFe2O4 could retain a
first discharge capacity of 1180mAhg�1. As can be seen, the Erst discharge-curve
of ZnFe2O4 starts from the open circuit voltage (OCV� 2.3V) and shows a continuous
decrease, through a single-phase Li-intercalation reaction, to reach a voltage plateaux
region at �0.8V.

It is interesting to note that the initial discharge capacity of ZnFe2O4 and CuFe2O4 is
even higher than the theoretical value for a complete reduction from transition ions to the
metallic state accompany with the formation of 8Li2O per formula. The excess irreversible
capacity may be related to the following two factors. One is the large surface area that is
facilitated by the smaller particle size. Another is the irreversible reactions of MFe2O4

nanoparticles with electrolyte accompanied with the amorphisation of nanocrystalline
MFe2O4, when the cell potential approaches to 0.0V against Liþ/Li. Similar phenomena
were also observed at the end of the discharge of Li/CoFe2O4 cells [29].

The BET surface area was further measured to explain the excellent electrochemical
performance of the resulting MFe2O4 nanoparticles. As expected, the surface area of

Figure 4. Charge–discharge curves of MFe2O4 nanoparticles (a) ZnFe2O4 and (b) CuFe2O4 during
the first to third cycles at a voltage window of 3.0–0V.
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CuFe2O4 and ZnFe2O4 is up to 98.4m2 g�1 and 99.5m2 g�1, respectively. These values are
higher than those found in the literature [30,31]. Actually, the initial high discharge
capacity of the MFe2O4 nanoparticles can be attributed to the large surface area and short
diffusion distances provided by the nanostructures [32]. A large surface area leads to
intimate contact between electrode material and electrolyte. It increases the actual reaction
area and facilitates the transportation of Li ions [33]. The initial discharge capacity of
CuFe2O4 is higher than that of ZnFe2O4, which is consistent with the relation of
charge capacity. This was possibly caused by the influence of the surface area on the
charge–discharge capacity.

3.3.2. Cyclic voltammetry

The CVs of ZnFe2O4 and CuFe2O4 powders for the first three cycles at a scan rate
of 0.1mV s�1 in a potential range of 0.0–3.0V are shown in Figure 5(a) and (b),
respectively. For the ZnFe2O4 powder electrode, there is a substantial difference between
the first and the subsequent cycles. The first cycle shows an irreversible reduction peak A
with a maximum of about 2.0V, which disappears in the subsequent cycles. Peaks B and C
located at 1.4 and 0.6V, respectively, appear in the first cycle and amalgamate into one
broad peak. Peak A could be associated with the irreversible reaction for the reduction of
the electrolyte [23]. Peaks B and C could be due to the reduction reaction of Fe3þ and
Zn2þ. Peak B is the oxidation reactions of both metallic Fe and Cu. Combining this
phenomenon and the fact that the charge–discharge curves are similar to the literature [5],
it can be concluded that the reaction of Li with ZnFe2O4 is as follows:

ZnFe2O4 þ 8Liþ þ 8e� ! Znþ 2Feþ 4Li2O

Znþ 2Feþ 3Li2O$ LiZnþ ZnOþ 2FeOþ 5Liþ þ 5e�:

For the CuFe2O4 powder electrodes, a cathodic peak A located at around 0.85V is
probably associated with the reduction reaction of Fe3þ and Cu2þ with Li during the first
cycle of CuFe2O4 electrodes. The two reduction peaks of Fe3þ and Cu2þ at 0.4V could be
overlapped to form the same peak (A) with high intensity under our experimental

Figure 5. CV curves of (a) ZnFe2O4 and (b) CuFe2O4 (cycling conditions: in a potential range
of 0.0–3.0V, scan rate of 0.1mV s�1).

80 H. Zhao et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
8
 
3
1
 
J
a
n
u
a
r
y
 
2
0
1
1



conditions. The anodic peak at around 1.7V (B) is attributed to the oxidation reactions of
both metallic Fe and Cu. Therefore, the reversible electrochemical reaction of Li with
CuFe2O4 is a conversion reaction, similar to that of transition metal oxide anodes
[3,4,34,35], which can be described by the following equation:

CuFe2O4 þ 8Liþ þ 8e� ! 4Li2Oþ Cuþ 2Fe

Cuþ 2Feþ 4Li2O$ CuOþ Fe2O3 þ 8Liþ þ 8e�:

4. Conclusions

We described a general and efficient hydrothermal approach for synthesising MFe2O4

nanoparticles that can be potentially used as anodes for Li ion batteries. The resulting
ZnFe2O4 and CuFe2O4 powders were spherical- and cubic-shaped particles and their
average size was about 30–40 nm and 60–70 nm, respectively. Especially, CuFe2O4

nanoparticles with surface area of 98.4m2 g�1 exhibited better electrochemical properties
with the higher initial discharge capacity of 1412.3mAh g�1 at a current density of
0.2mAcm�2 in a potential range of 0.0–3.0V as anodes for Li ion batteries. From these
results, CuFe2O4 nanoparticles were considered to be more suitable as a promising
candidate of anode materials for Li ion batteries. Future research is currently in progress
to optimise the anode composition and microstructure.
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