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A convenient approach is reported for the synthesis of spherical maghemite (γ-Fe2 O3 ) nanoparticles. The
process was realized by the controlled oxidation of Fe3 O4 precursor, which originated from a facile partialreduction co-precipitation process. The starting material of hydrosulfurous sodium (Na2 S2 O4 ), which can
allow reaction to proceed without any deoxygenated protection, was proven to be important in the formation
of the precursor. A series of techniques, including X-ray diffraction, transmission electron microscopy and
a vibrating sample magnetometer were used to characterize the product. The resultant γ-Fe2 O3 nanoparticles exhibited ferromagnetism at 300 K and the values of saturation magnetization and coercivity were 70
emu/g and 164 Oe, respectively. The electrochemical properties of lithium ions intercalation into γ-Fe2 O3
nanoparticles were tested in Teflon cells. A specific capacity of 933 mAh/g was delivered at a current density
of 0.2 mA/cm2 (voltage range 3.0-0.3 V vs. Li), corresponding to the reaction of 5.7 Li+ per Fe2 O3 . A
possible mechanism of the reaction of lithium with maghemite spinel was discussed.
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tection. Then spherical maghemite (γ-Fe2 O3 ) nanoparticles could be easily obtained by oxidizing as-prepared
Fe3 O4 precursor. Magnetic properties and electrochemical performances of the γ-Fe2 O3 nanoparticles were investigated. The electrochemical tests were conducted
at a current density of 0.2 mA/cm2 (voltage range
3.0-0.3 V vs. Li) and the possible mechanism of the reaction of lithium with maghemite spinel was discussed.

I. INTRODUCTION

There has been an increasing interest in developing
materials based on ferric oxides because of their potential application in many technological fields [1-5]. In
particular, γ-Fe2 O3 has been extensively investigated
in view of their application in ferrofluids, bioprocessing,
magnetic refrigeration, information storage, gas sensors
and color imaging [6-11].
Nanomaterials with the size of 1-100 nm have been
widely studied due to the departure of properties from
bulk phases arising from quantum size effects. Therefore, much effort has been made to prepare γ-Fe2 O3
nanoparticles, including co-precipitation, microemulsions, high temperature decomposition of organic precursors and the oxidation of magnetite [12-15]. Among
them, the method of calcining Fe3 O4 precursor in the
air has been most applied, wherein Fe3 O4 is commonly produced via co-precipitation of ferric (Fe3+ )
and ferrous (Fe2+ ) by a base, NH3 ·H2 O or NaOH, in
an aqueous solution [16-21]. However, procedures of
this co-precipitation method are always complicated because a protective gas (usually nitrogen) must be bubbled with the solution to avoid oxidation of ferrous
ions before precipitation. In this research, we simplify
this tedious procedure by using hydrosulfurous sodium
(Na2 S2 O4 ) as a reductant. Fe3 O4 nanoparticles were
synthesized successfully without any deoxygenated pro-

II. EXPERIMENTS
A. Preparation of precursor of Fe3 O4 and γ-Fe2 O3

All the reagents used in the experiments were purchased from commercial sources and were used as received without further purification. A typical procedure for the synthesis of Fe3 O4 was as follows: 0.13 g
Na2 S2 O4 was added to 3 mL FeCl3 (1 mol/L) solution under slow magnetic stirring. Just after mixing,
the color of the solution changed from light yellow to
red, implying the formation of complex ions. When the
color turned back to light yellow, 50 mL predetermined
diluted NH3 ·H2 O was poured into the solution quickly
under vigorous stirring. A black precipitate formed at
once, indicating the formation of Fe3 O4 . The stirring
was continued for another 40 min to make the crystallization process complete. The precipitate was washed
by magnetic decantation several times and then dried
under vacuum at 40 ◦ C for 12 h. Finally, the dried
black magnetic powder was heated in an oven at air atmosphere at 300 ◦ C for 12 h. The resultant red-brown
powders were collected for characterization.
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B. Sample characterization

The crystalline phase of the products was investigated by XRD using a Philips X’Pert Pro Super diffractometer with Cu Kα radiation (λ=1.54178 Å) in the
2θ range of 10◦ -70◦ . Transmission electron microscopy
(TEM) images were taken with a Hitachi model H-800
transmission electron microscope, using an acceleration
voltage of 200 kV. The magnetic property was measured on a BHV-55 vibrating sample magnetometer at
room temperature. The electrochemical properties of
as-prepared samples were evaluated using a Teflon cell
with a lithium metal anode. The cathode was a mixture of γ-Fe2 O3 /acetyleneblack/polyvinylidene fluoride
(PVDF) with weight ratio of 80:10:10. The electrolyte
was a 1 mol/L LiPF6 in a 1:1 mixture of ethylene carbonate (EC)/diethyl carbonate (DEC) and the separator was Celgard 2500. The cells were assembled in
a glove box filled with highly pure argon gas (O2 and
H2 O<5 µmol/L). The electrochemical tests were made
in the voltage range of 3.0-0.3 V range at a current density of 0.2 mA/cm2 .

III. RESULTS AND DISCUSSION

XRD patterns of the as-prepared precursor γ-Fe2 O3
are shown in Fig.1(a), in which all peaks can be assigned to the cubic-structured Fe3 O4 (JCPDS 19-0629).
The wide peaks indicate that precursor Fe3 O4 with very
small size has been obtained. Figure 1(b) exhibits the
XRD patterns of final product. All the diffraction peaks
can be readily indexed to a cubic spinel γ-Fe2 O3 phase
according to the literature values in JCPDS 39-1346.
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FIG. 2 TEM images and SAED (inset) patterns of Fe3 O4
(a) and γ-Fe2 O3 nanoparticles (b).

Commonly, formation of Fe3 O4 by the coprecipitation of Fe3+ and Fe2+ must be processed
under deoxygenated protection to prevent the oxidation of ferrous ions. As a result, protective gas (usually
inert gases) must be bubbled into the solution, which
always results in complicated equipment and complex
procedures. In our experiment, we employ Na2 S2 O4
as the reductant, which can allow the synthesis of
Fe3 O4 in air and greatly simplify the procedures. It
is known that Na2 S2 O4 is a strong reducing agent
which can be easily oxidized by O2 . When added to
the ferric solution, Na2 S2 O4 serves as a deoxygenating
agent, which consumes the oxygen dissolved in the
water. Meanwhile, SO3 2− are generated, which can
form a red complex with Fe3+ [22]. Subsequently, this
unstable complex may transform into Fe2+ gradually,
owing to the redox reaction between Fe3+ and SO3 2− .
Then small Fe3 O4 particles are produced from the
co-precipitation of Fe3+ and Fe2+ by adding dilute
ammonia as soon as the color changes from red to
yellow. The whole reaction could be expressed as:
S2 O4 2− + 18Fe3+ +56OH− →
2SO4 2− + 6Fe3 O4 ↓ +28H2 O

FIG. 1 XRD pattern of maghemite nanoparticles γ-Fe2 O3
(a) and the as-prepared magnetite Fe3 O4 (b).

Figure 2 shows the TEM images of the as-synthesized
Fe3 O4 and γ-Fe2 O3 , showing spherical-like shapes with
average particle size of 10 and 13 nm, respectively.
The insets are the corresponding selected area electron
diffraction (SAED) pattern, revealing polycrystalline
nature in both.
ISSN 1003-7713/DOI:10.1360/cjcp2007.20(2).203.4
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If Na2 S2 O4 is replaced by Na2 SO3 or Na2 S2 O3 , keeping other conditions constant, only Fe(OH)3 colloid is
obtained in our system, proving the peculiar role of
Na2 S2 O4 for the preparation of Fe3 O4 particles in air
condition.
Figure 3 shows the magnetization-hysteresis (M -H)
loop of the sample measured at 300 K, which indicates
that the resultant γ-Fe2 O3 nanoparticles exhibit ferromagnetism. The saturation magnetization (M s) and
coercivity (Hc) could be determined to be 70 emu/g
and 164 Oe, respectively. Compared with those of
the reported corresponding values (Hc=300 Oe and
M s=76 emu/g) for the much larger particles (average
dimension=500 nm×10 nm) [23], these two values both
decrease, possibly due to the superparamagnetism of
some of the very small particles and the spherical morc
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rocksalt transition reaction which consists of a major rearrangement of the structure including the cooperative
motion of 8a tetrahedral Fe3+ towards the 16c octahedral sites; (ii) occupation of the rest of the 16c sites with
the increasing insertion of Li+ [27]. As the lithium insertion precedes, a distinctive plateau of 0.84 V can be
observed, which corresponds to the reduction of Fe(III)Fe(0) [28,29]. The whole processes can be described as
follows:
Discharge
Fe2 O3 +6Li ⇐========⇒ 2Fe + 3Li2 O
Charge

(2)

FIG. 3 M -H loop of the γ-Fe2 O3 sample.
IV. CONCLUSION

phology with low shape anisotropy [24,25].
Electrochemical tests were conducted to investigate
the electrochemical performance of the as-prepared
sample in the cell configuration of γ-Fe2 O3 /Li. Figure 4 illustrates potential vs. capacity curve for the
first discharge carried out in a galvanostatic mode
at 0.2 mA/cm2 in the voltage range 3.0-0.3 V (vs.
Li). The initial discharge capacity of the γ-Fe2 O3
nanoparticles in the intercalation-deintercalation cycle
of Li+ can reach 933 mAh/g (lithium capacity up to
5.7 Li/Fe). Such a high first discharge capacity may
be attributed to the larger surface or interface arising from the small particle size, which facilitates the
intercalation-deintercalation of lithium ions [26].

In summary, spherical maghemite (γ-Fe2 O3 )
nanoparticles with an average diameter of 13 nm have
been prepared via a convenient way. The process
was realized by the oxidation of Fe3 O4 precursor,
which originated from a facile partial-reduction
co-precipitation process. The starting material of
hydrosulfurous sodium (Na2 S2 O4 ), which allows the
reaction without the need for any deoxygenated protection, was proved important in the formation of the
precursor. The products were investigated by XRD,
TEM and VSM. The resultant γ-Fe2 O3 nanoparticles
exhibited ferromagnetism at 300 K and the values
of saturation magnetization (M s) and coercivity
(Hc) were 70 emu/g and 164 Oe, respectively. The
electrochemical properties of lithium ions intercalation
into γ-Fe2 O3 nanoparticles were tested in Teflon cells.
The product delivered a specific capacity of 933 mAh/g
at a current density of 0.2 mA/cm2 (voltage range
3.0-0.3 V vs. Li), corresponding to the reaction of 5.7
Li+ per Fe2 O3 . A possible mechanism of the reaction
of lithium with maghemite spinel was discussed.
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FIG. 4 Discharge curve for the obtained maghemite sample
in a voltage window of 3.0-0.3 V. Inset: Part of the discharge
curve in a voltage window of 3.0-1.0 V.

The mechanism of the reaction of lithium with
maghemite spinel might be as follows.
The
electrochemical Li insertion into the maghemite,
which has a defective spinel structure written as
[Fe3+ ]8a [Fe3+ 5/3 Fe2+ 1/3 ]16d O4 in spinel notation [27],
begins with the filling of the octahedral vacancies. Then
the voltage drops slowly between 1.6-1.0 V (as seen in
the inset of Fig.4). In this region, the lithium insertion
reaction involves two successive steps: (i) a spinel to
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