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a b s t r a c t

Hierarchical Fe3O4 hollow nanostructures are synthesized from the phase transition of Fe2O3 hollow
nanostructures, which are prepared through a dissolution-recrystallization process. The hierarchical
Fe3O4 hollow nanostructures, applied as an anode material for Na-ion batteries, display good rate capa-
bility and cycling stability. The reversible capacity of 150 mAh/g at 100 mA/g after 50 cycles can be main-
tained for Fe3O4 anode. The superior Na-ion storage properties of hierarchical Fe3O4 could be largely
ascribed to the stable electrode structure during Na-ion insertion and extraction process. On the contrary,
Fe2O3 anode exhibits a high initial discharge capacity (686 mAh/g), but it suffers from poor cycling
stability due to the remarkable pulverization of the electrode.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, sodium ion batteries (SIBs) have recently
attracted lots of attentions due to the material abundance and
low cost [1,2]. Now, a major obstacle in realizing SIBs is the
absence of efficient anode materials [3]. Hence, developing suitable
anode materials is a significant work for enhancing the perfor-
mance of SIBs [4]. Because of the high theoretical capacity, transi-
tion metal oxides have been used as the electrochemical energy
storage materials for SIBs [5]. In the past few years, some conver-
sion reaction (Co3O4, MoS2, NiCo2O4 and Fe2O3) anode materials
were successfully applied as anode materials for SIBs by many
groups [6–10]. Among them, Fe-basis materials are considered as
promising anode materials owing to its high abundance and
non-toxicity [9]. The major weakness of the Fe-basis materials is
the large volume change during cycling, resulting in poor cycling
stability [10].

In this work, the hierarchical Fe3O4 hollow nanostructures
were synthesized by the phase transition of Fe2O3 hollow
nanostructures, which were fabricated through a dissolution-
recrystallization process of metal-organic complexes precursors.
Moreover, hierarchical Fe3O4 hollow nanostructures demonstrate
much better rate capability and cycling stability compared with
Fe2O3 for Na-ion storage.
2. Experimental

For the synthesis of hierarchical hollow Fe2O3, 181 mg
FeCl3�6H2O, 166 mg 1, 4-benzenedicarboxylic acid (H2bdc) and
10 mL N,N-dimethylformamide (DMF) was added into a 25 mL
Teflon-lined under stirring, and then 2 mL 0.2 M NaOH was added
into the solution and stirred for 10 min. Subsequently, the Teflon-
lined was put into autoclave and heated at 150 �C from 45 min to
6 h. The products were obtained by centrifugation, washed with
distilled water and ethanol several times and dried at 60 �C for
12 h. Finally, the products were annealed at 300 �C and 400 �C
under Ar atmosphere to obtain Fe2O3 and Fe3O4 samples,
respectively.

The active materials were admixed with super-P (SCM Indus-
trial Chemical Co. Ltd.) and polyvinylidene fluoride (PVDF, SCM)
binder additive in a weight ratio of 70:15:15. The mixture was
pressed on circular copper foils as working electrodes (WE), and
dried at 120 �C in vacuum for 12 h. Sodium-ion cells were
assembled in coin-type cells (CR 2025) with a sodium metal foil
(Aladdin) as the negative electrode, glass fiber separator
(Whatman GF/F), and 1 M NaClO4 in EC and diethyl carbonate
(DEC) (1/1 in volume) as the electrolyte. Cyclic voltammetry (CV)
measurements were performed on Zennium (Zahner).
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3. Results and discussion

Fig. 1a shows the X-ray diffraction (XRD) patterns of the fresh
Fe2O3 and the samples obtained at different temperature. The sam-
ple harvested from a one-step solvothermal method for 3 h is pure
Fe2O3 (JCPDS No.33-0664) based on the XRD results. The phase of
Fe2O3 can be maintained at 300 �C with the Ar flow, but it would
be entirely translated to pure Fe3O4 (JCPDS No. 65-3107) after heat
treatment at 400 �C for 2 h. Similar phenomenon was also found in
the previous report [11]. The reaction equation is as follows:

6Fe2O3 þ C ! Fe3O4 þ CO2

Meanwhile, the average crystallite size of the Fe3O4 and Fe2O3

particle is calculated to be about 18 nm and 15 nm using the
Scherer equation, based on the most intensive diffraction peak.
Thermogravimetric analysis (TGA) reveals that the content of the
carbon is about 3.7% in the as-prepared Fe3O4 and 6.8% in the
Fe2O3, shown in the Fig. S1.

The morphology and structure of the as-prepared samples were
characterized by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). As shown in the Fig. S2, the
as-prepared Fe2O3 particles (about 80–100 nm) basically have sim-
ilar morphology and size with Fe3O4. From the high-magnification
SEM images (Fig. 1b and c), it could be observed that both Fe2O3

and Fe3O4 were constructed by small nanoparticle subunits. The
TEM images (the inset in Fig. 1b and c) further confirm the hierar-
chical hollow morphology of Fe2O3 and Fe3O4. Fig. 1d shows the
HRTEM image of Fe3O4 nanostructures, the clear lattice fringes of
ca. 0.26 nm can be assigned to the spacing of (311). Besides, the
Fe3O4 nanocrystals were coated with a thin carbon layer (about
1–2 nm).

In order to reveal the synthetic process, the Fourier Transform
Infrared Spectrometer (FT-IR) was used to analyze the samples
obtained at different reaction conditions and the results are
depicted in Fig. S3. It demonstrates that the product fabricated at
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Fig. 1. (a) XRD patterns of the fresh Fe2O3 and the samples annealed at different tempera
image of Fe3O4. The insets in (b) and (c) are the TEM image of Fe2O3 and Fe3O4.
150 �C for 45 min is the metal-organic coordination complexes.
Fig. 2 shows the SEM images of the products obtained at different
reaction times under solvothermal condition. A lot of nanorods
precursors harvested from 45 min reaction are observed from
Fig. 2a. When the reaction times increased to 2 h, most nanorods
disappear or dissolve and many particles with square shape
appear, as shows in Fig. 2b. Pure square particles were fabricated
after 6 h (Fig. 2d). According to the above results, it’s suggested
that hierarchical Fe2O3 hollow nanostructures were synthesized
by a dissolution-recrystallization process.

In order to investigate the electrochemical performance of the
Fe3O4, the cyclic voltammetry (CV) was tested at a scan rate of
0.5 mV/s in the voltage range of 0.01–3 V. From Fig. 3a, a cathodic
peak around 0.5 V is observed which corresponds to the conversion
reactions of Fe2+/Fe3+ to their metallic states and the formation of
Na2O. The broad anodic peak around 1.5 V is ascribed to the
oxidation reactions of metallic Fe [12,13]. The conversion reaction
of Fe-based oxides as follows [11,12]:

Fe2O3 þ 6Naþ þ 6e� $ 2Feþ 3Na2O
Fe3O4 þ 8Naþ þ 6e� $ 3Feþ 4Na2O

Fig. 3b exhibits the charge-discharge profiles of the Fe3O4 elec-
trode at 50 mA/g. The initial discharge and charge capacity of
442 mAh/g and 220 mAh/g are obtained, respectively. The larger
irreversible reaction at the first cycle for the electrode material
and solid electrolyte interface (SEI) formed on the surface of the
electrode [9–10]. As shown in Fig. 3c, Fe3O4 anode maintained a
stable capacity of 80 mAh/g at a high current of 1000 mAh/g,
demonstrating a good rate capability.

The cycling performance of the Fe3O4 and Fe2O3 at a constant
current density of 100 mA/g is presented in Fig. 3d. Fe2O3 displays
a larger initial discharge capacity (686 mAh/g) compared with
Fe3O4 (392 mAh/g) at the first cycle, which could be due to its high
valence state of iron element. However, it is noted that the cycling
(b)

(d) Carbon

tures, SEM images of (b) Fe2O3 and (c) Fe3O4 obtained at 300 and 400 �C, (d) HRTEM
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Fig. 3. (a) CV curves of the Fe3O4 at a scan rate of 0.5 mV/s, (b) galvanostatic discharge and charge profiles of Fe3O4 at the selective cycles, (c) rate capability for Fe3O4 at the current
densities from 50 to 1000mA/g, (d) cycling performance of Fe2O3 and Fe3O4 at a current density of 100 mA/g, SEM images of Fe2O3 (e) and Fe3O4 (f) electrodes after cycling test.

Fig. 2. SEM images of the products obtained at different reaction times under solvothermal condition: (a) 45 min, (b) 2 h, (c) 3 h and (d) 6 h. The insets in (b) and (d) are the
enlarged SEM images.
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stability of the Fe2O3 is poor, a capacity less than 12 mAh/g were
remained after 20 cycles. On the contrary, a capacity of 150 mAh/g
can be retained for Fe3O4 even after 50 cycles. In order to open
out this difference, the morphology of the electrodes of Fe2O3

and Fe3O4 after 50 cycles were characterized by SEM images, as
depicted in Fig. 3e-f. A large number of cavities in the electrode
of Fe2O3 can be clearly observed from the Fig. 3e and many of
the hierarchical hollow nanostructures were broken. This could
be ascribed to the collapse or pulverization phenomenon of the
electrode because of the large volume change. Contrarily, the well
compact structure and morphology of Fe3O4 electrode can be
maintained after cycling test (Fig. 3f). Although Fe2O3 and Fe3O4

have a similar electrochemical reaction, the higher valence state
of Fe in Fe2O3 suffered from larger volume change, which may be
the main reason for their different Na-ion storage performance.
This suggests that Fe3O4 can effectively accommodate the volume
change during Na+ insertion and extraction process and alleviate
the pulverization, leading to good cycling stability.

4. Conclusion

In summary, hierarchical Fe3O4 hollow nanostructures have
been prepared from the phase transition of Fe2O3 hollow nanos-
tructures. When the Fe3O4 and Fe2O3 hollow nanostructures were
studied as anode materials for SIBs, Fe3O4 exhibits much better
performance, including superior rate capability and good cycling
stability. The poor cycling stability of Fe2O3 could be due to the
collapse or pulverization of the electrode because of the large vol-
ume change. However, it’s notable that Fe3O4 can effectively
accommodate the volume change during Na+ insertion and extrac-
tion process and alleviate the pulverization, leading to good cycling
stability. This result provides a good insight of the Fe-based oxides
electrode material for rechargeable batteries.
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