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a-Fe2O3 hollow spheres with novel multiple porous shells were successfully prepared by a facile solvo-
thermal treatment of carbon spheres and FeCl3�6H2O in ethylene glycol at 200 �C for 10 h, followed by
calcination in air at 500 �C for 3 h. X-ray powder diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) were used to characterize the crystalline structure
and morphology of the multi-shelled hollow spheres, and a possible growth mechanism of multiple shells
was discussed. Furthermore, the as-obtained products exhibit enhanced visible-light photocatalytic
activity for the degradation of rhodamine B (RhB) in the presence of H2O2.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Materials with well-defined structures and morphologies have
recently been subjected to extensive research for their unique
characteristics such as size-, morphology-, and crystallinity-depen-
dent optical, electronic, magnetic, and chemical properties [1–3].
Among various kinds of nano-sized materials, core–shell and hol-
low structures have been regarded as the most interesting struc-
tures due to their low density, large surface area, and wide
potential applications in many areas such as confined nanocataly-
sis, energy storage, drug delivery, catalysis, lithium ion batteries
[4–8]. More recently, more efforts have been adopted to fabricate
the multi-shelled structures which are thought of as a new class
of special core–shell materials. For example, Wang et al. have de-
scribed a general and straightforward strategy to synthesize metal
oxide hollow microspheres with a controlled number of shells
using carbon spheres as templates [9]. A simple surfactant (CTAB
and PVP)-vesicle template route was employed to synthesize mul-
ti-shelled Cu2O and Co3O4 hollow spheres [10,11], and an ion-ex-
change method was reported to prepare Cu2S multi-shelled
hollow spheres [12].

a-Fe2O3, the most thermodynamically stable phase of iron oxi-
des, is an biocompatible and environmentally friendly semicon-
ductor (Eg = 2.1–2.2 eV) which absorbs light up to 600 nm and
has potential applications in environmental remediation technolo-
ll rights reserved.
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gies such as photocatalyzing toxic dyes in wastewater [13,14]. Up
to now, a variety of a-Fe2O3 nanostructures have been fabricated,
including nanosheets, nanorods, and nanocubes [15,16]. Due to
large surface area and high light-harvesting efficiency, a-Fe2O3

hollow spheres have recently been demonstrated as high-effi-
ciency photocatalysts [17]. The use of templates in synthesizing
hollow structures provides flexible routes to grow designed shell
materials and allows manipulating structures and morphologies
of the resultant hollow products by controlling local chemical envi-
ronments and extraordinary properties [6]. In this study, we dem-
onstrated a new approach to fabricate multi-shelled a-Fe2O3

hollow spheres via a facile solvothermal method by using carbon
spheres as templates. The growth process of the multi-shelled hol-
low microspheres is described in Scheme 1. The as-obtained sam-
ples exhibit enhanced photocatalytic activity for the degradation of
rhodamine B (RhB) under visible-light illumination in the presence
of H2O2.
2. Experimental details

All reagents were of analytical grade, purchased from the Shanghai Chemical
Reagent Factory, and used as received without further purification. In a typical
preparation procedure, 0.15 g of FeCl3�6H2O was dissolved in 40 mL of ethylene gly-
col (EG), and then mixed with 0.1 g of anhydrous CH3COONa. The solution was vig-
orously mixed by ultrasonication to give a homogeneous solution. Monodisperse
carbon spheres were synthesized as previously reported method [18]. 0.1 g of the
as-prepared carbon spheres was added into the above mixture and was well dis-
persed with the assistance of ultrasonication for 10 min. The resultant suspension
was transferred to an autoclave and kept at 200 �C for 10 h. The product was
washed with distilled water and ethanol for three times, respectively, and then
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Scheme 1. Schematic illustration of the growth process of multi-shelled a-Fe2O3 hollow spheres.
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dried under vacuum at 60 �C for 12 h. The resultant composite microspheres were
heated in air up to 500 �C at 2 �C min�1, kept at this temperature for 3 h, and cooled
naturally to room temperature. Finally, multi-shelled a-Fe2O3 hollow spheres were
subsequently formed and collected.

Powder X-ray diffraction (XRD) measurements of the samples were performed
with a Philips PW3040/60 X-ray diffractometer using Cu Ka radiation at a scanning
rate of 0.06 deg s�1. Scanning electron microscopy (SEM) was performed with a Hit-
achi S-4800 scanning electron micro-analyzer with an accelerating voltage of 15 kV.
Transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) were measured at 200 kV with a JEM-2100F field emission
TEM. Samples for TEM measurements were prepared by dispersing the products
in ethanol and placing several drops of the suspension on holey carbon films sup-
ported by copper grids. The absorption spectra were measured using a PerkinElmer
Lambda 900 UV–vis spectrophotometer at room temperature. The photocatalytic
activities of the multi-shelled a-Fe2O3 hollow spheres were evaluated by the degra-
dation of rhodamine B (RhB) under visible light irradiation of a 500 W Xe lamp with
a 420 nm cutoff filter. The reaction cell was placed in a sealed black box with the top
opened, and the cutoff filter was placed to provide visible-light irradiation. In a typ-
ical preparation process of the solution for photocatalytic test, 0.2 g of multi-shelled
a-Fe2O3 was dispersed in 100 mL of RhB aqueous solution with a concentration of
5 mg L�1, followed by the addition of 0.5 mL of hydrogen peroxide solution (H2O2,
30 wt%). The solution was then stirred for 2 h in the dark to reach adsorption equi-
librium between the catalyst and the solution, and the suspension was exposed to
visible light irradiation. Finally, the samples were collected by centrifugation at gi-
ven time intervals to measure the RhB degradation concentration by using UV-vis
spectroscopy.

3. Results and discussion

The phase and crystalline structure of the final products are
identified by the XRD measurements. As shown in Fig. 1, all the
indexed diffraction peaks of the XRD pattern are in good agree-
ment with the rhomb-centered a-Fe2O3 (JCPDS Standard Card
No. 89-2810, a0 = 5.040 Å, and c0 = 13.750 Å). No impurity phase
is detected in this product. Based on the full width at half maxi-
mum of the diffraction peaks, the average size of a-Fe2O3 nanopar-
ticles is estimated to be 26.8 nm by using the Debye–Scherrer
equation.

To examine the structure details of a-Fe2O3 products and
understand the growth mechanism of the multi-shelled frame-
work, SEM and TEM images are measured to characterize the resul-
tant products at different stages during the course of preparation.
20 30 40 50 60 70

02
4

21
4

30
0

01
811

3

11
6

11
0

10
4

In
te

ns
ity

 (a
.u

.)

2θ (degree)

01
2

Fig. 1. XRD pattern of the as-prepared multi-shelled a-Fe2O3 hollow spheres.
Fig. 2a shows a representative SEM image of the solvothermally
prepared composite microspheres obtained before calcination
treatment, exhibiting an average diameter of about 1 lm. It is well
known that the carbon spheres generally have a smooth surface,
however, the image in Fig. 2a reveals that the surface of these
spheres is quite rough. The rough surface is an evidence of the for-
mation of a hydrophilic shell of the microspheres due to strong
hydrophilic effect of carbon spheres with abundant AOH and
C@O groups [19]. Surface charges on hydrophilic shell of the micro-
spheres will facilitate the deposition of the a-Fe2O3 precursors
onto the carbon spheres. The SEM image of the final a-Fe2O3 prod-
ucts after calcination is shown in Fig. 2b, indicating hollow spher-
ical frames of relatively uniform size. On further inspection by the
means of high-magnification SEM image (inset in Fig. 2b), it is
found that the individual cage-like sphere is porous, made up of
nanosized particles. More morphology and structure details of
the hollow porous spheres are further elucidated by TEM result,
as shown in Fig. 2c (the histogram of the size distribution is given
in the inset). Very interestingly, ring-like structures made up of a
few nanoplates are observed residing inside the sphere. This result
could be explained by the size shrinkage and phase separation ef-
fects, leading to the formation of the multi-shelled structure in the
final nanospheres [20]. A TEM image of higher magnification of an
individual multi-shelled a-Fe2O3 hollow sphere is presented in
Fig. 2d, revealing a multi-shelled structure more clearly. In partic-
ular, we can see that the sphere shells consist of nanoplates from
20 to 40 nm in size. The HRTEM image of the nanoplate (inset in
Fig. 2d) shows clear crystalline fringes with an interplanar distance
of 0.25 nm, consistent with the spacing distance between a-Fe2O3

(110) lattice planes [15], which confirms the shell components of
a-Fe2O3 nanocrystals and also demonstrates good crystallinity of
a-Fe2O3 composition. Additionally, only single-shelled a-Fe2O3

hollow spheres could be obtained by the similar procedure
described as above except half amount of FeCl3�6H2O was used.
Fig. 3a shows a typical SEM image of uniform single-shelled
a-Fe2O3 hollow spheres and the average diameter is found to be
about 800 nm, and the TEM image (Fig. 3b) further reveals that
the as-prepared products are single-shelled hollow structures. This
result suggests that the sufficient iron concentration is crucial to
sustain the formation of more shells [9].

The photocatalytic activities of the as-obtained multi-shelled
and single-shelled a-Fe2O3 hollow spheres are evaluated for the
degradation of organic dye RhB in the presence of H2O2 under
visible-light illumination. Fig. 4 displays the photodegradation
behaviors of RhB by different photocatalysts, where C is the con-
centration of dye after different light irradiation times and C0 is
the initial concentration of dye before dark adsorption. Obviously,
only a weak activity can be obtained for the decolorization of RhB
aqueous solution only in the presence of H2O2 without a-Fe2O3

products. On the contrary, the RhB degradation is remarkably en-
hanced by using the multi-shelled and single-shelled a-Fe2O3 hol-
low spheres, for example, reaching values e/shell hierarchical
nanostruc-up to 90.2% and 40% by the illumination for 120 min,
respectively. However, the as-obtained multi-shelled of a-Fe2O3

hollow spheres possess a much higher photocatalytic activity for
the degradation of RhB than the single-shelled hollow spheres,



Fig. 2. Typical SEM image of the precursor spheres before calcination (a), SEM and TEM images of the final multi-shelled a-Fe2O3 hollow spheres (b and c), and the enlarged
TEM image of an individual sphere (d). The insets in (b), (c) and (d) are enlarged SEM image, the histogram of the size distribution and HRTEM image, respectively.

Fig. 3. SEM and TEM images of the single-shelled a-Fe2O3 hollow spheres.
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Fig. 4. Photocatalytic degradation of RhB by H2O2, the as-obtained single-shelled
and multi-shelled a-Fe2O3 hollow spheres in the presence of H2O2.

442 Y. Liu et al. / Journal of Alloys and Compounds 551 (2013) 440–443
which may benefit from a variety of structure and material proper-
ties of the a-Fe2O3 hollow spheres such as specifically high surface
area, small crystallite size and large band-gap. For instance, the
multi-shelled porous structure provides much more active sites
at multiple shells, allowing efficient transport of the reactant mol-
ecules and thus leading to higher photodegradation efficiency [21].
Additionally, multiple reflection of the illumination light may
occur at the multiple shells of the porous spheres, resulting in
more efficient absorption of the light [22]. Thus, they are promising
candidates in the photocatalytic field. In this case, the dual effects
by H2O2 in enhancing the photocatalytic performance of catalysts
are ascribed to either conduction electron scavenging or the
Fenton-like reaction, which is one of the most effective advanced
oxidation processes for wastewater treatment owing to the pro-
duction of hydroxyl radicals through reaction between Fe2+ and
H2O2 [13,15].

4. Conclusions

In summary, we demonstrated a very simple but effective strat-
egy to synthesize a-Fe2O3 hollow spheres of multiple porous shells
by a facile solvothermal method using carbon spheres as
templates. The phase and crystalline structure of the as-obtained
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a-Fe2O3 were identified by XRD and HRTEM measurements, and a
novel multi-shelled spherical framework with porous shells con-
sisting of crystalline nanoplates was clearly revealed by SEM and
TEM characterizations. The multi-shelled hollow products exhibit
enhanced photocatalytic activity for the degradation of RhB under
visible-light illumination in the presence of H2O2. The possible for-
mation mechanism of the multi-shelled a-Fe2O3 hollow micro-
spheres was discussed. It is believed that this facile synthesis
method reported here can be applied to the preparation of multi-
shelled structures of other metal oxides.
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