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� X-shaped hollow a-FeOOH
penetration twins were synthesized
for the first time.
� X-shaped hollow a-Fe2O3 was formed

via topotactic conversion of a-FeOOH
precursor.
� The as-converted a-Fe2O3

nanostructures are bound by high-
index f1 1 �2 3g facets.
� X-shaped hollow a-Fe2O3

nanostructures show superior
photocatalytic activity.
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We report the facile synthesis of X-shaped a-FeOOH penetration twins and their conversion to a-Fe2O3

nanocrystals bound by high-index facets for highly efficient photodegradation of RhB under visible-light
irradiation.
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Nonspherical hollow nanoparticles (NHNPs) have attracted a great deal of attention in recent years due to
their unique properties and many promising applications. However, compared to hollow spheres, the
fabrication of NHNPs is generally much more difficult and there are only a few successful examples to
date. In this work, X-shaped hollow a-FeOOH penetration twins were first synthesized by a facile
hydrothermal reaction. X-shaped a-Fe2O3 hollow nanostructures with high-index f1 1 �2 3g facets
exposed were further obtained via the topotactic transformation of a-FeOOH precursor. To the best of
our knowledge, this is the first report on the nanostructures with high-index facets as well as a hollow
interior. Owing to the special hollow structure and the high-energy surface, the as-obtained a-Fe2O3

nanocrystals show excellent visible-light photocatalytic activity toward the degradation of RhB.
� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Owing to their promising applications in catalysis, drug delivery,
gas sensor and energy storage, nonspherical hollow nanoparticles
(NHNPs) have attracted fast growing interests in recent years
[1–15]. Compared with the common hollow spheres, NHNPs pre-
sent not only characteristic merits of hollow structure such as large
surface area, well-defined voids, high permeability and low density,
but also anisotropic texture correlated with multiple axes.
Interestingly, NHNPs often exhibit better performances than hollow
spheres although they present the same feature of a hollow interior.
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For instance, Qian et al. demonstrated that Mn2O3 NHNPs showed
better adsorption performance for phenol in comparison to its
spherical hollow structures [2]. Therefore, substantial efforts have
been devoted to the fabrication of NHNPs. However, different from
hollow spheres, the synthesis of NHNPs is still in an embryonic
stage and generally much more difficult. Although template-
assisted routes are highly successful in the synthesis of hollow
spheres, they bring some major limitations forward when it comes
to the preparation of NHNPs: (i) the paucity of proper and easily
produced nonspherical templates; (ii) the difficulty in forming uni-
form coatings around high-curvature surfaces and subsequent pre-
servation of the shape with high residual stresses [4,5]. In this
regard, some novel methods based on the Kirkendall effect, chemi-
cal etching and galvanic replacement have been developed for effi-
cient production of various NHNPs [1–3,7–12]. For example, Li et al.
demonstrated the synthesis of MnO2 nanoboxes by combining the
Kirkendall effect with a sacrificial crystalline template [10]. Lu
et al. reported the synthesis of Pt/Ag hollow cubic nanostructures
via a tailored galvanic replacement reaction [12]. Despite these suc-
cesses, the synthesis of NHNPs still remains a great challenge.
Moreover, as a major limitation, almost obtained NHNPs in pre-
vious literature are with elliptical (cocoon- or spindle-like), cubic
(box-like), or octahedral (cage-like) shapes, while NHNPs with
other shapes have rarely been reported.

The most fascinating part of NHNPs with shapes other than
cubic or octahedral may be the fact that it makes the surfaces of
NHNPs possible to be bound by high-index facets. As we know,
nanocrystals with high-index facets often exhibit high activities
in many processes due to their high density of atomic steps, ledges,
kinks and dangling bonds on the surface [16]. Therefore, the syn-
thesis of high-index facets is of great interest. Unfortunately, the
surfaces with high energy normally disappear during the crystal
growth process in order to minimize the total surface energy
[17]. This makes it considerably difficult to synthesize nanocrystals
bound by high-index facets. To date, only a few successful exam-
ples for metal oxides have been reported [18–22]. For example,
Wang and co-workers demonstrated the preparation of Cu2O
microcrystals enclosed by {311} high-index planes [19]. Xie et al.
reported the synthesis of SnO2 octahedra with exposed high-
energy {221} facets [20]. Notwithstanding these advances, the
exploration of nanocrystals bound by high-index facets, especially
those with complex shapes (e.g. hierarchical, porous or hollow
structures) is still limited.

In this work, X-shaped hollow a-FeOOH nanostructures were
first synthesized by a facile hydrothermal method. The X-shaped
hollow a-FeOOH nanostructures were formed as the result of a
twinning mechanism leading to so-called penetration twins. By
thermal treatment of the a-FeOOH precursor, anisotropic X-shaped
hollow a-Fe2O3 nanocrystals with exposed high-index f1 1 �2 3g
facets were readily obtained. Although nanocrystals with high-in-
dex facets as well as a nonspherical hollow interior has never been
reported, it can be expected that this kind of material would exhi-
bit unexpected properties since it holds the advantages of both
hollow structure and high-energy surface. Our experimental result
shows that the as-obtained X-shaped hollow a-Fe2O3 nanocrystals
exhibited high photocatalytic activity toward the degradation of
Rhodamine B (RhB).
2. Experimental

2.1. Sample preparation

2.1.1. Synthesis of X-shaped hollow a-FeOOH nanostructures
X-shaped hollow a-FeOOH nanostructures were synthesized by

a modified hydrothermal method [23]. In a typical synthesis route,
1 mmol of FeCl3�6H2O, 0.2 mmol of Na2CO3 and 1.5 mmol of NaF
were dissolved in 60 mL of deionized water. The mixture was then
stirred for 20 min followed by transferring into a Teflon-lined
stainless steel autoclave of 100 mL capacity. The autoclave was
sealed and maintained at 200 �C for 24 h. After the autoclave
was cooled to room temperature naturally, the obtained product
was collected and washed several times with deionized water
and ethanol, and finally dried at 60 �C for 12 h.

2.1.2. Synthesis of rod-like hollow a-FeOOH nanostructures
The procedure was the same as that for the synthesis of

X-shaped hollow a-FeOOH nanostructures mentioned above
except for 1 mmol of Na2CO3 was used and the reaction time was
decreased to 12 h.

2.1.3. Synthesis of X-shaped a-FeOOH nanostructures with a solid
interior

The procedure was the same as that for the synthesis of rod-like
hollow a-FeOOH nanostructures mentioned above except for the
reaction temperature was decreased to 150 �C.

2.1.4. Synthesis of X-shaped porous hollow a-Fe2O3 nanostructures
To get X-shaped porous hollow a-Fe2O3 nanostructures, the

as-obtained X-shaped hollow a-FeOOH precursor was calcined at
500 �C for 3 h.

2.1.5. Synthesis of rod-like hollow a-Fe2O3 nanostructures
To get rod-like hollow a-Fe2O3 nanostructures, the as-obtained

rod-like hollow a-FeOOH precursor was calcined at 500 �C for 3 h.

2.1.6. Synthesis of X-shaped porous a-Fe2O3 nanostructures with a
solid interior

To get X-shaped porous a-Fe2O3 nanostructures, the as-
obtained X-shaped a-FeOOH precursor was calcined at 500 �C for
3 h.

2.2. Sample characterization

The phase and morphology of the products were characterized
by X-ray diffraction (XRD, Philips, X’pert PRO) with Cu Ka radiation
(k = 1.54056 Å), scanning electron microscopy (SEM, LEO 1530),
and high-resolution transmission electron microscopy (HRTEM,
JEOL JEM-2100).

2.3. Photocatalytic activity measurements

The photocatalytic activity of the catalyst was evaluated by visi-
ble light photo-degradation of Rhodamine B (RhB). In a typical test,
100 mg of X-shaped a-Fe2O3 hollow nanoparticles were added to
100 mL of 20 mg L�1 RhB solution followed by the addition of
1 mL 30 wt.% H2O2. The suspension was stirred in dark for
40 min to reach absorption equilibrium and then irradiated
using a photochemical reactor (visible-light 420 nm, NBET
HSX-F300, Beijing) under continuous stirring. Analytical samples
were taken from the reaction suspension after various reaction
times and centrifuged to remove the particles for analysis.
UV–vis adsorption spectra were recorded at different intervals to
monitor the degradation process using a Shimadzu 2550
spectrophotometer.

3. Results and discussion

In a typical synthesis of X-shaped hollow a-FeOOH nanocrys-
tals, a mixture of FeCl3�6H2O, Na2CO3 and NaF was kept at 200 �C
under hydrothermal conditions for 24 h. The hollow structures
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were achieved by the employment of F� anions, which have been
shown to act as an etching agent for iron oxide [3,6]. For example,
Song et al. reported the fabrication of hollow hematite polyhedra
by the F-assisted etching [3]. We previously demonstrated the syn-
thesis of 2D a-Fe2O3 hollow microstructures by a similar F-assisted
etching method [6]. Therefore, when a suitable amount of NaF was
introduced into the system, it could be expected that hollow a-
FeOOH nanostructures would be formed due to the specific etch-
ing. We also used a relatively high temperature (i.e. 200 �C) and
a long reaction time (i.e. 24 h) to promote the etching process. As
expected, the hollow version of X-shaped a-FeOOH nanocrystals
was obtained. XRD was first employed to confirm the phase of
the product. As shown in Fig. 1A, all the diffraction peaks are in
good agreement with those of goethite (JCPDS no. 29-0713), which
suggests that the as-obtained product is pure a-FeOOH. The sharp
peaks also indicate the good crystalline of the a-FeOOH hollow
nanoparticles.

The morphology of the product was then investigated by scan-
ning electron microscopy (SEM) and transmission electron micro-
scopy (TEM). A panoramic SEM image (Fig. 1B) shows that the
Fig. 1. (A) XRD pattern, (B)–(D) SEM and (E) TEM images of X-shaped hollow a-FeOOH
nanostructures. (J) shows an additional SEM image of the rod-like hollow a-FeOOH nanop
shown in (B) is observed, suggesting the X-shaped structures are formed by two rod-lik

Fig. 2. SEM images (A)–(E) and XRD patterns (F) of the products obtained at
product consists of uniform X-shaped nanostructures with smooth
surfaces. The hollow interiors of the product can be directly con-
firmed by the SEM and TEM images of some cracked particles
(Fig. 1C–E). It can be also seen clearly that the X-shaped structures
are formed by two rhombic prisms crossing each other. This seem-
ingly unusual behavior of a-FeOOH resembles the features of pene-
tration twins observed in various natural minerals (e.g. staurolite
[24]) and some synthetic materials (e.g. Fe2P [25], Zn2GeO4 [26],
CaSO4�2H2O [27] and b-FeOOH [28]). In fact, V- and Y-shaped a-
FeOOH penetration twins have also been reported in previous
literature [29]. Generally, the arm orientation is controlled by the
crystallographic twinning [25]. In our case, the crosses are only
observed with arms at �120� angles (Fig. 1E), which supports the
contention. This value is also very close to those observed in V-
(118 ± 4�) and Y-shaped (119 ± 4�) a-FeOOH [29]. It is noted that
penetration twins could be attributed to the twinning of two
individual particles (rod-like crystals in this work), which needs
to be explored in more detail in order to better understand the spe-
cial X-shaped nanostructures. Very interestingly, when the syn-
thetic parameters were slightly changed (see details in
penetration twins. (F)–(H) SEM and (I) TEM images of rod-like hollow a-FeOOH
articles, from which a similar X-shaped particle (indicated by a white arrow) as that
e particles crossing each other with certain angels.

different reaction times: (A) 0.5 h; (B) 1 h, (C) 4 h; (D) 8 h, and (E) 24 h.



Fig. 3. XRD pattern of the X-shaped porous hollow a-Fe2O3 obtained by annealing
a-FeOOH precursor at 500 �C for 3 h in air.
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Section 2), rod-like hollow a-FeOOH nanoparticles could be readily
obtained. As shown in Fig. 1F–I, the shape of the product is the
same as that of the branches of X-shaped hollow a-FeOOH
nanocrystals. The existence of some cracked nanoboxes shows
the evidence that the product is with a hollow interior.
Moreover, some X-shaped structures can be also observed
although the percentage is very low, supporting the X-shaped a-
FeOOH twins are formed by two rod-like a-FeOOH nanocrystals
crossing each other with certain angels (Fig. 1J).

To further reveal the morphology evolution of the as-obtained
X-shaped nanostructure, time-dependent experiments were per-
formed. Fig. 2 shows the SEM images and XRD patterns of the prod-
ucts obtained at different reaction times. At the initial stage (e.g.
0.5 h, Fig. 2A), the product is composed of nanowires, whose phase
can be clearly identified as b-FeOOH with poor crystallinity from
their XRD pattern (Fig. 2F). As the reaction was prolonged to 1 h
(Fig. 2B), many X-shaped nanostructures were newly formed,
while nanowires were also observed. Note that the product
obtained at this stage is clearly the a-FeOOH (Fig. 2F), which means
Fig. 4. (A) SEM and (B) TEM images, (C) SAED pattern and (D)–(F) HRTEM images of X-sh
3 h in air.
there is a phase change from b-FeOOH nanowires to a-FeOOH
nanowires during this period. The evolution from a-FeOOH nano-
wires to X-shaped a-FeOOH penetration twins is quite compli-
cated. The formation of such penetration twins could probably go
through a dissolution–recrystallization process of the previously
formed a-FeOOH nanowires and subsequent an interruption in
the crystal lattice during crystal growth [25]. After the reaction
time was further increased to 4 h (Fig. 2C), the nanowires were
completed converted to X-shaped nanostructures. As the reaction
continued (e.g. 8 h, Fig. 2D), some holes were found on the surface
of the X-shaped nanostructures, and finally the interior of the
structure was hollowed out (Fig. 2E), leading to the formation of
X-shaped hollow a-FeOOH penetration twins.

The formation of X-shaped hollow structure could be due to the
dissolution of a-FeOOH caused by the F� anions. The chemical
reactions involved can be expressed as follows:

Fe3þ þ 3H2O! FeðOHÞ3 þ 3Hþ ð1Þ

FeðOHÞ3 ! b-FeOOHþH2O! a-FeOOHþH2O ð2Þ

FeOOHþ 6F� þ 3Hþ ! ½FeF6�3� þ 2H2O ð3Þ

As shown above, the hydrolysis of Fe3+ salt (Eq. (1)) resulted in
the formation of b-FeOOH, which subsequently converted to X-
shaped a-FeOOH nanostructures as discussed earlier. At initial
stages, the F� anions might absorb on the surface of the particles.
While as the reaction proceeded, the F� anions absorbed on the
surface of the nanostructures accumulated, thus the F-assisted
etching of a-FeOOH would be dominant (Eq. (3)), which leads
to the evacuation of some holes on the surface. The surrounding
H+ ions (Eq. (1)) and the high surface energy of the structures
would promote the dissolution of the a-FeOOH. It is noted that
the core seems to be easier to be etched than the shell, which
may be due to the poorer crystallinity of the core. As a result,
X-shaped hollow a-FeOOH nanostructures were formed. Such F-
assisted etching process has also been demonstrated for the pre-
paration of hollow a-Fe2O3 polyhedra and hollow microstructures
[3,6].
aped porous hollow a-Fe2O3 obtained by annealing a-FeOOH precursor at 500 �C for



Fig. 5. Structural characterization of rod-like a-Fe2O3 nanocrystals. (A) SEM image. (B) SEM image and corresponding 2D model of the top branch of an individual particle.
The shape observed from Fig. 3B is perfectly matched with a rhombus (AB = BC = CD = DA), indicating the viewing angle is 90�. Therefore, the measured values of dihedral
angles should be very close to the actual values. (C) Comparison of the measured and calculated values of dihedral angles. (D) and (E) TEM image and corresponding 2D model
of the rod-like a-Fe2O3 nanocrystals. (F) An ideal 3D geometrical model of rod-like a-Fe2O3 nanocrystals with 4 f1 1 �2 0g and 4 high-index f1 1 �2 3g facets.

Fig. 6. SEM images of (A) X-shaped a-FeOOH nanostructures with a solid interior and (B) X-shaped a-Fe2O3 nanostructures with a solid interior obtained by annealing a-
FeOOH precursor at 500 �C for 3 h.
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As the most stable iron oxide under ambient conditions, a-
Fe2O3 has been extensively investigated and widely used in many
fields. Various a-Fe2O3 nanostructures have been prepared as they
were expected to show unique shape-dependent properties
[6,14,30–33]. Among them, NHNPs is of particular interest. Much
effort has been dedicated to preparing a-Fe2O3 NHNPs with the
aim of exploring their shape-dependent properties. For example,
we recently demonstrated the synthesis of hollow a-Fe2O3 nanos-
pindles by a facile hydrothermal method [14]. Nonetheless, the
fabrication of a-Fe2O3 NHNPs is still limited. Herein, X-shaped hol-
low a-Fe2O3 nanocrystals can be readily obtained by dehydration
of a-FeOOH precursor via a topotactic transformation [34]. The
XRD analysis confirms the formation of hematite phase (JCPDS
no. 33-0664) with high crystallinity and purity (Fig. 3).

Fig. 4 shows the SEM and TEM images of a-Fe2O3 nanostruc-
tures obtained by annealing a-FeOOH precursor at 500 �C for 3 h
in air. The overall morphology appears unchanged compared with
that of X-shaped a-FeOOH precursor. Due to the volume contrac-
tion associated with the transformation from low density
(4.3 g cm�3) a-FeOOH to denser hematite (5.3 g cm�3), many pores
are introduced during the annealing process. Meanwhile, some
broken holes (as indicated by white arrows in Fig. 4A) can be seen
clearly, revealing the a-Fe2O3 nanostructures obtained after
annealing are still with a hollow interior. It is noted that the angles
between two branches are measured to be�120� (Fig. 4B), which is
perfectly matched with the value measured for X-shaped a-FeOOH
structures (Fig. 1E). To gain insights into the morphological detail,
the X-shaped a-Fe2O3 nanostructures were further investigated by
TEM. Fig. 4C shows the selected area electron diffraction (SAED)
pattern of one branch (indicated by a square in Fig. 4B) of the X-
shaped a-Fe2O3 nanostructures, revealing the single-crystal nature
of the branch. Fig. 4D–F shows the high-resolution TEM (HRTEM)
images of areas marked by squares in Fig. 4B. The lattice spacings
are measured to be 0.25 nm, which is in agreement with the
f1 1 �2 0g lattice spacing of rhombohedral hematite. The special
X-shaped structure makes it difficult to identify the Miller indices
of the nanocrystals. To simplify this issue, we also synthesized a-
Fe2O3 nanorods by annealing rod-like a-FeOOH precursor at
500 �C for 3 h.

As shown in Fig. 5A, the product composes of rhombic prisms
with two pointed ends, which are the same as the shape observed
in rod-like a-FeOOH precursor. The dihedral angle between two



Fig. 7. (A) Photodegradation of RhB over commercial a-Fe2O3 powder and the as-obtained X-shaped hollow and solid a-Fe2O3 nanocrystals. C is the concentration of RhB at
the irradiation time t and C0 is the initial concentration of RhB. (B) Comparison of the apparent reaction rate constants (k) based on the pseudo-first-order reaction kinetics.

Table 1
Comparison of the photocatalytic activity of the X-shaped hollow a-Fe2O3 nanostructures and other reported hollow structure toward the degradation of RhB under visible-light
irradiation.

Catalyst/amount Conditions Degradation of RhB Reference

X-shaped hollow a-Fe2O3 nanostructures/100 mg 100 mL of 20 mg/L RhB (�4 � 10�5 M) + 1 mL 30 wt.% H2O2 94% in 150 min This work
a-Fe2O3 cage-like hollow spheres/50 mg 20 mL RhB (1 � 10�5 M) + 0.1 mL 30 wt.% H2O2 �60% in 180 min [35]
Single-shelled a-Fe2O3 hollow spheres/200 mg 100 mL of 5 mg/L RhB (�1 � 10�5 M) + 0.5 mL 30 wt.% H2O2 �40% in 120 min [36]
Multi-shelled a-Fe2O3 hollow spheres/200 mg 100 mL of 5 mg/L RhB (�1 � 10�5 M) + 0.5 mL 30 wt.% H2O2 �92% in 120 min [36]
a-Fe2O3 hollow microstructures/100 mg 100 mL of 20 mg/L RhB (�4 � 10�5 M) + 1 mL 30 wt.% H2O2 �70% in 180 min [6]
a-Fe2O3 hollow polyhedra/50 mg 60 mL of 20 mg/L RhB (�4 � 10�5 M) + 1 mL 30 wt.% H2O2 �94% in 150 min [37]
c-Fe2O3/TiO2 Janus hollow bowls/50 mg 20 mL RhB (1 � 10�5 M) �70% in 180 min [38]
a-Fe2O3/TiO2 core shell structures/5 mg 50 mL RhB (2 � 10�5 M) �65% in 100 min [39]

Fig. 8. XRD pattern and SEM image (inset) of the X-shaped hollow a-Fe2O3

nanostructures after photoreaction.
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adjacent facets is measured to be�57.4� (Fig. 5B). For hematite, the
relationship between dihedral angles of two crystal facets and their
Miller indices can be expressed as follows:

cos u ¼
h1h2 þ k1k2 þ 1

2 ðh1k1 þ h2k2Þ 3a2

4c2 l1l2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2

1 þ k2
1 þ h1k1 þ 3a2

4c2 l21
� �

h2
2 þ k2

2 þ h2k2 þ 3a2

4c2 l22
� �r ð4Þ

where u is the dihedral angle, h, k, l are the Miller indices, and a, c
are the cell parameters (a = 5.0356 Å, c = 13.7489 Å). The above
equation can be used to check if the two facets with known
Miller indices are correct. By comparing the measured and calcu-
lated values of the dihedral angle, the four facets of the prisms
can be indexed to f1 1 �2 3g facets (Fig. 5C). Fig. 5D shows the
TEM image of the rod-like a-Fe2O3 crystals. It can be seen that
the angles of the pointed ends are �120�. Similarly, the facets can
be calculated to be f1 1 �2 0g facets. Therefore, we can infer that
the X-shaped hollow a-Fe2O3 nanocrystals are bound by f1 1 �2 0g
facets and high-index f1 1 �2 3g facets.

The as-obtained X-shaped hollow a-Fe2O3 nanocrystals were
then evaluated as photocatalysts for the degradation of RhB under
visible-light irradiation. For comparison, X-shaped a-Fe2O3

nanocrystals with a solid interior have also been synthesized by
annealing the corresponding a-FeOOH precursor (see synthetic
details in Section 2). From the SEM image of the X-shaped a-
FeOOH with a solid interior (Fig. 6), it can be seen that the shape
of the end of one branch is perfectly matched with a rhombus.
The value of the dihedral angle is measured to be �58.7�, which
is in good agreement with that of rod-like a-Fe2O3 nanostructures
(Fig. 5B). This result indicates that the conversion from a-FeOOH to
a-Fe2O3 undergoes a topotactic transformation process [34]. And it
also further confirms that the X-shaped a-FeOOH twins are gener-
ated by two rod-like a-FeOOH prisms in the way of crossing each
other. After thermal treatment, the X-shaped a-FeOOH completely
converts to porous X-shaped a-Fe2O3.

Fig. 7 shows the change in RhB concentration over the pho-
todegradation. As it can be seen, the self-degradation of RhB is
negligible. While when a-Fe2O3 particles are added, the pho-
todegradation rates increase significantly, and the photocatalytic
activity of X-shaped a-Fe2O3 nanostructures is obviously much
higher than that of commercial a-Fe2O3 powder. 70% and 94%
degradation of RhB can be achieved in 150 min for X-shaped solid
and hollow a-Fe2O3 nanocrystals, respectively (Fig. 7A). For the X-
shaped hollow a-Fe2O3 nanocrystals, the photocatalytic activity
toward the degradation of RhB under visible-light irradiation is
higher than or at least comparable to other reported hollow struc-
tures (see comparison in Table 1). The high performances can be
attributed to the high-energy surface. The photocatalytic degrada-
tion of RhB over a-Fe2O3 nanostructures has been shown to follow
the pseudo-first-order reaction kinetics [40,41]. Therefore, here the
pseudo-first-order model was directly used to describe the kinetic
behavior of the photoreaction. The apparent reaction rate constant
(k) of RhB degradation was also calculated to evaluate the reactiv-
ity of the catalysts quantitatively. As shown in Fig. 7B, the self-
degradation rate of RhB is quite slow, with an apparent reaction
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rate constant k = 0.00002 min�1. While for the experiments with a-
Fe2O3 nanocrystals, the degradation rates of RhB are dramatically
promoted. And the calculated values of k are 0.00364, 0.00792
and 0.01816 min�1 for commercial a-Fe2O3 powder, X-shaped
solid, and hollow a-Fe2O3 nanocrystals, respectively, suggesting
the X-shaped hollow a-Fe2O3 nanocrystals are more active than
their solid counterparts and bulk material. Apart from the high-
index surfaces, their different specific surface area (16.38 and
11.77 m2 g�1 for hollow and solid a-Fe2O3 nanocrystals, respec-
tively) should be also responsible for the difference. The higher
surface area provides more reaction sites, which are favorable for
the catalytic reactions. The X-shaped hollow a-Fe2O3 nanocrystals
also show a good stability during the test. No significant structural
distortion or phase change is observed after the photocatalysis
although the crystallinity seems to become poorer (Fig. 8).

4. Conclusions

In summary, X-shaped hollow a-Fe2O3 nanocrystals with high-
index f1 1 �2 3g facets exposed have been synthesized for the first
time. Owing to their unique hollow structure and high-energy sur-
face, the as-obtained product showed high photocatalytic activity
and stability for the photodegradation of RhB. The samples pre-
pared in this work may also find promising applications in other
fields such as sensors and energy storage.
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