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a  b  s  t  r  a  c  t

Cobalt–iron  cyanide  hollow  cubes  have  been  synthesized  via  a poly(vinylpyrrolidone)  assisted  solvother-
mal  route.  A unique  formation  process:  self-assembly  followed  by Ostwald  ripening  process,  has  been  put
forward  to  take  account  for the  construction  of  hollow  cubes.  The  rod-like  nanocrystals  first  assemble  as
porous cubes  via  an  oriented  attachment  process.  Then,  the  porous  cubes  undergo  an  Ostwald-ripening
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process,  which  create  interior  spaces  and  result  in the  formation  of hollow  cubes.  The  magnetic  property
investigation  reveals  that  K0.22Co0.58Fe2.2(CN)6 hollow  cubes  exhibit  a  ferromagnetic  behavior.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Since novel properties of nanomaterials depend on morphology,
any attentions have been paid on the fabrication of nanomateri-

ls with different sizes and shapes [1–5]. Among a large variety
f nanomaterials with distinct geometric shapes, the ones which
ave hollow interiors such as nanotubes, hollow cubes and hol-

ow spheres are becoming more and more attractive [6–24]. Owing
o their unique structures and properties, hollow nanostructures
ave been considered to have the potential applications in differ-
nt technological fields, such as drug delivery [13], sensors [8,16]
nd energy storage [11,17,23].  Therefore, designing, controlling and
nderstanding the growth process of hollow nanostructures have
een recognized as a significant subject.

Up to now, two synthetic strategies can be employed to
reate nanostructures with hollow interiors. First, the template-
ssisted method was widely used to synthesize nanotubes, hollow
anospheres and other hollow structures by utilizing either hard
emplates such as carbon nanotubes and anodized aluminum
xide or soft templates such as surfactant micelles and bub-
les [6,7,11,16,17,22]. Second, template-free synthesis was also

mployed to create interior spaces, which includes various physico-
hemical processes such as Ostwald ripening [9,23–25], Kirkendall

∗ Corresponding author. Tel.: +86 571 87953190; fax: +86 571 87952322.
E-mail address: dna1122@zju.edu.cn (N. Du).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.05.073
effect [14,18],  and oriented attachment [10,12] alongside with
redox reaction.

Prussian blue and its analogues (CmMx[M′(CN)6]y·nH2O,  C = Na+,
K+, Cs+; M = Mn,  Co, Ni, Cu, Zn, Cd; M′ = Fe, Co) are probably
the earliest synthetic coordination compounds. In recent years,
cyanometalate-based coordination compounds have attracted
much interest due to their fascinating magnetic properties [26–32].
The Prussian blue family exhibits not only spontaneous magne-
tization below TC but also responds to external stimuli such as
light, humidity, and pressure which make it possible to have poten-
tial applications in catalysis, sensors, batteries and photochemistry
[33–36]. Photo-induced magnetization has been observed in one
kind of the cobalt–iron Prussian blue analogues [27]. These photo-
controllable magnetic materials are important in the development
of photonic devices, such as erasable optical memory media and
optical switching components. Moreover, tailoring the morpholo-
gies of Prussian blue analogue nanostructures is also a fascinating
field in nanomaterial researches [37–40].

Herein, we present a novel approach to synthesize cobalt–iron
Prussian blue hollow cubes. As depicted in Fig. 1, the formation of
the hollow cubes is a unique process combined of both oriented
attachment and Ostwald ripening processes. First, the rod-like
nanocrystals assemble as porous cubes via an oriented attach-
ment process. In the second stage, the porous cubes undergo an

Ostwald-ripening process, which create interior spaces and result
in the formation of hollow cubes. At last, the magnetic proper-
ties of the as-synthesized cobalt–iron cyanide hollow cubes were
investigated.

dx.doi.org/10.1016/j.jallcom.2011.05.073
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dna1122@zju.edu.cn
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.  Experimental

.1. Materials synthesis

All the reagents used in the experiments were analytical grade and used with-
ut any further purification. The synthetic details were as follows: first, 0.474 g
oCl2·6H2O and 0.2 g polyvinyl pyrrolidone (PVP) was dissolved in the organic sol-
ent N,N-dimethylformamide (DMF) to make a stated concentration. Then, 10 ml
.2 M aqueous K3Fe(CN)6 solution was introduced to form a homogeneous suspen-
ion. Finally, 10 ml  85% N2H4·H2O was dropwise added into the above-mentioned
uspension under vigorous stirring, which was  then transferred into Teflon-lined
tainless steel autoclaves, sealed and maintained at 200 ◦C for 20 h. After the reaction
as  complete, the resultant solid products were centrifugalized, washed with dis-

illed water and ethanol to remove the ions possibly remaining in the final products,
nd dried at 60 ◦C in air.

.2. Materials characterization

The products were characterized by X-ray powder diffraction (XRD) using a
igaku D/max-ga X-ray diffractometer with graphite monochromatized Cu K�
adiation (� = 1.541 78 Å). The images of the samples were obtained by a field emis-
ion scanning electron microscope (FESEM, FEI SIRION), a transmission electron
icroscope (TEM, JEM 200 CX 160 kV) and a high resolution transmission electron
icroscope (HRTEM, JEOL JEM-2010F). The magnetic properties were measured

y  Superconducting Quantum Interference Device (SQUID) and Physical Property
easurement System (PPMS-9, Quantum Design).

. Results and discussion
Fig. 2 shows results of the morphological and structural char-
cterizations of the sample prepared by the above-mentioned
VP-assisted solvothermal process at 200 ◦C for 20 h. The XRD

Fig. 2. Morphological and structural characterizations of the hollow cubes: (a) XRD
Fig. 1. Schematic illustration for the growth mechanism of the hollow cubes.

pattern (Fig. 2a) shows that the products share the same crystal
structure of a cobalt ferrite Prussian blue analogue (space group:
F−43m; 10.08 Å; JCPDS 75-0038), indicating the synthesis of pure-
phase Prussian blue. As can be seen from typical SEM image of
the final products (Fig. 2b), large amounts of cubes with sizes of
200–400 nm were observed. Some broken cubes can be found with
the interior spaces, indicating the formation of hollow cubes. Fig. 2c
shows the TEM image of an individual cube. It can be seen that
the interior space exists in the cube, which is consistent with the
SEM image. The crystal orientation and crystallinity of the hollow
cubes were further studied by HRTEM/SAED analysis (Fig. 2d). The
clear diffraction spots indicate that the hollow cubes are single-
crystalline. Moreover, the lattice fringes with lattice spacings of
0.50 nm corresponds to the {2 0 0} planes, which is in good agree-
ment with the lattice reported in the literature (JCPDS files of

75-0038).

Fig. 3 shows the EDX spectrum of as-prepared cobalt–iron
cyanide hollow cubes. It reveals the presence of K, Co, Fe, C, N,
Al and Si (Al and Si are from the underlay of the sample in SEM).

 pattern; (b) SEM image; (c) TEM image; (d) HRTEM image and SAED pattern.
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Fig. 3. EDX spectrum of as-prepared K0.22Co0.58Fe2.2(CN)6 hollow cubes.

Fig. 4. TEM and SEM images of the products with different solvothe
pounds 509 (2011) 8382– 8386

The composition of the cobalt ferrite Prussian blue analogue can
be confirmed as K0.22Co0.58Fe2.2(CN)6 from the atomic ratio in the
EDX spectrum.

In order to clarify the formation process of the K0.22Co0.58
Fe2.2(CN)6 hollow cubes during the solvothermal process, the prod-
ucts with different reaction times were taken out for TEM and SEM
characterizations. After 2 h reaction, TEM and SEM images (Fig. 4a
and b) show that rod-like K0.22Co0.58Fe2.2(CN)6 nanocrystallites
were formed. The nanorods were about 50–100 nm in diameter and
200–300 nm in length. Fig. 4c and d shows the morphological char-
acterizations of the products formed at the reaction time of 4 h.
As can be seen, cube-like aggregates with the size of 200–400 nm

were synthesized, which is self-assembled from the nanorods. The
morphology of the rod-like precursors can be clearly identified in
Fig. 4c. Moreover, there are a lot of intercrystallite spaces existing
in these premature cubic structures. Three-dimension frames and

rmal reaction times: (a and b) 2 h; (c and d) 4 h; (e and f) 20 h.
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ig. 5. XRD patterns of the products with different solvothermal reaction times.

orous cubes formed in sequence as the self-assemble process car-
ying on. During the next several hours’ reaction, hollowing and
ecrystallization take place with Ostwald ripening, through which

 central space is created and well crystallized single-crystalline
ubes are formed as shown in Fig. 4e and f.

Corresponding to the morphology evolution, the XRD patterns of
he products with different solvothermal reaction times are shown
n Fig. 5. It can be seen that there are few differences between the
RD patterns. The phase of K0.22Co0.58Fe2.2(CN)6 formed within

 h and remained no change in the next few hours. Based on the
orphology and phase evolution as described above, the growth
echanism of the K0.22Co0.58Fe2.2(CN)6 hollow cubes can be sum-
arized as the following three consecutive steps as illustrated

n Fig. 1: (i) production of primary rod-like nanocrystallites; (ii)
ormation of polycrystalline cubic frames self-assembled from
anorods; and (iii) perfection of hollow cubes through an Ostwald
rocess. A similar process combined of an oriented attachment and

n Ostwald ripening has been also discovered as a possible way to
rovide hollow cubes and hollow spheres of Cu2O [15,19].

Although the exact mechanism for the growth of
0.22Co0.58Fe2.2(CN)6 hollow cubes is not clear, it is found

Fig. 6. (a) TEM and (b) SEM images of the produc
pounds 509 (2011) 8382– 8386 8385

that the reactants such as PVP, N2H4, and DMF play the critical
roles in the formation of K0.22Co0.58Fe2.2(CN)6 hollow cubes. PVP
and DMF  were usually employed to synthesize hollow nanos-
tructures as reported previously [15,41].  PVP acted as the soft
template to tune the morphology of nanostructures, while DMF
acted not only as the solvent but also as the weak reducing
agent. Herein, we  believe that PVP and DMF  play similar roles
in the ripening process of the hollow structures. To further
demonstrate this hypothesis, a comparison experiment has been
carried out in absence of PVP and DMF. From the TEM and SEM
images (Fig. 6), micrometre-sized cubes and random shaped
polyhedrons were observed. However, no hollow structures
were found without PVP and DMF. In addition, the presence
of N2H4 ensured the formation of K0.22Co0.58Fe2.2(CN)6 under
the solvothermal condition due to its reducing and mineral-
izing abilities. Moreover, it is believed that the extremely low
solubility of K0.22Co0.58Fe2.2(CN)6 blue prefers the oriented attach-
ment process to the classic dissolve-recrystallize crystallization
[42].

The magnetic measurements for the K0.22Co0.58Fe2.2(CN)6 hol-
low cubes were performed on SQUID. Fig. 7a shows the curves of
magnetization versus applied magnetic field at 2 and 300 K. As can
be seen, both the M–H  curves at 2 and 300 K exhibit a typical hys-
teresis loop with remanent magnetization and coercivity values,
indicating the ferromagnetic behavior of the K0.22Co0.58Fe2.2(CN)6
hollow cubes in this temperature range. The temperature depen-
dence of the magnetization of the sample in the temperature range
of 2–300 K was further characterized by the zero-field cooling (ZFC)
and field cooling (FC) procedures in an applied magnetic field of
200 Oe, as shown in Fig. 7b. It is found that the ZFC curve gradually
deviates from the FC curve at the temperatures below 300 K. There-
fore, the ZFC and FC analyses further confirm the ferromagnetic
behavior of the K0.22Co0.58Fe2.2(CN)6 hollow cubes. Fig. 8 shows
the M–H  curves at 300 K of intermediate products with solvother-
mal  reaction time of 2 and 4 h, respectively. As can be seen, both
the M–H  curves exhibit typical hysteresis loops similar as the hol-
low cubes, which indicate their ferromagnetic nature. It is worth
noting that the saturation magnetization and coercivity increase
with the morphology evolution. We  believe that the perfection of

the crystal quality and the decrease of the surface broken bonds
lead to the increase of the saturation magnetization and coercivity
[43].

ts prepared in the absence of PVP and DMF.
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Fig. 7. The M–H  curves at 2 and 300 K (a) and ZFC–FC curves with applied field of
200  Oe (b) of the K0.22Co0.58Fe2.2(CN)6 hollow cubes.
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. Conclusions

The K0.22Co0.58Fe2.2(CN)6 hollow cubes have been synthesized
hrough the PVP assisted solvothermal process using DMF  as the

[
[
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solvent. A self-assembly process followed by an Ostwald ripening
process has been put forward to take account for growth of hollow
cubes. Moreover, the K0.22Co0.58Fe2.2(CN)6 hollow cubes exhibit the
ferromagnetic behavior at both 2 K and 300 K, which could find
potential applications in high-density magnetic storage media, and
high-performance electromagnetic and spintronic devices.
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